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Abstract

We comment on the brane solutions for the boundary Hj model that have
been proposed so far and point out that they should be distinguished ac-
cording to the patterns regular/irregular and discrete/continuous. In the
literature, mostly irregular branes have been studied, while results on the
regular ones are rare. For all types of branes, there are questions about
how a second factorization constraint in the form of a b2 /2-shift equa-
tion can be derived. Here, we assume analyticity of the boundary two
point function for AdS> branes, which means that the Cardy-Lewellen
constraints remain unweakened. This enables us to derive unambiguously
the desired b2 /2-shift equations in all cases of AdS> branes. They serve
as important additional consistency conditions. For the regular AdSs
branes, we also derive 1/2-shift equations that were not known previ-
ously. Case by case, we discuss possible solutions to the enlarged system
of constraints. We find that the well-known irregular continuous AdS2
branes are consistent with our new factorization constraint. Furthermore,
we establish the existence of a new type of brane: The shift equations in
the regular discrete case possess a non—trivial solution that we write down
explicitly. All other types are found to be inconsistent when using our sec-
ond constraint. We discuss these results in view of the Hosomichi-Ribault
proposal and some of our earlier results on the derivation of b2 /2-shift
equations.



0 Preamble

This article reconsiders the results that we had published in [1]. In the course
of revising [1], it turned out that some of its formulae and statements had been
erroneous, due to some subtleties in the analytic continuations that we have
to use. Now, after a thorough revision, both our results and our viewpoint on
the whole subject have changed and the paper itself has grown and changed
immensely. We have therefore decided to publish it as a completely new article
(which it actually is, since only some parts of the introductory material and of
the appendices have stayed unaltered) rather than merely replacing the old one.
This work therefore supersedes [1], as it corrects the erroneous formulae
and statements and puts everything into a new perspective. Nonetheless, it is
our decision to leave [1] in its old form on the arxive, because the basic ideas of
exploring certain patterns systematically and trying to treat the H;‘ boundary
two point function analytically are already formulated there.




1 Introduction

The H model, which is a suggestive way to denote the SL(2,C)/SU(2) WZNW
model, has been studied for quite some time now, the motivations being at least
fourfold: On the one hand, it falls into the class of non—compact conformal field
theories (CFTs) whose general structure and features are very poorly under-
stood so far. On the other hand, it is essential for a study of the bosonic string
in certain curved backgrounds. While the Hi model itself describes the bosonic
string in an euclidean AdSs background, it can be analytically continued to the
lorentzian AdSs string. The latter is of great interest, particularly in view of the
AdS3/CFT, correspondence. See references [2, 3, 4, 5, 6, 7, 8,9, 10, 11, 12, 13]
and further references therein. Thirdly, from the euclidean AdSs string there is
a connection to the so-called cigar CFT [14], which describes a bosonic string
moving in an euclidean 2D black hole [15, 16, 17, 18]. Finally, a forth reason to
study the H;‘ model is its very interesting duality to Liouville theory [19, 20],
which has been remarkably generalized only quite recently in [21].

Concerning the bulk H;,r model, its structure is apparently quite well explored
(see [19, 22, 23] and [24]), although some subtleties still persist (e.g. [24, 25,
26, 27]). Looking at the corresponding boundary CFT, we find that the pic-
ture is rather more incomplete. In particular, the question of what branes can
consistently be described does not seem to be fully answered up to now. One
approach to this issue, that has been pursued in [28, 29, 30, 31] and [32] is to
compute boundary one point functions. These are actually fixed to great extent
by boundary Ward identities. Their only remaining degree of freedom is the
so-called one point amplitude. This is an interesting object to study, because it
describes the coupling of a closed string in the bulk to a D-brane. Accordingly,
it must depend on the properties of these two objects. Seeing that closed strings
are characterized by an SL(2)-’spin’ label j (see chapter 2) and branes are la-
belled by a complex parameter «, a one point amplitude is denoted A(j|a).! In
the sequel, when talking about a brane solution, we actually mean a solution for
the one point amplitude. For other aspects and further references concerning
the boundary Hi model, we refer the reader to the lecture notes [33] and [34].

Approach used in the present Article

The strategy in the computation of one point amplitudes is to derive a con-
sistency condition (a so—called shift equation) for them and then try to solve
it. Such constraints have been studied for general rational CFTs by Cardy and
Lewellen [35, 36]. The nature of a shift equation is to relate the one point am-
plitude for some string label j to a sum of one point amplitudes taken at shifted
string labels like e.g. j £ 1/2. See equation (28) for an example. Generically, a
solution for the one point amplitude will not exist for arbitrary boundary con-
ditions, but restrictions will apply. By the same token, the labels j of strings
that do couple consistently are expected to be constrained.

In order to derive a shift equation, a special two point function involving one

Tt can also depend on some more data, see chapters 3.2 and 4.1.



degenerate field is considered (see chapter 2 for an explanation of the term ’de-
generate field’). The benefit of using a degenerate field here is, that it allows
to solve for the two point function exactly. The shift equation is then extracted
from it by taking a factorization limit in that the two point correlator factors
into two one point correlators. The simplest case, from which a 1/2-shift equa-
tion descends, uses a degenerate field with SL(2)-’spin’ label j = 1/2. The
solution to only one such shift equation is however not unique. Unfortunately,
for the most important cases, the existing literature only provides this 1/2-shift
equation and proposes a one point amplitude that solves it. Yet, to be really
sure of its consistency, a second independent shift equation is desirable.

The natural candidate from which to derive that second factorization constraint
is the boundary two point function involving the next simple degenerate field
which has SL(2) label j = b~2/2. The aim of the present article is to study this
boundary two point function in the various cases of AdSs branes, analyze how
it provides us with the desired b=2/2-shift equation and study the implications
of the new constraints. To this end, we define the correlator as a solution to
the Knizhnik-Zamolodchikov equation that it has to obey. This solution is not
everywhere defined, but only in a certain region of the real (u,z)-plane?. Un-
fortunatley, in order to take the factorization limit, one has to move out of this
initial region. We therefore need to extend the definition of the boundary two
point function under consideration to other domains in the (u, z)-plane. Since,
in its initial domain, it is in fact an analytic function of both variables (u, z), we
shall assume that it can be extended to other regions by analytic continuation
in (u, z).

The Hosomichi-Ribault Proposal

General Hf boundary correlators have been studied recently in [37] by using
a mapping to Liouville theory. In formulating the mapping, it was necessary
to distinguish between two non-overlapping regimes, namely the bulk and the
boundary regime. Thus, the question arose how correlators should behave when
moving from one regime into the other. The proposal of [37] is that correlators
should have a finite limit and be continuous at the interface of the two regimes.
With this modest requirement, the authors expect a weakening of the Cardy-
Lewellen factorization constraint.

Now, our assumption of analyticity seems to circumvent the Hosomichi-Ribault
proposal. Essentially, the region where our boundary two point function is de-
fined initially lies in the bulk regime and the region where the factorization limit
is taken lies in the boundary regime. So indeed, assuming an analytic boundary
two point function, no interface at which the correlator behaves distinguishedly
different from anywhere else would be singled out. Moreover, and even more
importantly, the Cardy—Lewellen constraints remain unweakened.

2The conformal fields of the H;’ theory depend on two complex variables: A space-time
and an internal variable - see chapter 2. The real (u,z)-plane we talk about here, is the
plane spanned by the real-valued crossing ratios formed from internal (u) and space-time (z)
positions of the fields in the correlator.



Nevertheless, when attempting to understand the H;r branes in a model-intrinsic
way, i.e. without using any mapping to a different theory, there is a priori no
reason why the boundary two point correlator might behave 'unusual’ anywhere.
Especially when recalling that our boundary two point function under consid-
eration is explicitely given as an analytic function in its initial domain, it seems
very natural that it can be recovered in other domains by analytic continuation.
Hence, the point of view taken up in this paper is to forget for a moment about
any information that comes from outside the H;‘ model and see how far our
treatment can carry us. If the Hosomichi-Ribault proposal is correct, our view-
point has to break down at some stage. We would like to learn where and how
this might happen.

Yet, the features that we find are rather nice: Our assumption enables us to
derive the desired b~2/2-shift equations for boundary Hi one point functions.
Marvellously, the well-known irregular AdSéC) branes remain consistent even
with this new constraint. Moreover, we even discover a different and, to our
knowledge, new kind of brane. We also take a closer look at the analytically con-
tinued boundary two point function and discuss in detail how the analytic con-
tinuations are taken, carefully taking domains of convergence and branch cuts of
the occuring hypergeometric and generalized hypergeometric functions into ac-
count. We argue that the two point function shows the features expected from
the Hosomichi-Ribault proposal (except for the unweakened Cardy-Lewellen
constraint), which are finiteness at © = z and continuity at v = z in the real
(u, z)-plane. Additionally, as expected from [25], our two point function shows
logarithms in the patch z > u. We argue that these logarithms are merely ”co-
ordinate singularities” that cannot be interpreted as coming from logarithmic
OPEs: The bulk-boundary OPE stays free of logarithms.

Regular®and Irregular® Branes

Let us now account briefly for the different kinds of brane solutions that are
found in the existing literature. In [28], the authors showed that there are two
classes of branes: AdS, and S? branes. They derived one shift equation for
each class and also proposed solutions. Afterwards, [29] enlarged the picture
and introduced the so-called AdSéd) branes, (d) standing for discrete. The
author of [29] was guided by some relation between the ZZ and FZZT branes of
Liouville theory that, in the spirit of the Liouville/H3 correspondence of [21],
was carried over to the AdS, branes of [28]. However, we like to point out that
these new branes can also be understood as arising from the following difference
in the derivation of the shift equation: The degenerate field is always expanded
in terms of boundary fields, using its bulk—boundary OPE. Now, assuming a
discrete open string spectrum on the brane, the occuring bulk—-boundary OPE
coeflicient that corresponds to propagation of the identity in the open string
channel, can be identified with the one point amplitude. Hence, the two point
function factorizes into a product of two one point functions. On the other hand,

3We are going to introduce this terminology in chapter 3.2.



assuming a continuous open string spectrum, the above identification is lost.
Instead, the two point function becomes a product of a one point function and
a residue of the bulk—boundary OPE coefficient corresponding to the identity
propagation. This is explained in [34]. The first case results in the AdSéd),

whereas the second case leads to the AdS;C) shift equations. This treatment
can always be applied, no matter what gluing condition we are using. This has
actually been recognized, but not fully exploited, by the authors of [30].
Besides this scheme, that we think should be employed more systematically,
there seems to be another pattern that has not been taken much care of up
to now. In [30], a solution to the boundary conformal Ward identities for the
one point function, that is everywhere regular in the internal variable u (see
chapter 2), was proposed. Opposed to this solution, [28, 29] and [32] use a
one point function that is not everywhere regular. While both solutions are
correct (see chapter 3.2), we find that they give rise to slightly different shift
equations (see chapters 4.2, 4.3 and 4.4 in case of the discrete and 5.1, 5.2.1 and
5.2.2 for the continuous branes). The modifications that arise for the regular
dependence opposed to the irregular one, change the qualitative behaviour of
possible solutions significantly. Consequently, not only should one distinguish
between continuous and discrete, but also between regular and irregular D-brane
solutions. In section 4.4 we demonstrate that a consistent non—trivial solution
for the regular discrete AdS, branes exists.

Plan of the Paper

The paper is organized as follows: After having fixed some notation in chapter 2,
we elaborate on the distinction between continuous and discrete branes as well as
regular and irregular one point functions in chapters 3.1 and 3.2. This is followed
by the derivation of the shift equation involving degenerate field ©,-2 /5 for an

irregular AdSéd) brane in chapter 4.1. In that process an analytic continuation of

the boundary two point function is needed. We show that the AdSéd) solution
that had been proposed earlier does not solve our new shift equation. Then
we go on to derive and discuss the solutions to the shift equations (involving
degenerate fields with SL(2)-’spin’ labels j = 1/2 and j = b~2/2 respectively)
for the remaining discrete AdSs branes in chapters 4.2, 4.3 and 4.4. The only
consistent case is the one of regular discrete branes. Afterwards, in chapters
5.1, 5.2.1 and 5.2.2, we give 1/2- and b~2/2-shift equations for the various
continuous AdSy branes and also comment on their possible solutions. Here,
our shift equation confirms the consistency of the irregular AdSéC) branes of
[28] and [32]. Afterwards, in chapter 6, we take a closer look at our analytically
continued two point function and discuss some of its features, including details of
the analytic continuation process. Finally, we summarize our results in chapter
7, where we also suggest further directions and discuss open questions. The
more technical calculational details and some useful formulae are found in the
appendices.



2 A Brief Review of the Bulk H; Model

The bulk Hf model has been fairly well studied, see [19, 22, 23] and [24]. Here,
we essentially fix our notation (which follows very closely [28]) and summarize
those facts and formulae which will be indispensable in the sequel. They can
all be found in [22, 23] and [28].

Besides conformal symmetry, the Hi model possesses an affine §1(2,C)k X
§1(2,C)k symmetry, i.e. its chiral algebra does not only consist of an en-
ergy momentum tensor 7'(z), but also of the currents J(z) = > z"""1Ja,
a € {+,—,3} (plus a corresponding antichiral sector). Primary fields fall into
representations of the zero mode algebra (generated by the operators J§) and
are henceforth labelled by a pair of sl(2, C)-’spins’ (4,7), and a pair of internal
variables, which will be denoted by (u, %) € C2, so that a typical primary field
should be denoted ©; ;(u,u|z, Z). However, from now on we will always sup-

press the barred variables. The §1(2, C)g-currents act on these primaries via the
operator product expansion (OPE)
D} (u) ¢ (ulw)
J(2)0; =4 - 7 1
()8 (ufw) = L, 1)
i.e. the zero mode algebra is represented through the differential operators
D$(u), given by

+ e 2 . - L 3 L .
D (u) := —u“0y + 2ju, D; (u) :=0u,  Dj(u) :=udy —j. (2)

Analogous formulae hold for the antichiral sector. Through the standard Sug-
awara construction, the energy momentum tensor is expressed in terms of prod-
ucts of the currents and thereby a relation between conformal weight h and
‘spin’-label j of primary fields is established:

G+
k—2

h=h(j) = = —b%j(j +1). (3)
Note that there is a reflection symmetry, namely h(—j — 1) = h(j). This leads
one to identify the representations with labels j and —j — 1 and gives rize to a
relation between primary fields ©;(u|z) and ©_;_1 (u|z):

. 25 +1
0,(ulz) = ~R(~j — )=

[@wu-vio_wi, @
C
where the reflection amplitude R(j) is given by

N o DA 4022+ 1))
R() = " T(1—b2(2j + 1))

(5)

The physical spectrum (normalisable operators) of the bulk theory consists of
the so-called continuous representations [23], that are parametrized through
JjEe —% + ¢R4 and are in fact infinite dimensional.



By the usual operator-state correspondence, to each primary field ©; corre-
sponds a highest weight state |j). It has the property that J2 |j) = 0 for all
n > 0. Acting on it with the J2_, generates a whole Verma module V;. These
modules are reducible, iff
-2

J s i= g gt s, (6)
where either » > 1, s > 0 or r < —1, s < 0 (see [22]). This means that they
possess null-submodules. These are submodules that are generated by so-called
null states (or singular vectors), i.e. states |null) with (null |null) = 0. Those
primary fields ©;, , that give rise to reducible modules are called degenerate
fields. In order to get an irreducible module out of a reducible one, all null-
submodules have to be divided out of the original module. This in turn gives rise
to certain differential equations, that all correlators involving the corresponding
degenerate field have to solve. In this paper, we shall make use of the degenerate
fields ©;, . associated to jo o = 1/2 and ji 1 = b"2/2.

3 Boundary Hj

In this section, we have several comments to make on the boundary CFT that
one obtains from the Hj model. Specifically, we discuss the various kinds of
branes that we think should be carefully distinguished.

3.1 Gluing Conditions

We choose maximal symmetry preserving boundary conditions. This is done by
imposing a gluing condition along the boundary (which is taken to be the real
axis)

JUz) = p%J0(2) atz=2, (7)
where p is the ’gluing map’ i.e. an automorphism of the chiral algebra which
leaves the Virasoro field invariant. Thus, by the Sugawara construction, we also

have -
T(z)=T(z) atz=7%z, (8)

and hence not only is a subgroup of the current algebra symmetry preserved,
but also half of the conformal symmetry. In the case of SL(2) there are four
possible gluing maps p1, ..., p4:
nJP =T pJE=J%,
p2 3 =T paJE = —JF,
P3j3=—j3 P3ji=j¢7
p4.]_3:—j3 p4.]i:—j$.

(9)

For now, we will only be concerned with the first and second case, p; and ps,
and the associated branes are conventionally called AdS; branes [28]. As we



have already remarked in the introduction, one would only expect to find two
different types of branes from general considerations following [38]. Some of the
above cases will turn out to lead to isomorphic branes.

3.2 Various Types of Branes
3.2.1 Discrete and Continuous Branes

For each of the above four classes of boundary conditions, one can obtain at least
two different brane solutions: The 'continuous’ and the ’discrete’ branes. By the
term "brane solution’ we mean the one point amplitude of a generic field ©; in the
presence of some boundary condition. The characterising adjectives 'continuous’
and ’discrete’ relate to the parameter spaces of these solutions or, equivalently,
to the open string spectra on the branes. For example, in [28], a solution for the
continuous AdSy branes was proposed, whereas [29] proposed a solution for the
discrete AdSy branes. From now on, we will carefully distinguish these different
kinds of solutions, by adding a superscript (c) in case of a continuous brane and
(d) for a discrete one, as it has already been done in [29]. Let us now explain
where the difference between continuous and discrete branes originates and how
it leads to different factorization constraints. For convenience, let us fix the
gluing map to be p = pa. The discussion for p; is completely analogous.
Assuming a discrete open string spectrum on the brane, the bulk-boundary OPE
for ©;, . is

0, . (ualz2) = Y |zg — Zp| MU0 Jyyy p gz P tloF T,
{lo} (10)
- Co (Jr,s, loa) (TW);. " (ug [Re(22) ) {1+ O(22 — 22)}

where {lo} is a discrete set of SL(2)-’spin’ labels, ¢ *(¢|z) is a primary boundary
field (t,z € R) and we have defined

dt _oi-
o [utit] A2 gee(tlz). (11)

(W7 (ulo) = [

R

Note that under a scaling u — Au, this transforms as
(TW)7* (Mulz) = AT HTO)  (ulz) (12)

so that the scaling properties of ©;, _ (u2|z2) on the L.H.S are matched correctly.
Now, the kind of factorization constraint we are seeking for arises when look-
ing at the identity contribution of the bulk-boundary OPE. The corresponding
bulk-boundary OPE coefficient C, (j,s,0]c) can be identified with a one-point
amplitude:

Ca(jr,sa 0|a) = Aa(jr,s|a) . (13)

Therefore, starting with a two point function and taking the factorization limit
leads, in the discrete case, to a product A,, (jrs|a)Asy (j]v).



On the other hand, assuming a continuous open string spectrum on the brane,
the bulk-bundary OPE of ©;-2/, contains

6U(jr,8al0|a) = Resl:locd(jr,svl|a) (14)

rather than C(j, s, lo|a). The reason for this is given in [34]. Let us summarize
it here briefly: Since we are using Teschner’s Trick, i.e. we are analytically
continuing the field label js to the label of a degenerate representation jo = jr s,
we should look at the generic bulk-boundary OPE

6j2 (u2|22) = / dl |2;2 _ 22|—2h(j2)+h(l) |’U,2 + ’(7,2|2j2+l+1 )
c+

- Co (2, 1) (TW);" (uz [Re(22) ) {1+ O(22 — 22)}

(15)

where the contour of integration is CT := —% + tR. Since jo = j,, is a degen-
erate representation, only a discrete set of open string modes is excited in the
bulk-boundary OPE of its corresponding field operator. Accordingly, when de-
forming the contour in the process of analytic continuation, only finitely many
contributions {lo} are picked up. They come from poles in the C, (4, s, {|) that
cross the contour of integration. Therefore, not the bulk-boundary coefficients
themselves, but only their residua occur. Henceforth, we obtain

0;, . (uz2) = |za — By |7 2PUr )y g [Pree oA
(lo} (16)
’ af(jr,:% l0|04) («7\1/)10:)& (Uz |Re(22)) {1 + O(ZQ — 22)} .

In the factorization limit, we are looking at the identity contribution again, but
this time, the residuum of the appropriate bulk-boundary coefficient does not
have an obvious relation to a one-point-amplitude. Thus, in the continuous
case, we are left with a product &, (jr.s,0|a)As, (F]@).

3.2.2 Regular and Irregular Branes

Moreover, we want to argue that there are even more possible brane solu-
tions, that are distinguished by their regularity behaviour when approaching the
boundary in internal u-space. Let us explain in detail why this is the case for
the example that the gluing map is again p = pa (the other cases can clearly be
treated in just the same way). It is the Ward identites that fix the u-dependence
of the one point function G;l(l (ulz) := (©;(ulz)),, in the presence of boundary
condition « entirely. The equation for J~ tells us that it is a function of u 4+ @
only. The equations for J2 and JT have a singularity at 0 = u+ @ =: 2u;, hence

we have to distinguish two cases. The solution for u; > 0 is

Glalusur > 0]z) = (u+ )7 A (2) (17)
and the one for u; < 0 reads
Glalusur < 0]z) = (u+ ) A7, (2). (18)



u-dependence | shift equation (continuous) | shift equation (discrete)

for ©1,57 | for ©y-2/97 for ©1 /57 | for Op-2/57
p1 lu — ul% 32 — — —
w—0)” 30 — 30 [30]
p2 lu + al* 28 — 29 —
(u+a)% — — — —
P3 | -1+ uﬂ|2j — — — —
(-1 +uu)¥ — — 30 [30]
P4 (1 + uw)¥ — — 28 —

Table 1: Classes of D-brane solutions and status of their exploration. [30] did
not distinguish between amplitudes A~ and A", which is however inevitable (see
text). We are therefore reconsidering their results. Note that only one version
of u-dependence appears for py, as the expression is always strictly positive.

But notice that we could have equally well written

G (wyur < 0]2) = Ju+ @Y A7, (2), (19)
where we have just redefined the ”constant”: fl]_a(z) = (—)QJA;a(z). This
seems like a harmless thing to do, but we need to be aware that the u depen-
dence has changed from being regular at u; = 0 to irregular. In this and the
next chapter, we will compute the one point amplitudes resulting from both
these ansatze and find that they are indeed very different in nature. The corre-
sponding branes will be called regular or irregular, respectively. Whether this
is an appropriate and useful nomination remains to be seen. At this point, it
is important to note that the regular solution is only applicable if j € %Z, in
order to avoid a multivalued amplitude. Let us also mention that in the litera-
ture, both kinds of solutions, regular and irregular ones, have been studied. For
example, [28] and [32] look at irregular AdSéc) and [29] treats irregular AdSéd)
branes, whereas [30] studies regular solutions. But up to now, at least to our
knowledge, nobody has pointed out that for every case of boundary condition
P1, - - - pa, we should actually look for both kinds of solutions. Table 1 shows how
little of the ’landscape’ has actually been explored so far. It also shows that,
except for one case in [30], it has always been only one consistency condition
on which the proposed solutions were based, namely the shift equation for the
degenerate field ©1/5. The solutions to this equation are not unique and at
least a second consistency condition should be derived that can fix the solution
uniquely. The shift equation for the degenerate field ©;-2 /5 can do this job.

4 The Discrete Branes

In subsection 4.1, we give the details of our derivation of the b=2/2 shift equation
for the irregular discrete AdSs branes with p = po, that have been studied in
[29]. With the help of our new shift equation, we then discuss consistency of



the solution proposed in [29]. Afterwards, we proceed with the shift equations
and their solutions for the cases irregular discrete at p = p;, regular discrete
at p2 and regular discrete at p; in subsections 4.2, 4.3 and 4.4. Apart from
some tedious but yet important details, especially involving signs and complex
phases, the calculations are as in subsection 4.1, which is why we go into slightly
less detail in the subsequent cases.

4.1 Irregular AdSéd) Branes - Gluing Map p,
4.1.1 Shift Equations for the Boundary One Point Amplitudes

The gluing map is p2. Choosing the irregular u-dependence, it restricts the one
point function in the presence of boundary condition « to be of the form

(0;(ul2)), = |z — 27" ju+ @l A, (jla). (20)

The unknown function A, (j|a) is the one point amplitude. Note that it still
depends on o := sgn(u + ). Its physical interpretation is that it describes the
strength of coupling of a closed string with label j to the brane labelled by «. It
is possible to obtain necessary conditions on A, (j|a) by considering two point
functions involving a degenerate field. This strategy has been pursued in [28],
[30] and [32] for degenerate field ©; /o (and in [30] one case has also been treated
using the degenerate field ©;-2 /9, see Table 1). However, only a few cases have
been checked so far and refering once again to Table 1, it becomes clear that
lots of constraints (shift equations) remain to be computed.

Let us now illustrate the whole procedure for the irregular AdSéd) branes in case
of a two point function involving the degenerate field ©-2 /5. This will lead us
to a formerly unknown shift equation.

Using the Ward identities, the form of the two point function G;Qi(uzm) =
(Op-2/2(u2l|22)0; (u1|zl)>(y can be partially fixed as

_2 _ . _ _2
Gf&(ul,uﬂzl, 2) =21 — 21|2[h(b /2)=h(35)] |21 — 2| 4h(b™7/2)

_ 2§—b"2 _ 12072 14(2) (21)
Ju + ] lur + a2 Hjo(ul2),
where H ](202 (u|z) is an unknown function of the crossing ratios
|22 — 21| Jug — w|*
=7 and w:=———o. (22)
|22 — 21 |ug + @]

Now, the standard Knizhnik-Zamolodchikov equations are used to deduce a par-
tial differential equation for H 3(2(3 (u|z) (see Appendix A.1). Since one field oper-
ator is the degenerate field ©;-2 /5, its space of solutions is finite dimensional, in

fact it consists of three conformal blocks only, namely those for ji := j+b72/2

and jy := —j — 1 — b~2/2. Hence, the general solution reads
2 j S
Hiwlz) = Y al(@)F; (ul2), (23)
e=+4,—,X

10



where the conformal blocks F7 (u|z) are given in Appendix A.1, and the af (a)
are some still undetermined coeflicients. They are fixed by using the bulk OPE of
the two field operators on the L.H.S. and taking the appropriate limit |zo — 21| —
0 on the R.H.S. of (21). The a/(c) will then generically turn out to be some
product of bulk OPE coefficient times one point amplitude, which is why the
a-dependence occurs in the al-coefficients. We find (see Appendix A.2.1 for
details) that

a‘g (a) = Ce(])AU(]e|a) (24)
where the C.(j) are bulk OPE coefficients, see Appendix D.2 for their explicit
expressions. The boundary two point function (21) is now determined exactly.
In order to get a shift equation, we take the limit §(z2) — 0. Upon doing this,
we can use the bulk-boundary OPE on the L.H.S. of (21) to obtain (see the
discussion in section 3.2.1 together with appendix C.2)*:

— ; — -2
G (ur,us]z1, 20) ~ |21 — 71| 72D [z — 5| 72O/

2
Ny + i [P Bl Ay (jla) Ay (b2 29)
1] Jug + gl o (Jla)Ag (b77/2|cx).

On the R.H.S. of (21), we just take our exact expression (involving the results
(23) and (24)) and perform the limit explicitly. For this, an analytic continuation
is needed - see chapter 6 and appendix A.1.1 for details. If we redefine the one
point amplitude (see Appendix E for a motivation of this particular redefinition)

fo(§) = foila) == T (14 b%(2] + 1)) Ao (ja) (26)
and equate the two expressions from L.H.S. and R.H.S., we arrive at our new
additional shift equation for the irregular AdSéd) brane:

N e F e R R (e G

For completeness let us also write down the formerly known shift equation [29]
for the redefined one point amplitude (26). It is

—%r(—lﬂ)sm[%b?] sin[rb%(27 + 1) f (%) fo(4) =

(28)
1 1
= sin[nb?* (25 + 2)] f» (j + 5) — sin[mb%25] f,» (j - 5) .
4.1.2 Solving the Shift Equations
The formlery known shift equation (28) is solved by [29]
, imoe™™m _ 1390 SIN[TNH? (25 + 1)]
_ v —ima(m—35)(25+1) 29
To(jlm, n) '(—b2) sin[ﬂan]e ’ sin[mb2(25 + 1)] ’ (29)

4We take the signs o1 := sgn(u1 +a1) and o9 := sgn(ug 4+ @2) to be equal here: o1 = o2 =:
o. One could, of course, also take 01 = —o2 =: . This would lead to further constraints.
Note, however, that for o1 = o3, the crossing ratio u lies in the interval 0 < u < 1, whereas
for 01 = —o2 we have u > 1. In the latter case one has to use different analytic continuations
when taking z — 1—. We have not worked that out.
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with n,m € Z.5 Note that this also satisfies the reflection symmetry constraint
(143). One checks however quite easily that it does not satisfy our new shift
equation (27). Interestingly, the obstruction is precisely the term that stems
from the Fi_ conformal block. Without it, the equation would be obeyed.

4.2 Irregular AdSéd) Branes - Gluing Map p;
4.2.1 Shift Equations

Choosing the irregular u-dependence, the gluing map p; restricts the one point
function in the presence of boundary condition « to be of the form

(0;(ul2)), = |2 — 27" ju — al” A, (j|a). (30)

Our ansatz for the boundary two point function with degenerate field ¢/2, t =
1,b=2 (fixing the u; and z; dependence up to a dependence on the crossing
ratios) is

)
G aur,uslz, 22) = [21 = 21 PIE2ITROT 2y — gy 4002

_ (31)
Jun = @ fun = o L (u]2),
with crossing ratios
2 2
N Rt L R (el U i (32)
_ 2 _ 2
|22 — Z1| lug —

The conformal blocks that solve the Knizhnik-Zamolodchikov equations turn
out to be just the same ones as for gluing map ps, so for t = b=2 they are given
by (99) with parameters

a=0F=-b2 [ =-2j-1-b2% ~y=-2j-0b72 (33)

and for t = 1 see [28]. Also, in both cases (t = 1,b2), the expansion coefficients
stay as before:

al(a) = Ce(j) Ao (jel ). (34)
Taking the limit $(z2) — 0, we obtain the same shift equations as for gluing
map ps2, namely

—%F(—bQ) sin[27b?] sin[7b? (25 + 1)] f» (%) fr () =
1 1 (35)

= sin[7b? (25 + 2)| £ <] + 5) — sin[7b?24] f, (j — 5)
and

N e F e R R (R

5This is how the solution has been given in [29]. In fact we only need m € Z to satisfy
equation (28).
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This means that the irregular discrete branes that arise from gluing maps p;
and py respectively, are indeed isomorphic. Compare to our remarks in the
introduction and in chapter 3.1, where we explained that this is likely to happen.
However, we do not find a solution that satsifies both factorization constraints
(35), (36), as we have already explained in section 4.1.

4.3 Regular AdSéd) Branes - Gluing Map p,
4.3.1 Shift Equations

This time choosing the regular u-dependence, the gluing map po fixes the one
point function as

(©;(ul2), = (2= 27" (u+ @) A, (jla). (37)

The boundary two point function with degenerate field ¢/2, t = 1,b=2 is

G (w2, 22) = (21 — 21) 7240 (2 — ) M) (39)
(ur + @)Y (us + a2) HY o (u]2),
with crossing ratios
2= 21 — Z2|2 and wu:i=— [ — u2|2 (39)
C (21— 71) (22 — 22) . (ur + 1) (ug + G2)

They take values in z € (—o0, 0) (because 21, 22 are in the upper half plane), u €
(—00,0) (if we take 01 = 02). Solving the Knizhnik-Zamolodchikov equations
for t = 1 results in the following conformal blocks:

7 (ulz) = z_sz(l - z)—sz {F(a,b;c|z) —u (g) F(a,b+1;¢c+ 1|z)} ,

Fi _(ulz) = sz(jH)(l — z)ij{ uF(a—c,b—c+1;1—c|z)— (40)

— Z<a—c) F(a—c+1,b—c+1;2—c|z)}

1-c
(F(a,b;c|z) is the Gauss’ hypergeometric function), with parameters
a=—b*2j+2), b=-b*27), c=—-b*(2j+1). (41)

The solution for ¢ = =2 is provided by the conformal blocks (101), which are
very similar, but not identical, to the ones we encountered before. Also, the
expansion coefficients have to be modified slightly in this case. For t = 1, we

have ,
012(0) = € (G) As(ile) 2
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and for t = b2
L =2 .. -2
aiﬁb /2(a) = 6747”j03_ /Q(j)Aa (J+ o),
a2 () = etmiiminla= 0 Y2y 4 (), (43)
G2 () = e amii—in(e=2) @I G2 () 4 (G ).

For details, especially about the complex phases, see appendix A.2.2. Taking
the limit §(z2) — 0, we have this time that 2 — —oo. Therefore, we have to
take different analytic continuations of the occuring Gauss hypergeometric and
Appell functions than before. See appendix A.1.2 for the details. We obtain the
following shift equations

- lF(—bQ) sin[27b?] sin[rb? (25 + 1)] f» (%) () =

™
1 L\
— it sin[rb? (25 + 2)]f» <j + 5) — () sin[rb%25] f5 (j - 5)
and
1 b72 . in3i ; b72
ra ) o (M) feli) = (54 5 ) -
N . (45)
ey . —2 b . . . . —2 b 2
_ezﬂ'd]efmrab fa (j _ 7) + e*lﬂ?)jef’bﬂa'(Q]“y'b )fa (_] _1— T) .

4.3.2 Solving the Shift Equations

To begin with, let us explain what we understand by the term ”solution” in
this situation. We have remarked earlier that the regular branes should only
be considered for j € %Z because of monodromy. Thus, one can ask what
the meaning of a b~2/2-shift equation shall be. We like to think of the one
point function f,(j) as beeing defined for general complex values of j. The
solutions for the irregular branes had this property, but there was also no a
priori restriction on the values of j. In view of the restriction j € %Z that we
are facing here, we like to think of a solution as an interpolating solution, in
the sense that it is defined for general j € C, but then keeping in mind that it
actually only interests us on the half-integers. Assuming this, we can show that
the 1/2-shift equation (44) together with the reflection symmetry constraint
(146) does only admit 1-periodic or l-antiperiodic solutions f,(j), which is
however incompatible with the b=2/2-shift equation. Thus, a solution (in the
sense explained above) does not exist. For details of the proof see appendix F.
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4.4 Regular AdSéd) Branes - Gluing Map p;
4.4.1 Shift Equations

Again we choose the regular u-dependence, so that the gluing map p; fixes the
one point function to be

(©;(ul2)), = (2 = 27" (u =) A, (jla). (46)
The boundary two point function with degenerate field ¢/2, t = 1,72 is
G o, uzler, 22) = (21 = 21) 720 (2 — 20) 2. (47)
(= ) (up — )" H (u]2),
with crossing ratios
z = 21 = zaf” and w:= Jur = ugf” . (48)
(21— 21) (22 — 22) (ur — 1) (ug — tg)

Note that again z € (—o00,0), z € (—00,0). Solving the Knizhnik-Zamolodchikov
equations for ¢ = 1 results in the same conformal blocks as for gluing map ps,
so they are given by equation (40), again with parameters

)
a=—-b*2j+2), b=—-b*27), c=-b*(2j+1). (49)
The solution for ¢ = b2 yields the conformal blocks (99), again with parameters
a=-2j, B=-b7% B'=-2-1-b7 y=-2j-07%  (50)

just like for py. The expansion coefficients for ¢ = 1 are not altered here. But
those for t = b~2 again acquire complex phases:
b72)2 —dmii bT2)2, . .
a2 () = e HICY () A (i o),
a2 ) = etk VR () 4 (), (51)

L =2 P - -2 -2 . .
a]X,b /2(a):e—4mj+z7r(a+3)(23+b )Ci /2(j)Ag(jx|a).

In the limit $(z2) — 0, the same comments as in chapter 4.3 for p2 apply. The
shift equations that we produce read
1 1
— —T'(—b?) sin[27b?] sin[mb*(25 + 1)] f (5) fold) =
T
) ) (52)
= ™ sin[mb(2j + 2) £, (j + 5) + e UHD) sin (7224 £, (j - 5)

and

ra+0) g (G ) sty = et 5+ ) -

2 —2
_em(3j+b*2)eimb*2fa (j _ %) _ e—iw(j—b”)eim(2j+b*2)fa <_j 11— %) .

(53)
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Note that the 1/2-shift equation (52) differs from the one for ps, (44), only in
the sign between the two terms on the R.H.S. It is this little detail that allows
for a more general solution than before in the case of ps.

4.4.2 Solving the Shift Equations

Regarding the properties we like to assume of a solution, the same comments as
in section 4.3 apply. We take a first step by solving the 1/2-shift equation (52)
together with the reflection symmetry constraint (146). We find the following
two parameter solution
2
fo'(j|m7 n) _ ,n_eer.e'wrm efiwam(2j+1)efi7r§(2j+1)2 SiTl[Wan(Q:j + 1)] ’
I'(—b2) sin[rnb?] sin[mb2(25 + 1)]
(54)
with m € Z and up to now no restrictions on the parameter n. Comparing
to the solution for the irregular branes (29), it differs essentially in the term

x exp(—iﬂ'%(Zj + 1)?). Note that this is an additional quantum deformation,
since for b> — 0 (corresponding to k — oo) this term goes to one. Therefore,
our solution behaves like o< exp(—o (25 + 1)7) in the classical limit, what is the
expected dependence for an AdSy brane [28]. Furthermore, note that 77 (27+1)
does not depend on o when j € $Z (remember that the regular branes should
only be considered for that case). So, on the half-integers this solution is actually
independent of o.

Inserting (54) into the second shift equation (53), we find, very remarkably, that
is obeyed provided that n € Z and j € %Z is used in the last step. Thus, in (54)
with m,n € Z and j € %Z, we have given a fully consistent solution to both
factorization constraints.

5 The Continuous Branes

In this chapter we assemble our results (shift equations and solutions) concerning
the continuous branes. The two point functions are always determined as shown
in the corresponding sections of chapter 4 and thus, we do not write them down
here again, but merely state our results. Recall from section 3.2.1 that, instead
of C, = A,, we now encounter the residua ¢, on the L.H.S. The 1/2-shift
equations for the irregular AdSéC) brane with gluing maps p2/p1 have already
been discussed in [28]/[32].
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5.1 Irregular AdS\” Branes - Gluing Maps pi, p»

As before in the discrete case, we discover that the irregular continuous branes
are isomorphic for gluing maps pi1, po. The shift equations are

VI g Cel1/2:000) sinlrt2(2 + 1) ) = -

= sin[wb?(2j + 2)] /- (j + %) — sin[7b?25] f, <j - %)

and

o B2 L b2 inb? o b2
(L +0%)y,* e (b™7/2,0[0) fo(j) = fo (J+ | +e foli==)
(56)

In [28] and [32], the following solution to the 1/2-shift equation (55) and the
reflection symmetry constraint (143) has been proposed

a4, e—a(2i+1)o
fo(jla) = T/ sin[rb? (2] + 1)) "

To obtain this solution, it was used that
o (=2
77 ()

Plugging the solution (57) into the b~2/2-shift equation (56), we can infer an
expression for the unknown é,(b=2/2,0|a):

¢-(1/2,0|a) = 2sinh(a). (58)

e—iﬂb72/2
& (b7%/2,0le) = io 2sinh (ab™?). (59)

vy P14 2)

Hence, the known irregular continuous AdSs> branes are fully consistent with
both factorization constraints. Note that for 5=2 = b? = 1, the bulk-boundary
OPE coefficients (58), (59) coincide, as do the two shift equations (55) and (56).

5.2 Regular AdSéC) Branes - Gluing Maps p;, po

We have just seen that knowledge about the occuring coefficients é,(1/2,0|c)
and ¢, (b~2/2,0|a) is needed to decide whether the continuous branes are consis-
tent or not. In [28], é,(1/2,0|a) has been given for irregular branes. However,
let us point out that we cannot expect the corresponding coefficients in the reg-
ular case 5((,7"69)(1/2, 0|a), &reo) (b=2/2,0|c) to coincide with the irregular ones.
That is why we will put a superscript from now on. That we need to distin-
guish the coefficients between regular and irregular case is already indicated in
the discrete branes: There, the bulk-boundary OPE coefficient C,(1/2,0|m,n)
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is identified with the one point amplitude A,(1/2|m,n). Now, comparing the
solutions for the one point amplitude (29), (54) at j = 1/2 reveals that the
bulk-boundary OPE coefficients do not coincide, but are related as

C(re9) (1/2,0|m,n) = —ice ™1 C{)(1/2,0/m, n). (60)

Note that we need to be careful here, because the irregular one point amplitude
does actually not satisfy the second factorization constraint, and it is thus ques-
tionable if C'((frr)(l /2,0lm,n) on the RHS is sensible and correct. Yet, for the
moment we take (60) as a hint that the bulk-boundary coefficients (and with
them the residua occuring for continuous branes) are not identical for regular
and irregular branes, but closely related.

Therefore, when studying solutions to the shift equations for regular continu-
ous AdSs branes in the next sections, our approach will be not to make any
a priori assumptions about éﬁ,’“e-")(l/z 0]a) and éﬁ,’“e-"’(b*2/2, 0]a). Instead, our
guiding principle will be a certain ansatz for the form of the (redefined) one
point amplitude. By inserting this ansatz into the shift equations, we will infer
expressions for E((feg)(l/Z, 0]a) and gireg) (b=2/2,0]a) that we then discuss. So,
let us explain the general ansatz for the regular one point amplitudes that we
are going to use: In order to be AdSy branes, the solutions should behave like
o exp[—o(27 + 1)r] in the classical limit b — 0 (compare [28] and our remarks
regarding the regular discrete solutions in section 4.4). Secondly, from our ex-
perience in the discrete case (section 4.4), we expect the additional quantum
deformation exp[—iﬂ'§(2j + 1)] to occur. (You might remember from the dis-
crete branes that, technically, this is the term that cancels the exp [i7b?j] and
exp[—imb?(j + 1)] factors on the RHS of the 1/2-shift equation; these factors
are of course also present here, in the continuous case). Thirdly, just like in the
irregular continuous solution, we also expect the deformation sin™'[rb?(2;j +1)]
to be present. Along with it, an additional factor of ¢ has to be included in order
to get the parity of the solution right (recall that, from the reflection symmetry,
regular branes must have parity opposite to the irregular ones; see appendix E).
Putting all this together, the most natural ansatz for regular continuous AdSs
branes is

e—0(2j+)a

(re9) (i) — A9 yp—imly (2j+1)°
172 Gle) = 4, oe Sin[mb?(2j + 1))

(61)

with an arbitrary, but only b-dependent constant Aéreg). Just as above, in
the irregular continuous case, it cannot be fixed, because the continuous shift
equations are always linear in the one point amplitude. (61) is the form of
solution we are going to plug into the shift equations for gluing maps ps, p1 in
the next two subsections.
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5.2.1 Gluing Map p,

We have the following shift equations

I'(—b?) _ . . )
Wbﬁcﬂ/z 0la) sinfrb?(2 + )] f, (j) =
(62)
Ny 1 T 1
— e’LTl'b2j Sin[ﬂ'b2(2j + 2)]fa (] + 5) _ e—mzﬂ(]-‘rl) Sin[?TbQZj]fa (j _ 5)
and
=2 s b2
(U 8, a0 20000 0) =y (34 7 ) -
(63)
. . . _2 b_2 . . . S -2 b_2
_61,71'336—17701) fo' j—— )+ e—zw336—1w0(2]+b )fo' —j—1-=.
2 2
From the 1/2-shift equation, our ansatz yields
—im 352 2
~(re € 4 F(_2b ) .
Cl(7 9)(1/2, O|Oé) = —0 \/y_b WQ Slnh(a). (64)
Comparing to the irregular case we have
&7 (1/2,00a) = e~ A& (1/2,0a), (65)

which fits our expectations. However, plugging our ansatz into the b2 /2-shift
equation, we obtain

. —2 —2 — ..
et 1+ b2)ug /260(672/2, Olar) = e 72 Fedmiiy (66)
+67iwab_2eaab_2647rij _ 620(2j+1)a67i7r0(2j+b_2)efaab_Q6747rij.

The RHS is not independent of j, even if we take j € %Z. Therefore, further
restrictions on « have to be made. For j € %Z, independence of j is achieved if

! eiﬂ-(Z-+ %) . (67)

If this is the case, we can read off that

—2
Py M
v 4

b—2/2

&red) (572/2 0la)) = i—
Cy ,0la)) =4
(1+0%)y,

(e*‘m‘b_2 tetmobt 2cosh(ab*2)) .

(68)
Comparing to the irregular expression(59), this does not seem very natural.
Together with the quite peculiar restriction on «, this ”solution” is not very
attractive.
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5.2.2 Gluing Map p;

For the shift equations, we obtain

I'(—b?) _ . . )
Vg 012 Ol sl 25 + D) ) =
(69)
. 1 e 1
— ¢imb’) sin[7b%(2] + 2)] f <j + 5) + e+ sin[rb%25] f5 (j - 5)
and
oy o . —in3j o 0
(1+0%)y, 2 e(b7/2,0|a) fo(j) = e "™ fo | 5+ - )~
2 —2
_em(3j+b*2)eimb*2f <j - b_> . e—iw(j—b”)eim(zﬁb”)f <—j _1_ b_)
g 2 g 2 .
(70)
Using our ansatz in the 1/2-shift equation results in
—imr3b? T _2b2
&rea) (1/2,00a) = P25 oehia). (71)

N

The b~2/2-shift equation, however, makes the same problems as above. This
time, it turns out that we need the additional restriction

a € inZ (72)

(taking j € %Z) which finally results in

—2
—irb o
K 4

e (b72/2,00) = i——————
el ,0la) =1 —
(1+02)) 2

—2 . 42 —2
(efo'ab + ewrb eaab +
. —2 . —2 -2
4 ewrab ewrb efaab ) ,
both again not very natural results.

5.2.3 One last remark about the regular AdSéC) branes with gluing
map p1

Compare the discrete one point functions (29) and (54): They essentially differ

in parity, the additional quantum deformation exp[—zﬁr%@ j + 1)] and a shifted

parameter

m(reg) — m(irr) + % (74)

We could try to incorporate such a shift for the continuous branes as well. It
seems attractive to use

alred) = irm) 4 iﬂ%. (75)
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With this shift, the 1/2-shift equation (69) is satisfied with

—ir 6% P(_op2
égreg)(1/27 OlOé) = —iaeﬁ %2 sinh(a). (76)

Comparing to the irregular case, this is precisely
&rea)(1/2,0la) = —ioe ™3¢l (1/2,0]a), (77)

what coincides with our observation form the discrete case (60). Yet, let this
shift be as attractive as it is, the b=2/2-shift equation (70) still suffers from the
same problems as above. From the unnaturalness of the restrictions required
to make both factorization constraints work, we would conjecture at this point
that the regular continuous AdSs branes are actually not consistent.

6 A Closer Look at the Irregular Boundary Two
Point Function

In this section, we want to examine the process of analytic continuation more
carefully. We are focussing on the irregular branes. The procedure for the
regular ones is completely analogous to the treatment presented here. Let us
take the F7 _ block as prototype example, since it shows all features that can
be important:

F_(ulz)=277(1- z)_b_2/2u_ﬁzl+5_7-

, 2 (78)
-F (1+ﬁ+ﬁ —-v,8,1+a—v:2+ 08—~ ‘ E’Z) )

The conformal blocks we are using (99) are well defined in the region z < u < 1
(recall that the crossing ratios u and z, as given in equation (22), are both
real and u,z > 0). Since we like to maintain v < 1, which corresponds to
equal signs o1 = oy (recall that the one point amplitude A, (j|a) depends on
o = sgn(u + 1)) and the factorization limit requires z — 1, we necessarily need
to continue to a patch where z > u, u < 1, z = 1. We cannot use the standard
analytic continuation of Appell’s function F; as given in [39], because some
coefficients turn out to become infinite in these formulae. This is due to the
following relation between the parameters:

1+4 —y=0. (79)

The invalidation of the continuation formulae in [39] can be traced back to a
special (logarithmic) case in the continuation of Gauss’ hypergeometric function,
when expanding F; appropriately (see appendix G.3). We will see this in detail
shortly.

In order to continue F; _, the first step is to expand the occuring Fi(...]%;2)

21



in powers of the first variable Z (see appendix G.4)

Fi (8,614 8-72+B-7|252) =

224-5_ F(B4+n1+8-72+4+0- ’y+n|z)u

and then use a standard analytic continuation (as found e.g. in [40]) of Gauss’
hypergeometric function F(...|z) in order to expand it in terms of (1 — z). As
can be seen from the parameters, this is a generic case. Furthermore, since
0 <z< 1, also 0 < (1 —2) < 1, meaning that no branch cuts are met and
convergence in the domain needed is ensured. Two different terms arise from
this continuation:

R (5,6,1—#5—’7;2—#6—7‘5;2) ::P(2+6_7)P(1_5)I(E;l—z)—k

L'2-7) u
PC+B-NCB-1) yi-srp(Z.1_,
L(BI(1+B—7) (=7 H(u’l )

+
(81)

Let us focus on the first one. After some minor manipulations it reads:

I(i;l—z>—Z%F(ﬂ-kn,l—kﬁ—%ﬁu_z)%_“)n. (82)

|
n=0 ( n ’

Now, we expand the hypergeometric function in powers of (1 — z) to yield
a double expansion. Afterwards, the whole expression can be resummed and
written as a single expansion again, but this time in powers of (1 — z) only:

I(%;l—z):i(lntﬂ—v)mF(ﬂ,ﬂer;lE)(1;17'!””~ (83)
0

In order to reach the desired patch, the ”inner” hypergeometric function must
now be continued to yield an expansion in the variable 7. This, however, is no
longer a generic case, but a logarithmic one. It is precisely where the formula for
the full Appell function Fj in [39] breaks down. Nevertheless, we can do it right
here. The appropriate continuation formula for the Gauss function is found in
[40], for example. We have also included it in appendix G.3. After its use, the
resulting series it not easily resummend again to yield some familiar functions.
But since we are taking the limit z — 1 anyway, we can isolate the leading term
n (1 — z), which is just the term with m = 0 in the above expansion. Thus, for
z — 1, the result is

mﬁuﬁ >
I~ Z [ log(u) + hy(B) —im] {1+ O(1 — 2)}.

n=0
(84)
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Note that the u dependence o log(u) looks rather unfamiliar, but is actually
nothing to worry about: The correct expansion variable for the OPE needed here
is actually (1 —u) and —log(u) = —log(l — (1 —u)) = (1 —u) {1+ O(1 —u)}.
Together with the prefactor 29 (1 — 2)~% */24=8z1+8=7  which belongs to the
definition of F7 _, this term has the correct asymptotics corresponding to prop-
agation of the modes b~2 and —b~2 — 1 (see appendices A.1.1 and C.2). It does
however not contribute to the propagation of the identity and consequently does
not enter the factorization constraint.

There is still one more comment to make about the above continuation of Gauss’
hypergeometric function from 7 := Z to % = % The Gauss function F'(a, b; c|n)
has a branch cut along the line n € Rs;. Continuation formulae are invalidated
if n or its transformed counterpart take values in this line. This is, however,
precisely the situation we need to handle. Let us explain how it can be done:
Given the Gauss function F(a,b;c|n), with n € R, n > 1, let 5 +— ne~ (e > 0).
Gauss’ hypergeometric function is continuous from below in 7 (but not from
above for 7 > 1, so there is no choice involved here), i.e.

F(a,b;cln) = liI(?glJr F(a,b; c|ne™™). (85)

We therefore take occuring phases to be in (—2m,0]. In particular, this means
(=) = e~. On the RHS of (85), an analytic continuation formula (see [40])
can now be used. In the end, the epsilon is removed by taking it to be zero.
This procedure automatically selects the correct phases. In practice, all we need
to do is keep the phase prescription in mind and write everything without the
epsilon. In the logarithmic case b = a +m, m € Zx, the continuation is

I (-~
I'(a+m)T'(c—a)

' Z (a)ner.(l —c+ .a)ner <%) [log(—n) + hn(a,c,m)] + (86)

LT m ™" = Tm = n)(a), <1>

Tlc—a—n)n! \n

F(a,a+m;cln) =

n=0

With our phase prescription, the logarithm becomes log(—n) = — log(%) — i
and (—n)~% = ei’m(%)“. This is how the phase ¢ and the —im in (84) arise.
Let us now turn to the second term in the continuation of F1(...|Z;2):

II (27 1— Z) =3 (B)nF2—71+n;2-p[1-2) (Z{;!L)n- (87)

n=0

Expanding and resumming as above, this can equally be written as

n() - DA (e ) S5 e
m=0 m '
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This time, the continuation from Z to Z follows a generic case. The phase

prescription is exactly as above. In the end, as z — 1, we obtain
11 = "W (8, 3 flu) {1+ O(1 - 2)} . (39)

Together with the overall prefactor z =7 (1 — 2)1*t*/2y=B2146=7 (coming from
the definition of 7 _ together with the (1 — 2)}=P from the first continuation)
and using that

F(B,8;Blu) = (1 —u) ™7, (90)

this shows precisely the asymptotic behaviour of the propagating identity. This
term therefore enters the factorization constraint.
The 77, block

Fi(ulz) = 279(1— 2)70 2l

, . (91)
-G (ﬂ,1+a—7;1+6—%7—1 ‘_E;u>'

can be treated along similar lines. Here, we first continue the second variable
u to (1 —u). As this turns out to be a generic case, the resumming works out
again and we can then continue in the firrst variable from Z to 7. This is again
generic. The overall result does not contain a term corresponding to the identity
propagating and hence no contribution to the shift equation is generated here.
Finally, the 77 | block

Fii(ulz) =277(1- 2) V2R (o, B, 8w 2) (92)

is easily continued using standard formulae of e.g. [39]. We obtain

2 T+ 6" —7)

()l (7)
b2 2PN (y —a — A) e A _
The first summand gives the identity contribution and enters the shift equation.
While the original two point function, using the conformal blocks (99), was
defined in the patch 0 < z < u < 1, the analytically continued expressions are
valid for 0 < u < z < 1 (we always have z < 1 by definition) and therefore allow
for the derivation of the factorization constraint. Using expansions in 1 — Z in
(99), this two point function can be shown to possess a finite limit at «w = z. This
has been anticipated in [37]. Moreover, since we are using analytic continuations,
it must also be continuous at u = z. This feature has been postulated as an
axiom in [37] and is what we referred to as the Hosomichi-Ribault proposal in
the introduction. Our two point function shows all their requirements except
the anticipated weakening of the Cardy—Lewellen factorization constraint, that
is, the two point function in the patch 0 < wu < z < 1 is completely determined
from its expression in 0 < z < u < 1, by analytic continuation.

Fiy o~ (- z)1+b_2/2(1 —u)

H 14+00-2)]+

(93)

+(1-2)
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7 Conclusions and Outlook

We have argued that the boundary H; model possesses a priori a variety of
brane types, regular and irregular, discrete and continuous, that should all be
analyzed, case by case, and checked for consistency. This programme is indeed
far from being completed (see table 1 in chapter 3.1).

We derived 1/2- and b~2/2-shift equations in a systematic fashion for gluing
maps p1 and pa (see chapter 3.1 for a definition of the gluing maps). To be
able to write down the b~2/2-shift equations, we constructed a boundary two
point function involving degenerate field with SL(2) label b=2/2 and assumed
that it could be analytically continued - a point of view that has been discussed
extensively in the introduction. We find that the known irregular continuous
AdS5 branes are consistent and that there are two isomorphic versions: One for
gluing map p; and one for po. Concerning the discrete AdSs branes, we show
that only the regular ones with gluing map p; are consistent. For regular po,
we can proof a no-solution-theorem. The known irregular discrete branes are
found to be inconsistent with our second factorization constraint.

The regular discrete AdS; branes were introduced in [30], however without con-
sidering the crucial o-dependence of one point amplitude and coefficients in the
shift equations. Here, we consider the full o-dependence (that results in more
complicated shift equations). We can give both factorization constraints (52)
and (53) and their solution (54) explicitly. Our solution has a very natural in-
terpretation as a quantum deformation of a classical AdSy brane following [28].
About the regular continuous branes we could only be speculative. The reason
is that the occuring residua of bulk-boundary OPE coefficients are not known
explicitely. We also argue that they cannot be assumed to be identical to the cor-
responding expressions in the irregular case. Leaving these coefficients unfixed
and starting from the most natural ansatz for a solution instead, we encounter
rather unnatural requirements (see section 5.2) that lead us to conjecture that
these branes are not consistent.

In view of the Hosomichi—-Ribault proposal, which anticipates a weakening of the
Cardy-Lewellen constraints, our approach produces too strong constraints. But
does this mean that we have to reject our analyticity assumption and discard
the new constraints? We do not think so, because what we have demonstrated
is that the assumption of analyticity is technically feasible and shows no un-
usual or even unphysical features. In fact, it does indeed lead to positive and
beautiful statements: Irregular AdSéc) and regular AdSéd) branes are consistent
with the analytic continuations that we study. This brane spectrum fits in very
nicely with (a slight extension of) Cardy’s and Ishibashi’s results [41, 42, 29].
Moreover, two crucial properties of the Hosomichi—Ribault proposal are auto-
matically satisfied by our analytic approach: Finiteness and continuity at u = z.
Only the third property, which is weakening of the Cardy-Lewllen constraints
is not forced upon us when working analytically. Thus, working entirely inside
the H; model without a mapping to another theory, there does not seem to
exist a good a priori reason why Cardy-Lewellen should be weakened. This,
we think, is also a very interesting result of wour work, besides confirming the

25



consistency of known irregular AdS’éc) branes and introducing a new type of

consistent brane: The regular AdSéd) solution.

Let us also remark that it is possible to construct a two point function which is
finite and continuous along u = z, but at the same time not an analytic continu-
ation, so that it has a chance of showing a weakened Cardy—-Lewellen constraint.
Such a two point function has been constructed recently by us, see [43]. The

irregular AdSéd) and AdSéC) branes are consistent with the constraints derived
from this two point function.® Thus, together with this work, we have demon-
strated that the branes of the Hf model show different properties, depending
on whether the model is treated analytically or in accord with the Hosomichi—
Ribault proposal. The question that remains is what approach is more natural
or if there is any reason to reject one of the two possibilities. We cannot decide
this question here. All we can state is that when working entirely in the H;,r
model (i.e. without making any reference to results obtained from mapping to
Liouville theory) and taking the point of view of shift equations, we do not see
any reason why the Cardy—-Lewellen constraint should be weakened.

What we like to mention is, that for the cigar CFT, a b~2/2-shift equation for
the D1 and D2(? branes has been proposed in [29] by analogy to N = 2 Liou-
ville Theory (b~2/2-shift equations for N = 2 Liouville theory have been derived
in [44]). These equations were indeed found to hold. This again points towards
the pattern indicated above: Making reference to Liouville Theory (what in
this situation probably also means a weakened Cardy—Lewellen constraint in
the cigar CFT), the irregular discrete branes become consistent.

Besides these important observations about different types of branes in the Hi
model, we also like to view this article as a first step towards a classification
of the branes in that non-rational non—compact CFT. Next, one should collect
results following the patterns continuous/discrete and regular/irregular more
systematically, using two independent shift equations. We plan to present more
details of this work in the near future.
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6The regular ones had not been treated.

26



A Exact Two Point Function Involving 62/

A.1 Solution of the Knizhnik-Zamolodchikov Equation

A.1.1 Irregular Branes

In (21) we have given the general form of the two point function G;Z()y(ul|zz)

fixed by the Ward identities. To this we apply the Knizhnik-Zamolodchikov
equation for zo which reads
1
150G (uilz) =
D (u D (u p(Dis jo(T2)
G + ol j(_l)) + ( ’ /2_ ) G§22t(ui|zi).
29 — 21 29 — 21 29 — 29 ’

S D a(ua)
(94)

Mapping z1 — 0, Z — 1 and zZ; — oo (i.e. 22 — z) brings this equation to
standard form

~b722(2 — 1) H{ ) (u]z) = u(u — 1)(u — 2)02H D+
{207+ b2 -2 — 2 uz+ [2j + b u+ 2} O H A+ (95)
+ b+ b2 - b7/2) e — b2 HY.

It is solved by (see [22] and [45]) HJ(QCZ =y al(a)F; . with

e=+,—,X € ,€
. -2
Fii(lz) =277 (1= 2)"" 2Fi(a, 8,8 7]u; 2),
F_(ulz) = 200410 (1= o) 02y 5) B,
z . z
z—u' 2—1)"

ulz) = ij — )" -2y eiﬂ'(a —-v) P(a)r(’y — 6) . (96)
() = e e T e )

1
-{u_aFl (a,a—l—l—y,ﬁ';a—i—l—ﬁ‘—;E) —
uu

_malla+ 1= BT =)
Fla+1—y)I(1—0)

Fs

JsX

Fl(‘%ﬁ?ﬁ/;’ﬂu;z)} .
For our purposes, we like to replace the .7:']5 _ block by

F:_(u]z) = z*j(l — z)*b_2/2u*521+677-

TIPSR R

This coincides with the one given in (96) in the overlap of their domains of
convergence [45] and thus, (97) is a continuation of the former 7 _ block. Also,
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we continue the first summand of ﬁj?,x to (1,2):= (n,¢) ~ (00,0). Then, one

u’u
of the resulting two terms precisely cancels the second summand of 77, and
we are only left with
Ficlulz) = 279 (1 = 2)7 /2l
, 2 (98)
-G (B,1+a—7;1+ﬁ—%7—1 ‘—E;u>-

With these modest improvements, the boundary two point function is now de-
fined in the region z < u (u,z < 1). For convenience, let us once and for all
assemble the conformal blocks we are using:

Fj i (ulz) = 2791 — z)_b72/2F1 (a, B, B85 v|u; 2),
F_(ulz) = 279(1—2) 70 2y
! . Z.
F1(1+ﬂ+ﬂ_’77[371"—@_7,2—’_6_7‘6’2); (99)
]—'JSX(U|Z) — Zﬁj(l _ Z)fb—2/2u17”/.

z
'G2(5'71+04—’Y;1+ﬁ—%7—1 ‘—E;u>-

The function Fi («, 3, 0, v|u; z) is a generalized hypergeometric function, namely
the first one of Appell’s double hypergeometric functions (see the books [45, 39]
for more information). For the parameters we find

a=8=-b2 f=-2-1-b72 y=-2j-b"2 (100)

A.1.2 Regular Branes

The whole procedure is just like before for the irregular branes. The solution is
only slightly modified. It is given by

T i(ulz) = 277 (1 = 2) 7 Fi(a, 8, 83 7|u; 2),
Fi _(ulz) = 271 = 2)TIu P

-F1(1+ﬁ+6’—%ﬁ,1+a—7;2+6—7‘%Z), (101)
-7:;,>< (ulz) = z_j(l — z)_jul_v'
Ga (Bl +a—ml4B-7y—1] i),
this time with parameters
a=-2j, f=-b2 B =-2j-1-b2 ~y=-2j—0b2 (102)

Note that the common (1 — z)-dependence is changed here to (1 — z)77.
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A.2 Finding the Correct Linear Combination of Confor-
mal Blocks

A.2.1 Irregular Branes - Gluing Maps p» and p;

In order to obtain the exact result for the boundary two point function (21), all
that is left to do is determine the coefficients af(«), i.e. find the correct linear
combination of conformal blocks (99). To this end, we use the operator product
expansion (OPE) on the L.H.S. of (21) to obtain

Gfg(ul,uﬂzl,zg) ~
o _ . . —2 . .
~ |zp — 21 2 |21 — 21| 2+ lup + Tt1|2j+b Cy(j)Ac(j+|a)+
. —92 _ . . -2
Flez = 27 fuz — [ |z = 27O (103)
-C_(j)As(j-|a)+

. —2 . . —2
|2(2J+1+b ) 21 — 21|*2h(]><) luy & Q—L1|*2J*2*b .

- Cx (7)Ao (Gix|ev).

+ 22— 21| ¥ Jup —

‘We have used here that

i) = W) = hG) + 4 (T ) =
(104)

-2

b
h(j-) =h(j) +h (T) +J+1
On the R.H.S. we can also take the limit |22 — 21| — 0 (= z — 0+) followed by
|ug — u1| — 0 (= w — 0+). The conformal blocks (99) behave as follows:
F3 4 (ulz) =~ z4,
F3 _(u]z) ~ AR (105)
F3 «(u]z) =~ PR LT AR
Together with the prefactor
_ . _ -2 -2 —2
A L ) P e YD 11 AL (VPSR TN LU

| 72RO DFRD] |y gy [T

~ |Zl —Z1

(106)

from (21) or (31) respectively, and recalling that

2 2
solzal g g2l (107)
|ZQ —Zl| |’U,2iU,1|
we find precisely 4

al(a) = Ce(j) Ao (Je|)- (108)
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A.2.2 Regular Branes - Gluing Map p»
Using the OPE on the L.H.S. of (38), we find

Gi%i (ul, ’U,2|2’1, 22) ~

~ |2y — 21) 7 (21— 21) T (ug + @) O () Ao (i |ar) +

_ 21)—2h(j—) ( )Qj—b72

. —2
+ |22 — Z’1|2J—|r2 |ug — u1|2b (z1 u1 + Uy
O () An(j-la)+

2(2j4+14+b72) (21 — 21)—2h(jx) (uy + 711)—23‘—2—1)*2
O (7)Ao (x |ev).

Taking |22 — z1] — 0 (= z — 0—) followed by |uz —u1] — 0 (= v — 0—) on
the R.H.S., the conformal blocks (101) show the behaviour

(109)

+ |22 — 2’1|_2j |u2 - u1|

.7-"]‘»9,+(u|z) ~ 27
o 1, b2
Fi _(ulz) =27’ (110)

Fi «(ulz) ~ PRl AR

Remember that they are accompanied by the prefactor

. —2 . _2
(21 — 21)72P0) (29 — 20) 72D (uy 4+ w) P (o + 12)"

~ (21— 21)_2[h(j)+h(b72/2)] (ug + ﬂ1)2j+b72 (111)
from (38) and that
21 = 2l jur — us|?
= (21 — 21) (22 — Z2) and u = T+ ) (uz + a2) (112)
Now, we need to be careful about phase factors that arise from 27, ub_27 and so

on. In order to be consistent with the choice of phase we have to make because
of the branch cut of the hypergeometric functions (that is, we take phases to be
in (—2m, 0] - see section 6), we have to use the relations (v € C)

2 =e |z — ) (s — 7)) (e — 22) Y,

(113)

uw = 61‘71'(0'72)1/ |’U,1 _ u2|21/ (ul + ﬂl)_y (u2 + ﬂ2)—y’

where o = sgn(uy + 1) = sgn(ug + t42). One can check that this is correct by
comparing the complex phases on both sides of the equations. With the help of

L2
this, it is quite obvious to see that the coefficients agb /2 heed to be defined
with phases just as in (43).
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A.2.3 Regular Branes - Gluing Map p;
Just as before, using the OPE on the L.H.S. of (47), we find

Gi%i (ul, ’U,2|2’1, 22) ~

94 _ . . —2 . i
~ |2y — 21) 77 (21— 21) 7Y (uy — @) CL () Ag (i o)+

. _2 _ . . —2
+le— 2P g — [P (21— 7)) (g — )P (114)
O (j)As(j—|o)+
iy . _9 _ . o o_p—2
Flag — 21| H ug — ug PEEHT) () — 7) 7200 (g — gy)TH 2P

-COx () Ag (x| ).

Taking |22 — z1] — 0 (= z — 0—) followed by |uz —u1] — 0 (= v — 0—) on
the R.H.S., the conformal blocks (101) again show the behaviour

]:JSH’(’U'Z) ~ Z_j7
‘7:;,7(”|Z) ~ zj"‘lqu?7 -
f;X(u'Z) ~ Z_ju2j+1+b72.

This time they are accompanied by the prefactor

(21 — 51)"20) (2 — 2) 72O (4 — ) (g — @)’

- . (116)
_ 2 2
~ (zl _ 21) 2[h(5)+h(b™=/2)] (U1 _ ﬂ1)2j+b
from (47) and
z= 21 = =l and u= o = ol (117)
(21 — Z1) (22 — Z2) (r — 1) (v — i)

Again, we need to be careful about phase factors. We have to use (v € C)

ZV _ e—47riu |Z1 _ 22|2u (Zl _ 21)—1/ (22 _ 22)—1/7
, (118)
vo_ 6—1,77(474-3)1/

U [u1 _u2|2,, (ur — 1) (ug —u2) ™",

where o = sgn(u; — @1) = sgn(uz — tGz). With the help of this, it is easy to see
.2
that the coefficients aZ"’ /% need to be defined with phases just as in (51).
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B Factorization Limit of the Exact Boundary
Two Point Function

B.1 Irregular Branes

We start from

—2 _ . _ _9
Gﬁmhmmﬂﬁzvrwﬁwb”>sz_f|Wbmx
. -2
Jug £ 111|2j b lug + 712|2 Z Ce(j j€|a) (u|z),
e=—+,—,X
(119)

with conformal blocks 7 (u|z) given in (99). Since

), mEmmdun) g,

1—
|ZQ —21|2 |U2i’&1|2

taking the limit $(z2) — 0 followed by (ug + 2) — 0 implies z — 1— (the z;
live in the upper half plane) and uw —— 1— (if o1 = 02). Hence, the confor-
mal blocks must be expanded in the variables 1 — z, 1 — u. We obtain these
expansions of Appell’s function F} and Horn’s function G3 by making repeated
use of their one variable expansion, which have ordinary hypergeometric func-
tions in the other variable as coefficients (see appendix G.4). To these occuring
hypergeometric functions we employ standard analytic continuation formulae
(collected in appendix G.3). Then we resum the series and, if necessary, repeat
the procedure. We have given a detailed example in section 6. For now, let us
just state the results here. For the irregular branes, note that the parameters
a, B, 3, v are not all independent of each other, but obey the relations o = 3
and 1+ 3" — v = 0. We therefore eliminate a and 8’ and only work with 3 and
~. Up to terms which are of order {1+ O(1 — z,1 — u)} we find that
s ~ L(yre-1) N2 200 N2
fj7+(u|z) — F(ﬁ)l“('y — 1) (1 Z) (1 u) +
Ly -28 (1- Z)—b”/z_’_
g

_a9p)
(- AT )
I(3)0(1 — AT(26 -
T(7 - ALBITD)
2+ 8-yI(B - 1)emﬁ o HETR/2( )
TOTA+p—q) ¢ (LA Tt
L'2+p6-9IrQ1-2p) GTB(1 — )b /2
STa T —prp° AT

1) (1- )47—2/2(1 _ u)2b—2+17

F?_(u]z) ~

7=

(121)

@

JRLEEY £ V)Qﬂ—an
T2 - 1AL
F(2+ﬂ 7) 'LTrﬁ —b72)/2 6) u_n
CEEEN §:h Rk

(1- Z)fb—Q/z(l . u)2b_2+1+

,1
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. (2 —)T(1 - 28)0(y - 3 b2
Fiwtule) = T Ty =
L@ P@E-9) sy
T+ BT+ 5-7)
_ L2 — )y - 28)I'(26 - 1)I'(y - B) eim20 |
T~ AN - AT~ 1)

. (1 _ Z)fb_2/2(1 . u)Qb_QJrl.

Comparing to the bulk boundary OPE (129), we see that the terms o (1 —
z)”b_z/Q(l - u)b_z correspond to propagation of the identity. These are the
terms that enter the shift equation. Note that the 77 , block does not contribute

to these. The other terms which have a leading z-dependence o (1 — z)*b_2/2
can be identified with propagation of the two other possible boundary fields ;-
(which has leading u-dependence o< (1—u)°) and ¥_;-»_; (u-dependence oc (1—
u)2b72+1). (Recall that, because ©}-2/, is a degenerate field, its bulk boundary
OPE is highly restricted). Conveniently, all terms that appear fit in nicely with
this interpretation. Only in the fourth summand in the block F7 _ we cannot
extract the explicit (1 — u)-dependence, because of the additional coefficients
hn(3). They stem from the analytic continuation of a Gauss hypergeometric
function in an exceptional (logarithmic) case - see section 6 and apendix G.3.
Yet, from its (1 — z)-dependence it is clear that this term does not come from
propagation of the identity.

Collecting the terms that stem from the identity propagation on both sides (use
bulk boundary OPE on the L.H.S. and the above limit on the R.H.S. of (119)),
yields the desired shift equations (27) or (36) in the discrete and (56) in the
continuous case.

B.2 Regular Branes
We start from

— 1 — -2
2h(4) (22 ) 2h(b~%/2)

G§*,2¢1(U1,UQ|Z1, z) = (21 — Z1) _ 7

(ur £ 111)2] (ug £ 712)“2 Z Ce()Ac (Jela) F; ((ul2), (

e=+,—,X

122)

with conformal blocks F73 (u|z) given in (101). Note that, for both gluing maps,
the crossing ratios

|21 — 2| Jus — us?
= d = 123
i (2’1 — 21) (ZQ — 52) an =T (’U,l + ’0,1) (’LLQ + ’17,2) ( )

take values in z € (—00,0] and u € (—o0,0] (assuming o1 = 02). In the limit
S(z2) — 0, (uz £ 42) — 0, we have this time that z — —o0 and u —-— —c0
(01 = 02). Hence, the conformal blocks must be expanded in the variables %,

- As before, we obtain these expansions of Appell’s function Fy and Horn’s
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function G2 by making repeated use of their one variable expansion, which
have ordinary hypergeometric functions in the other variable as coefficients (see
appendix G.4) to which we can apply standard analytic continuation formulae
(collected in appendix G.3), resum and repeat everything if necessary - see
section 6 for an example of the procedure. Here we just state the results: For
the regular branes, note that the parameters o, 3, 3, v are once again not all
independent of each other, but obey the relations a+8—~ = 0and 1+3 —v = 0,
which we use to eliminate a and 4’ and only work with § and 7. Up to terms
which are of order {1+ O(, L)} we find that

 (u)z) [F(’Y)F(Qﬁ — LA =26+ 90E-1)
7 LB (y = (L = B)
L(y)T(y =261 +28 -8 — 1)ei7r(25—’y):| =3 00,0 1
Ly =B)T(y = DLEIA+5—7)
{ LI —28) 6i7r(2j+1+2b_2)] efiwjzler_Qub_Z_’_

+

[y =T -p)
n F(’Y)F(Qﬂ — NP =26+ NEA = B) in(a-1)
L(BL(B)L(y — B)T(2 - 28)

_l_

Iy =26)T(28 = HI'(1 +26 —7)I'(A — 6)e—i7r(1+'y—3[3)] ,
I'(y =By = DEETE)T(2 = 7)

7i7rjzl+b_2 —1-b"2

. e 5
(ul) ~ [F(lg +0 11ﬂ(ﬁ 7)1)6—1‘77(1—25)] =i 50,04
n {T 2F+5 ) 2(1 —7)2»3)6%] i 12 b
N {F 2+ 5 ’Y ()21?(2—?7)(1 - ﬂ)em(zzs,@)} i L2 1
(u]z) ~ [F —28)I'(y = BI(1 +28—9)I'(B - 1)671‘#(1726) n
LA =BTy -DIEIA+8-7)

) (25 Y1 =26+ ~y)T(5 - 1) e—m(1—7)] =3 00,0 1
(1 + ﬂ V(L + 8=y — DI - p)
F(Q —y)(y = B)r'(1 — 25)6—m5] T 142 b7
r1-/)ra-ara-p)
+ F(’Y —28)I(y =B - +28-yIad - ﬂ)efm(zfsﬁ) n
L1 —-p)r1 -~y -1Hr@Ereg)
I'(2— )28 -1 -28+)T(1 - B) em(2ﬁv)] .
L(1+B—=7T(1+8—7T(y—-B)T(2 - 20)

—iwjzl-i-b’zu—l—b’z

+

| (124)

We have written out these long and tedious terms for that the reader appreciate
that all terms that arise at leading order are again grouped into three different
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asymptotics: 2% (corresponding to the propagating identity), 2! 70 “ub™” (cor-
ymp 1% g propag g Y)s

responding to the field ¥y—2) and 220 41" (corresponding to U_y—2_;).
Presumably, all sums can be simplified. We have only done so for the identity
contributions, because this is all we need. Writing down the identity contri-
butions only and simplifying the occuring terms, the result looks much more
convenient:

< 2j+1+b72 .
F 4 (ulz) 1102 T+,
5 2j+1 G2
Fi-(ulz) = =7 me @ T (125)
: -2 —2 :
F(ufe) e A2 DL = IUC2) iniagian™)

T(—2j—1—b2)T(1+b2)I(2j + 1)

The dots now represent the contributions of the two other fields that are different
from the identity. Using the bulk boundary OPE for ©;-2 /5 (129) on the L.H.S.
of (122), the leading contribution of the identity is

1+b72/2 b2 —2h(j
2) +b7°/ ( ) (4) .

a¥) (u1,u2lz1,22) ~ (29 — Z up £U2) (21— Z1

g 9 (126)
(uy £ 11)% Oy (b72/2,0|0) Ay (jla)

(or with C, (b72/2,0|c) replaced by é,(b~2/2,0|) for continuous branes). Now,

the R.H.S. of (122) projected to the leading identity contribution is

)1+b72/2 (

5 )—Qh(j) .

—2
G;il(ul, UQ|2:1, 22) ~ (2’2 — Z2 ug £ ﬁg)b (Zl —Z1

. 127
S(wxuw)? Py lim {F,+F 4+ F L} (127)
Comparing the two expressions, we arrive at the shift equations (45) and (53)
or, in the continuous case, (63) and (70).

C Bulk-Boundary OPE

In this appendix we give the explicit form of the specific bulk-boundary OPEs
needed in the calculations. For convenience, let us write the cases of gluing maps
p1 and po in one formula. Also, we just write down the case of discrete open
string spectrum, as the continuous case is easily obtained by changing C, to
Co- See also section 3.2.1, where we have introduced the generic bulk-boundary
OPE and discussed the difference between discrete and continuous branes. Also
note that further difference has to be made between the cases of regular and
irregular branes. The formulae given below work for the irregular case, whereas
for the discrete case, we need to replace the modulus |[...| by ordinary brackets
(...). This is necessary to ensure that the identification C, = A, still holds
true.
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C.1 Bulk-Boundary OPE for ©,,

1/ (ualz2) = |22 — 22| Y |ug & fia| Cr(1/2,0[a) 1 {1 + O (22 — 52)} +
|22 — 22| 3 Jug £ @) 0 (1/2,1|00) x (128)
X (TU)] (uz2 [Re(2)) {1+ O (22 — 22)} .

The upper sign corresponds to gluing map p2, the lower sign to p;.

C.2 Bulk-Boundary OPE for 0,2/,

Op-2n(us|22) = |22 — 2" 2 fug £ ial” Co(b72/2,0[)1 {1+ O (22 — %)} +
Flze = El 7 P g £ G CL (0722, b72a)
X (JU)p2% (u2 [Re(2)) {1+ O (22 — 22)} +
Flz— 2| 2O, (b72/2, b2 — 1]a) x
X (J0)*) e (u2 |Re(2)) {14 O (22 — 22)} .
(129)

Again, upper sign corresponds to gluing map p2, lower sign to p;.

D Bulk OPE Coefficients

We obtain the bulk OPE coefficients from the structure constants that were
given in [23]. We only need to be careful about the different normalisations
of field operators. In [23], the operators ¢;(u|z) are used, whereas here (as
well as in [28]) we are working with ©;(u|z) := B7!(j)¢;(u|z), where B(j) =
(25 + 1)R(j)/m, R(j) being the reflection amplitude, see (5). With this, the
structure constants D(j, j1,j2) of [23] have to be ”dressed” by some factors of
B~

C(4, 1, 42) = D(j, j1, j2) B~ (j1) B~ (ja). (130)

D.1 Bulk OPE Coefficients for the OPE with O,

For completeness we give the bulk OPE coefficients with the degenerate field
©1/2, although they are also written in [28], using the same normalisation as
we do. Since ©,/5 is degenerate, the OPE is highly restricted. Only the field
operators with j; = j +1/2 and j_ = j — 1/2 do occur. The corresponding
coefficients are

1 D(=B2(2j + 1))D(1 + 26%)
oy D1+ 62(2j + 1)L (~20%))

Ci)=1 C-(j)= (131)
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D.2 Bulk OPE Coefficients for the OPE with 0,2/,

The singular vector labelled by b=2/2 restricts the possibly occuring field opera-
tors in the operator product to those with labels jy := j+b72/2, j_ := j—b"2/2,
jx = —j—1—b"2/2. The corresponding OPE coefficients can be easily calcu-
lated. We obtain

Ci()=1, C_(j)=—u" [PPEi+1] ",

O ) = T P ) T+ 2))T(—1 - 2 — b )T(—HA(2) + 1)
X b D(1—b-2) T(=2/)T(2+2j +b=)T(1 +b2(25 + 1))
(132)

E A Further Constraint on the One Point Am-
plitude from Reflection Symmetry

E.1 The Irregular One Point Amplitudes

Due to the reflection symmetry (4), the one point amplitude has to obey

s el A la) =
(133)

:—R(—j—l)/dQu’ lu—o/[Y ! F @ |77 A (—j — 1]a).
c
The upper sign corresponds to gluing map p;, the lower sign to ps. Note that
o’ = o(u’). Since we can always expand A,/ (—j — 1|a) = A%(—j — 1|a) +
o' Al(—j — 1|a), we need to compute the integrals (e € {0,1}):

IF = / dPu' lu— |V @ (o) (134)

C

E.1.1 Gluing Map p; - Calculation of I~

Assume ug > 0. We split the integral into
+o0 0 . 4
[ [ b T ) P 20
oo .
“+oo u 2j 4
+/ du’l/ duly [(ur —u})? + (uz — uh)?] ™ (2uh) =224

+o0 . )
/ du'y / duf [(ur — uh)? + (ug — ué)z}% (2ub) =272
U

= ()17 +I7 +13.

(135)

Being careful about signs and using some Gamma function identities (see G.1),

we obtain
T

127
R TEa iRl AR A s (136)
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Now, assume ug < 0. In this case, we choose the following splitting
€ e Y 732 132727 /\—2j—2
o [ [y (o= ) G 7T (2052

+oo 0 .y '
- / duy / duy [(ur —u)? + (w2 — up)?] ™ (—2up) ¥ 2

(137)
e e 1\2729 ’\—2j—2
du1 duy [( uh)? + (ug — up)?]™ (2up)
= ( =I5 + I3
This time we get
s 25

Is = -1, 13<:—2j+1|u—u|j. (138)

Assembling, we obtain

_ T —12] €

17 =— — —0o)°. 139
C= gy (o) (139)

E.1.2 Gluing Map p, - Calculation of I

Splitting the integral as before and renaming the integration variables, it is easy
to see that
It = If(ul — ’U,Q) = —

€ €

lu+ a|” (—o)". (140)

m
2j+1
E.1.3 The Constraint for the Irregular One Point Amplitudes

Putting things together, we arrive at the constraint

A (jle) = R(=j = DA (=j — 1]a). (141)

Using the definition of the reflection amplitude (5), we are led to redefine the
one point amplitude

fo(3) = VT(1 +b*(2j + 1)) Ao (jla) (142)

(note that we have dropped the a-dependence of f,). For this redefined one
point amplitude, the constraint simply reads

fo(G) = —f-o(=j —1). (143)

E.2 The Regular One Point Amplitudes

This time we need to compute the integrals (e € {0,1}):
IF = / & u— o' |7 (@) (o) (144)
C

38



Up to a sign, the result is very much the same as before:

IF=—"_(uFa)¥ (-0 (145)

Therefore, in the regular case, the constraint for the redefined one point ampli-
tude is

fo(j) =+f-o(=j = 1). (146)

F A No-Solution-Theorem

In this appendix we give details of the proof that there is no solution to both
factorization constraints together with the reflection symmetry constraint in the
case of regular discrete branes with gluing map pa (see section 4.3). Let us make
the redefinition

. . 2 .
nglﬂ e—?,ﬂ'%(Qj-i—l)z

fo(j) = T T(—0?) sin[rb2(2) + 1

)]ga(j)

and work with g,(j) here. Note that it has opposite parity from f,(j). The
shift equations (44) and (45) in terms of g,(j) are given as (2) and (3) in the
following

Theorem: The system of equations
(1) 90() = =9-0(=i = 1)
(2) 90(1/2)95(7) = 95(7 +1/2) = 9 (1 = 1/2)
(8) 6o(b2/2)g5(j) = ™" go(j +72/2) + €™ e g (- b2 /2) -
_ e—iﬂ—4je—i7ra(2j+b’2)ga(_j _1_ b‘2/2)
does not admit an interpolating solution (in the sense of section 4.3).

In order to prof this result, we proceed in two steps. The first one is to show that
any functions satisfying (1) and (2) must be 1-periodic or 1-antiperiodic. The
second step establishes that any 1-periodic or l-antiperiodic function cannot
satisfy (3).

Proof - 1st Step. Any solution to (1) and (2) must be periodic (antiperiodic)
with period (antiperiod) 1: Take (2) at j = —1/2 and use g,(—1) = —g_,(0)
to obtain
90(1/2)90(_1/2) = ga(o) + g—a(o)'
Doing the same for o — —o and using g_,(—1/2) = —g,(—1/2) yields
_9—0(1/2)90(_1/2) - g—a(o) + ga(o)'

Together, these equations imply

ga(_1/2) =0 or 90(1/2) = _970(1/2)'
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I) Assume g,(—1/2) = 0: Taking (2) at j = 0 then implies that either g,(0) =1
or g»(1/2) = 0. But g,(0) = 1 cannot be true, since in that case (2) for j = —1/2
tells us that g-(—1) = g,(0) = 1. But at the same time, by (1), we must have
9o(0) = —g_»(—1) = —1 which is a contradiction. Hence, g,(1/2) = 0. But
then, (2) reduces to the statement that g,(j) is 1-periodic.

IT) Assume g,(1/2) = —g_(1/2): (2) at j = 0 and using g,(—1/2) = —g_,(—1/2)
as well as the assumption gives

—9-5(1/2)95(0) = =9+ (1/2) + 9o (=1/2).
Also, (2) with j =0 and 0 — —o produces
9-0(1/2)9-5(0) = 9-5(1/2) = 9-o(=1/2).
Both equations together imply
9-+(1/2) =0 or g,(0) = g—(0).

A) Assume g_,(1/2) = 0: In this case, equation (2) again reduces to the 1-
periodicity of g, (7).
B) Assume ¢,(0) = g—»(0): An induction argument shows that

() go(k/2) = ()"9-0(k/2), ke

((This is clear for ¥ = —1,0,1. Then the step is taken from knowledge of
{k—1,k} — k+ 1 using (2) twice, once for o and once for —o. The step from
{k+1,k} — k — 1 is done in the same way.)) Now, redefine

9o () =1 i0e' 272D (5) with h,(k/2) = h_,(k/2) for k € Z.

Note that the prefactor exp[i§o(2j+1)] is 1-antiperiodic. Such an h,(j) satisfies
(x) automatically as well as

(11) ha(.]) = h—a(_j - 1)
(2') iohy(1/2)ho(4) = ho(j +1/2) = ho(j — 1/2).

Now, taking (2') for j = 1/2 and using h,(k/2) = h_(k/2), we gain the relation
io [h-o(1/2)]* = h_o(1) = hy(0),
while at the same time, (2') at j = 1/2 and 0 — —o yields
—i0o [h_e(1/2)]> = h_y(1) — h_g(0).
From these two equations we see immediately that h_,(1/2) = 0 what implies
that ho(j) must be 1-periodic. Taking the 1-antiperiodic prefactor exp[iZo (25 +

1)] from the last redefinition into account, we have thus established, that in this
case ¢,(j) is l-antiperiodic. This finishes the first part of our proof.
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Proof - 2nd Step. A 1-periodic or l-antiperiodic function cannot satisfy (3):
The central part is to establish g,(b=2/2) = 0. This has to be done separately
for 1-periodic and 1-antiperiodic functions.
I) g,(b=2/2) = 0 for 1-periodic g,(j): Using (3) at j = 0 and the 1-periodicity
yields

9o(b7%/2)95(0) = g5 (b72/2). (147)
Hence, g,(0) = 1 or g,(b=2/2) = 0, but ¢g,(0) = 1 cannot be true because of
the 1-periodicity:

1=9,(0)=—g-»(-1) = —g(0) = -1
which is a contradiction.
I1) g, (b=2/2) = 0 for 1-antperiodic g,(j): Here, we use (3) for j = 1/2 and (2)
for j = b=2/2. This results in
9o(1/24+b72/2) = 2¢717% g (1/2 = b=2/2).
But now, (1) and 1-antiperiodicity also tell us that g,(1/2—b72/2) = —g_,(1/2+
b=2/2), so that this equation becomes
9o (1/24b72/2) = —2e " g _(1/2+b72/2).
Using this relation twices reveals that g,(1/2+b72/2) = 0 and therefore, (2) for
j = b72/2 implies g,(b=2/2) = 0 ((recall that necessarily g,(1/2) # 0, because
of 1-antiperiodicity)).
It is now establishes that g,(b=2/2) = 0 in either case. In the remaining
part we can treat l-periodicity and l-antiperiodicity simultaneously as the
only difference from here on is a sign difference. In the following, upper signs
will correspond to 1-periodicity, lower signs to l-antiperiodicity. Because of
go(b72/2) = 0, equation (3) is now
(*)2 0= efi7r4jgg (] + b72/2) + ei7r4j67i7rgb—2gg (] - b72/2)_
. efiw4jefi7m(2j+b_2)gg(_j _1_ b’2/2).
Taking it at j — —j, using 1-(anti)periodicity and multiplying by exp[—imo2j]
produces
0— ei7r4j67i7r02jga(_j + b’2/2) T 6i7r4j67i7rab_2gg(j - b’2/2)j:
+ efi7r4j67i7ra(2j+b_2)ga(_j _1_ b’2/2).
Adding (if 1-periodic) or subtracting (if 1-antiperiodic) these two equations, we
obtain

g, (j +072/2) = e g~ b7 2)
Plugging this back into (x)?, we can finally derive the relation

g—a(j _ b72/2) — _Zeiwa(2jfb_ )ga(j _ b72/2)

which, when made use of twice implies the claimed g¢,(j) = 0 for all j. This
concludes the proof of our no-solution-theorem.
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G Some Useful Formulae

G.1 T Function Identities

! a—1 -1 _ ['(a)T(b)
i dt t*1(1 —t)>71 = Tlath) (148)
* 2\ __ ﬁr(_a - %)
/0 it (14 ) = o (149)
r(2)) = =¥ THIG +3) (150)
T(z)0(1 - 2) = sin7(T7rz) (151)

G.2 Pochhammer Symbol and Identities
The Pochhammer symbol is defined to be

I(a+m)

) (152)

(@) =

From this definition and the functional equation of Euler’s gamma function,
al'(a) = T'(a + 1), one easily gets the following identites:

N Gl
(@)—m = Ao’
(@nin={ (2T (153)
. (Oé + m)—n a)m,
(@m—n = { (@ =n)m(a)-n

G.3 Analytic Continuations of the Hypergeometric Func-
tion

The formulae stated here are taken from [40]. Note that for the hypergeometric
function to exist, we always need ¢ ¢ Z<o.

Generic Case (b—a ¢ Z):

,C | — :F(C)F(b—a) —l h a —C a; L — alu
P(wie]3) = Horema () Flot-erat-beds -
—b

+ ?EZ)E((Z:{IB <—%> F(b,1—c+b;1—a+blu).
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Generic Case (c—a—b ¢ Z):

L(e)I'(c—a—0)

I'(c—a)(c—b)

P(e)T(a+b—rc)
I'(a)T'(b)

F(a,b;clz) = Flab;a+b—c+ 1|1 —2)+

(155)
(1-2)"* Flc—a,c—bc—a—b+1]1—2z).

Logarithmic Case (b—a=:m € Z>¢):

l — F(C) _l T (a)n-i-m(l_c"'a)n—i-m.
u) - T(®)(c—a) ( U> 2 nl(n+m)!

n=0
1\" 1
(7 () )
U u
LT (1 —(””i L(m =)@, (1)
() u — I'(c—a—n)n! \u
Note that if b — a € Z, it is no restriction to take b —a = m € Z>¢, as this can

always be achieved by exchanging the réles of a and b if necessary. The occuring
hy = hy(a,c,m) is defined as

F (a,b;c

hn(a,c,m) =yl +m+n)+(1+n)—yY(a+m+n)—¢(c—a—m—mn), (157)
with ¢(z) being the logarithmic derivative of the gamma function:
I'(2)
P(z) = T

G.4 Appell’s Function F; and Horn’s Function G,

Definition as Convergent Series: The definition of Appell’s function Fj is

Fi(o, 3,0 7|u; z) = Z (O‘)mJ(r;z)(iirZ(ﬂ )n %%T

m,n=0

(158)

(159)

It is convergent for complex u and z in the domain |u| < 1, |z| < 1. For the
third parameter v we need v # 0, —1, —2,.... Horn’s function G5 is defined by

oo

Go (67 6/; Q, O/|’U,; Z) = Z (ﬁ)m(ﬁ,)n(a)n—m(a/)m—

m,n=0

vz (160)

"m!nl

This series also converges for complex u and z with |u| < 1, |z|] < 1. Its
parameters a and o' must be such that o # 1,2,3,... and o/ # 1,2,3,....
Both special functions are solutions to a certain system of partial differential
equations (see e.g. [39]). This can be used to extend their definitions to domains
reaching outside |u] < 1, |2] < 1.
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Generalized Series Representations: Employing the Pochhammer symbol
identites stated in G.2, one deduces that

Ao 8ol = 3 P e b gl (16)
n=0 n ’

F being the standard hypergeometric function. Of course, there is an analo-
gous statment about the expansion in the variable u. It is simply obtained by
exchanging 8 and 8’ on the RHS.

The corresponding expansion for G5 is obtained in the same manner and reads

/ / S (@)n (B )n
G2(B, 85 o, a'|u; 2) = e
( |u; 2) nz:;) d—a)n

The analogous expansion in the variable u is obtained by exchanging o and o
as well as 8 and (3’ on the RHS.

F(a/ —n,3;1—a—n| _u)(—nz')” . (162)

Analytic Continuations: Using the expansions given in the previous para-
graph together with the continuation formulae for Gauss’ hypergeometric func-
tion, one deduces the analytic continuations of Appell’s function F;. The generic
cases can be found in [39].
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