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ABSTRACT: We use holography to study the spectra of boundary conformal field theo-
ries (BCFTs). To do so, we consider a 2-dimensional Euclidean BCFT with two circular
boundaries that correspond to dynamical end-of-the-world branes in 3-dimensional gravity.
Interactions between these branes inform the operator content and the energy spectrum of
the dual BCFT. As a proof of concept, we first consider two highly separated branes whose
only interaction is taken to be mediated by a scalar field. The holographic computation of
the scalar-mediated exchange reproduces a light scalar primary and its global descendants
in the closed-string channel of the dual BCFT. We then consider a gravity model with point
particles. Here, the interaction of two separated branes corresponds to a heavy operator
which lies below the black hole threshold. However, we may also consider branes at finite
separation that “merge” non-smoothly. Such brane mergers can be used to describe unitary
sub-threshold boundary-condition-changing operators in the open-string spectrum of the
BCFT. We also find a new class of sub-threshold Euclidean bra-ket wormhole saddles with
a factorization puzzle for closed-string amplitudes.
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(a) Disconnected. (b) Smooth and connected. (¢) Non-smooth and connected.

Figure 1. Possible brane configurations for the holographic dual to a BCFT state on a cylinder.
A and B represent possible conformal boundary conditions at each connected component of the
boundary. Figure lc in particular represents a non-smooth merging of two different branes.

1 Introduction

Traditionally, boundary conformal field theory (BCFT) [1-3] refers to a quantum field
theory on a manifold with a boundary that has “boundary” conformal symmetry. On
a flat manifold, boundary conformal symmetries are contained in the subgroup of the
global conformal group that preserves the location of the boundary. Hence a BCFT comes
equipped with “conformal” boundary conditions [1] that respect this subgroup. BCFT has
seen various applications, from being a natural descriptor of critical phenomena in finite
systems [4, 5] to its role in the worldsheet description of D-branes in string theory [6-9].
However, just like CFT, BCFT is difficult to study at strong coupling. This motivates the
use of holography to better understand physics of boundaries.

The relevant extension of holography is known as the AdS/BCFT correspondence [10—-
12] in which a BCFT is dual to AdS gravity with a bulk codimension-1 end-of-the-
world (EOW) brane. This correspondence provides a geometrization of strongly coupled
BCFT [13] and has been applied to a number of studies on entanglement entropy dynamics
in toy models of black holes [14-24]. The construction we employ is bottom-up in that
we are starting with Einstein gravity, but there are also top-down constructions in the
literature [25-38].

As is usual in holography, EOW branes are dynamical objects subject to backreaction
and interactions with other fields of the bulk theory. For example, two separated branes can
interact by exchanging light bulk fields which may drive them to merge with one another
and give rise to novel brane-merging saddles in the gravitational path integral (figure 1).
In this work, we are interested in how such brane dynamics are encoded in the dual field
theory and what they tell us about data of a 2-dimensional BCFT.

In a minimal model consisting of just Einstein gravity and branes of fixed tension [11],
it has been shown that the merging of two branes of equal tensions is dual to a transition
between the closed-string and open-string channels of a BCF'T with two circular boundaries.
However, the main shortcoming of this model is that it does not include excited states in
either channel. The spectrum is thus extremely simple. This is most exemplified by the
available boundary-condition-changing (BCC) operators, i.e. the open-string ground states
arising when the boundary conditions on the circular boundaries are different [39]. In the



minimal model, [40] only finds BCC operators with scaling dimension at the black hole
threshold (Apce = 13).

We thus extend the holographic setup by introducing scalar fields, point particles, and
non-smooth brane intersections to the model. The scalar fields and point particles lead
to long-distance interactions between two highly separated EOW branes on the gravity
side, and they can be used to describe excited closed-string states in the BCFT. For
scalar-field interactions, we extend the single-brane model used in [41] to describe a probe
scalar field coupled to two separate branes. The probe scalar field calculation produces
the SL(2,R)-character of a light O(c”) closed-string operator whose dimension is related
to the scalar mass. On the other hand, point particle interactions are dual to exchanges
of heavy O(c) closed-string and open-string operators whose scaling dimensions lie below
the black hole threshold, i.e. A € (0, {5).

As the two branes get close, their interactions become strongly coupled, and the branes
eventually merge. When the conformal boundary conditions and the brane tensions are
different, these merging configurations cannot be smooth as in [40]. In 3-dimensional
gravity, one is thus forced to consider non-smooth brane intersections, and these allow for
“sub-threshold” BCC operators (Apec < 15) in the BCFT (see also [20]). To support non-
smooth configurations, the bulk theory requires matter content at the brane intersections.
We show that it is exactly this matter content that determines the scaling dimension of
the BCC operator. We find that the dimension falls into the range Ap.. € (0, 1—‘32) without
an extra gap of the type argued in [20]. In the limit Ap.. — 0, the intersection becomes
smooth, thereby reproducing the configuration of [40].

In allowing for non-smooth brane intersections, we look for other types of intersecting
configurations. As a result, we find a new Euclidean wormhole saddle (of the bra-ket
type [42]) whose throat is bounded by two non-smoothly intersecting EOW branes. We
also find brane mergers that appear to belong to the closed-string sector of the BCFT
as black hole states above the threshold. However, these states turn out to be physically
problematic — their scaling dimensions depend on the modular parameter, even though
such data should be input of a conformal theory — and so their interpretation is subtle.

Overview. To keep this article self-contained, we first review some facts about BCFT
in section 2, discussing specifics about BCFT on a cylinder and duality between the open-
string and closed-string channels. This machinery makes manifest the idea that conformal
boundary conditions may be treated algebraically as “boundary states” [43-45]. Our BCFT
conventions are defined here.

We then review the AdS/BCFT correspondence in section 3, laying out our bulk con-
ventions in the process. Specifically, we consider Einstein gravity in Euclidean spaces with
boundaries and corners, which involves the corner Einstein equation proven in appendix A.
We also describe our bulk brane constructions therein.

To illustrate long-distance interactions between branes, we first consider the infinite-
width-cylinder limit in section 4. In this limit, one expects exchanges to be mediated by
the lightest mode, which for simplicity we assume to be a scalar. We demonstrate that



the scalar exchange in the bulk directly reflects the exchange of an SL(2,R) representation
between the boundary states.

In section 5, we take the finite-width cylinder. In pure gravity [11, 12, 40], one only
considers the sort of saddles shown in figures 1a and 1b — a very strong constraint. However
with gravity furnished by a corner term [46], we find the existence of two novel brane-
merging saddles of the gravitational path integral that both schematically look like figure 1c.
Although the corresponding exchanges in the dual BCF'T are strongly coupled, holography
gives us access to such physics.

In section 6, we reiterate our general findings. We also discuss some of the more
mysterious configurations, expanding briefly on the relationship between our bra-ket-type
wormholes and ensemble averaging, the analytic continuation of particular closed-string
black hole states to the open-string channel, and the existence of multi-intersecting config-
urations.

Note. At the final stages of this work, another paper [47] appeared which also studied
intersecting branes in AdS/BCFT. Their results have some overlap with ours on the inter-
secting annulus branes. In particular, they are also able to achieve BCC operators of any
sub-threshold dimension.

2 Review of 2-dimensional BCFT

We first review the key basic facts about 2-dimensional Euclidean BCFT in a relatively
self-contained manner.! Because our goal is to study multi-brane interactions and overlaps
of different boundary states, we start by discussing BCFT with two boundaries, each with
their own boundary conditions. Specifically, we focus on BCFTs living on a finite cylinder
with two circular boundaries.

2.1 The open-string and closed-string sectors

When considering two boundaries, the BCFT partition function can be equivalently ex-
panded in two different channels: an open-string channel and a closed-string channel.
As indicated by the names, the former describes the worldsheet theory of an open-string
running between the two boundaries (figure 2a) while the latter describes the worldsheet
theory of a closed string homotopic to the boundaries (figure 2b).2 The statement that
these two ways of computing the partition function give the same result is known as the
open-closed-string duality.

In the open-string channel, boundary conditions constrain the values of fundamental
fields at the boundaries and appear as restrictions on the open-string spectrum. Meanwhile,
in the closed-string channel the boundary conditions are encoded by associated boundary
states [43-45] representing “initial” and “final” states of some transition amplitude. The
duality between these two channels imposes constraints on the energy spectrum and on the
possible boundary conditions that can appear in the BCFT.

!See [3] for a canonical review.
2Regardless of naming conventions, note that the BCFTs considered in this work are not worldsheet
theories of any string theory.



(a) Open-string channel. (b) Closed-string channel.

Figure 2. The slicings of the cylinder corresponding to the (a) open-string and (b) closed-string
channels. In (a), the cylinder is sliced into intervals along the periodic coordinate, and so the
partition function is thermal. In (b), the boundary conditions represent initial and final states
belonging to a CFT quantized on the circle.

Open-closed-string duality. Start with a Euclidean cylinder with circumference S and
width W. For now, we keep these parameters general. There is a single dimensionless

“shape modulus” % which characterizes this cylinder up to its conformal class. Note that

conformal symmetry allows us to rescale g and W so long as % is unchanged.

Consider now the Euclidean path integral Z 45 of a CF'T over the cylinder with bound-
ary conditions A and B at the boundaries. There are two ways to slice the path integral
and interpret it from the point of view of the operator formalism. One is as a thermal

partition function

Z0, =Tr (e_BHOp) (2.1)

of a theory quantized on the interval with boundary conditions A and B at the two ends
— the open-string channel (figure 2a). The other is as a transition amplitude

c _ cl
Z4p = (Ale”"|B) (2.2)

in a theory quantized on the circle — the closed-string channel (figure 2b). These two
quantizations lead to different Hilbert spaces of states H’; and H! on which the trace (2.1)
and the matrix element (2.2) are respectively evaluated. These two Hilbert spaces are
called, respectively, the open-string and closed-string sectors of the CF'T. The open-closed-
string duality then states that

Zap =73y = Zip, (2:3)

which imposes constraints on allowed boundary conditions of the BCFT. In string theory,
this duality relates closed-string (graviton) amplitudes to open-string excitations (gauge
fields). Its classical version corresponds to the double-copy relations [48]. Because of
conformal invariance and W and (8 being the only scales in the setup, the partition function

depends only on %.3

3The open-string Hamiltonian depends on W and the closed-string Hamiltonian on § such that only the
combination % appears, as we will see below.



Ishibashi states. For the boundary conditions to preserve restricted conformal symme-
try, the corresponding boundary states |B) have to satisfy

Ln|B)=L_,|B), Vn€Z, (2.4)

where {£,} and {£,} each generate the holomorphic and antiholomorphic copies of the
Virasoro algebra. Recall the defining commutation relation of the Virasoro algebra:

[Los Lon] = (1 — 1) Lo + %n(n2 — )pmy L= L. (2.5)

A general state in H' which solves (2.4) is a linear combination of Ishibashi states [43, 44],
m
where m is any multiset of positive integers. We define the holomorphic states as

by {ma, o mad) = T] £omelh)s Lolh) = hlh),  Lasolh) =0, (2.7)
k=1

with a similar definition for |h,m) in terms of £,. Essentially, each Ishibashi state is
obtained by taking a spinless® primary (h,h) in the closed-string sector and summing
over “symmetric” descendants for which the holomorphic and antiholomorphic factors are
described by the same m (i.e. constructed from isomorphic Virasoro generators).

The inner products of Ishibashi states are infinite series that do not converge, so they
are nonnormalizable states. However, for any 0 < p < 1, they satisfy the equality

(T |p2 (FotEo=3) | 1) = G xn (). (2.8)

Xnr(P) is the Virasoro character of the weight A irreducible representation Hj. For ¢ > 1
(meaning that there are no null states descended from the h > 0 primaries), this is

P ifh>0
— = . i< 1
_ Lo 2, (1 —pky’ ’
Xn(P) = Trp, (5075 ) = Hk_}h(,i 7) (2.9)
12 (1 = 5%)

Eq. (2.8) can be seen by reorganizing the sum in (2.6) to be over descendant level Ny and
noting that, for fixed level, each m is a partition of Ny (or the empty multiset for Ny = 0).

Furthermore, we note the linear transformation rule for Virasoro characters under
modular S-transformations [3, 50],

Xn(P) =Y S xw (p), (2.10)
o

where p = e4m*/1087 ig the modular S-transform of P.

4See also [49] for a proof of this statement based on the Schur lemma.
5That an Ishibashi state can only be constructed from a spinless primary comes from the n = 0 case
of (2.4), which is the level-matching condition.
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Figure 3. The conformal transformations by which we see that the open-string Hamiltonian
and closed-string Hamiltonian respectively correspond to (a) dilatation on the upper half-plane
generated by Lo and (b) dilatation on the full plane generated by Lo+ Lo. The additional —c term
in (2.12) and (2.15) comes from the Schwarzian derivatives of these conformal transformations.

Decomposition into Virasoro characters. We can use the open-closed-string dual-
ity (2.3) to expand the Euclidean path integral on the cylinder as a sum over states in the
open-string and closed-string sectors respectively. We show this now.

The open-string sector consists of irreducible representations of the Virasoro algebra,

ity = D NipHn. (2.11)
h

The coefficients N Z g = 0 are degeneracy factors of the open-string spectrum. The open-
string Hamiltonian H°P generates translation around the cylinder, which is equivalent to
translation along a strip of width W. By using a conformal transformation from this strip
to the upper half-plane and employing the conformal boundary condition [3], we can relate
H®P to the generator of dilatations on the upper half-plane £y (figure 3a),

HOP = % (Lo - c) . (2.12)

Defining ¢ = e~™/W it follows that
238y = Tryen (4°07%) = 3" Nhpxn(a), (2.13)
h

When the path integral is sliced by circles, both copies of the Virasoro algebra are
preserved. Thus the closed-string sector instead decomposes according to two copies of the
Virasoro algebra (2.5) generated by £,, and L,

H = @dhﬁ%h & 7'_[,:0, (2.14)
h,h



with a second set of degeneracy factors d,; > 0 depending on the circle CFT in question.
The closed-string Hamiltonian H' generates longitudinal translation along the cylinder
and so, after a conformal transformation, corresponds to the generator of dilatation on the
plane D = Lo + Lo [3] (figure 3b),

2 - c
HY="" (¢ E—). 2.15
7 (cot Lo (215)
It follows that
1 ~ c
Z45 = (A| gz Fotro12) |B) (2.16)

where § = e=*"W/8 is related to q = edm?/logq by a modular S-transformation:
2miw  ~ —2mi ip
=e , =€ v, w=_——. 2.17
q q ST (2.17)
To decompose this into characters, we use the fact that a general boundary state is a linear
combination of Ishibashi states,

1B) =Y {Iu|B) [In), (2.18)

h

and the orthogonality relation [49]
<[h| q%(ﬁo-FEo—ﬁ) ’Ih’> = 5hh’Xh(g)7 0<qg<1, (219)
to write the transition amplitude (2.16) as

Z4p = > (AL {Ih|B) xn(@). (2.20)

h
Open- and closed-string limits. The duality (2.3) between the open-string and closed-
string channels leads to constraints on the allowed boundary states — the so-called Cardy
conditions. Specifically, recall the definition of the Virasoro character (2.9) and its linear
transformation rule under S (2.10). In conjunction with open-closed-string duality (2.3)
and the linear independence of the Virasoro characters, we obtain the following two equiv-

alent constraints:

Nig =" Sww (Allw) (In|B) , (2.21)
h/
> SNl = (Allw) (In| B) . (2.22)
h

These are the Cardy conditions. Boundary states which satisfy these are called Cardy
states. The coefficients of Cardy states in the Ishibashi-state basis are specified by BCFT
data — particularly S and the irreducible representations.

In a BCFT whose data and boundary conditions that obey the Cardy conditions (2.22),
the Euclidean path integral has the two equivalent series representations

Zap =Y Nigxn(@) =Y (AlIn) (In| B) xn(Q)- (2.23)
h h



Now in the limit % — 0 in which ¢ — 0 and § — 1, the Virasoro characters behave as

. X e W
xn(@=q""2+.... xu@ =D Swd" T+, 7 =0 (2.24)
h/

where we have used the modular transformation law (2.10). We may either use the first of
these expansions directly or the second of these expansions in conjunction with the Cardy
conditions to write Z4p as

— 0, (2.25)

U C W
ZAB:ZNIZ‘BG_Wﬁ(h_ﬁ)‘F..., F
h

C
) 24
divergent while those with weight h € (i, o) are exponentially suppressed. We refer to

where contributions from open-string sector representations with weight h € [0, 55) are
the % — 0 limit as the open-string limit.
In the opposite limit % — o0 in which ¢ — 1 and § — 0, we may similarly and

unambiguously expand the partition function as

Zan = Y (AL (0B) e FOF) oo (2.26)
h

where contributions from closed-string representations with weight h € [0, ) diverge while

» 24
those with weight h € (i, o) are suppressed. The limit % — oo is called the closed-string
limit.

We are mainly interested in holographic BCFTs with large central charge ¢ — co. In
this limit, there are light and heavy states depending on whether their dimension is of the
order O(c?) or O(c), respectively. All light states in the open-string (or closed-string) sector
give divergent contributions to the open-string (or closed-string) limit, but the same is not
true for heavy states: only heavy states h = (1 — a?) with « € [0,1] give divergent con-
tributions, while the rest of the heavy states are suppressed. The transition from divergent

to suppressed contributions happens at h = 57, which is known as the black hole threshold.

2.2 Boundary entropy

The boundary entropy is a quantity which represents a particularly basic piece of informa-
tion about boundary states. Specifically, it is the temperature independent contribution to
the thermal entropy of the open-string theory in the thermodynamic limit W — oo [51].
The thermal entropy Sip, is obtained from the thermal free energy Fi, = —B ' log Z3; (of

the open-string theory) as
O0Fn

ap
We can expand (2.27) in the thermodynamic limit by noting that it is equivalent to the

closed-string limit % — oo with f fixed. Using the duality (2.3) and the expansion (2.26),

Sin = B2 (2.27)

we get that
%

olo

Z%%s = gagpe +..., W= o0, (2.28)



where we have defined g4 = (A4|0) and gp = (0| B). Hence the thermal entropy (2.27) has
the expansion

w
Sth:<7;c)5+sA+sB+..., W — oo, (2.29)

where s4 = log g4 and sp = log gp are the boundary entropies associated to the boundary
conditions A and B respectively. Because s p are independent of the temperature, they
give zero-temperature microcanonical entropy, so g4, g are also called “ground state degen-
eracies” which can be non-integer in the thermodynamic limit [51].° Note that the phase of
the closed-string vacuum |0) can be chosen such that its overlaps with all boundary states
are real and positive, i.e. (A|0) = (0|A) > 0, (0|B) = (B|0) > 0, and s4 p € R.

2.3 Boundary-condition-changing operators

An aspect of BCFT which requires at least two boundaries to describe is the notion of
a boundary-condition-changing (BCC) operator. Imprints of such operators are seen in
correlation functions in a BCFT with different boundary conditions A # B [3].

Formally, a BCC operator is defined as the primary of smallest dimension” in the
open-string spectrum given a pair of different boundary conditions A, B. Specifically, we
generally require that Nz = d4p. In other words, if the two boundary conditions are the
same, then the lowest-dimension operator that may be inserted is the identity (which is
unique in a unitary theory) acting on H%,. If the two boundary conditions are different,
however, then the lowest-dimension operator cannot be the identity and by unitarity must
have strictly positive dimension. The dimension Ay, of the BCC operator can be extracted
from the open-string limit % — 0 (2.25) of the Euclidean path integral

Zap = NP om0 (Bvee=3) 4 ... V;/ 0. (2.30)
where N )ff;c counts the degeneracy of this operator which can be any positive integer. This
is the zero-temperature limit of the open-string theory so that Ay.. measures the increase
in ground state energy due to different boundary conditions at the end-points [39].

3 Extending bottom-up AdS/BCFT

We now review the AdS/BCFT correspondence. We set the speed of light and A to 1
and k = 8rGy, and we work in Euclidean signature. Additionally, while we present the
actions in this section in general d, we will perform more concrete calculations specifically
in d = 2. There we may recast gravitational couplings in terms of the boundary central
charge through the Brown-Henneaux formula [53],

127t

c=—, (3.1)

5The quantity ga is also called the g-function and is similar to the usual c-function in that it is monotonic
under RG flow [51, 52], making it a good count of the degrees of freedom associated to a single boundary.

"Note that the open-string spectrum does not accommodate states with spin because there is only one
Virasoro algebra. So, any primary of weight h will have conformal dimension A = 2h.

~10 -



where ¢ is the AdS radius. Since we are concerned with studying the Euclidean BCFT
partition function, we will work in Euclidean signature in this paper, using the same con-
ventions for the overall signs of Euclidean actions as [11, 12, 40]. However, much of the
AdS/BCFT machinery presented here works in Lorentzian signature, as well.

Lastly, for convenience we only write the integration measures (or, more specifically,
the differentials) when the coordinates are specified in the integrand.

3.1 AdS gravity with intersecting branes

A holographic d-dimensional BCFT is dual to AdS gravity on a (d + 1)-dimensional
manifold M containing a d-dimensional EOW brane Q.® The brane is a boundary of the
bulk geometry and thus necessitates the presence of a Gibbons-Hawking-York boundary
term [54, 55]. We then take then this brane to satisfy a dynamical Neumann-type®
boundary condition [11, 12] which determines the embedding of Q in M. A simple toy
model for AdS/BCFT is Einstein gravity with a negative cosmological constant on M and
a constant brane tension T,

/J<R+d(d€ >—/fK T), (3.2)

where £ is the AdS radius, hgp = gap — NaMp is the projector onto 9, n® is the outward-
directed unit normal of Q, K, = hghg Veng is the extrinsic curvature of Q, and
K = g K. The tension term T is sometimes called a Randall-Sundrum (RS) term [56].
We take the tension to be “subcritical” (|T'|¢ < d — 1), in which case Q is a Karch-Randall
(KR) brane [10, 57]. As T is in a one-to-one relationship with possible holographic bound-
ary entropies [11], we denote the corresponding boundary state in the dual BCFT as |T).1°

We are interested in studying more comprehensive setups which accommodate two-

brane interactions and intersections at corners (represented as C). The action is

/f<R+d(d£ D LM>—/\FK EQ—f/f@ o), (3.3)

where o4, = gap — nanp — tatp is the projector onto the corner C, ¢t is the tangent vector
of Q (so that n.t* = 0), and O is the local intersection angle between the two branes
comprising C. The last term involving © is the Hayward corner term [46]. In addition, we
have included arbitrary (for now) bulk £, brane Lo and corner L£; matter Lagrangians
to the action.

The variational problem for the action (3.3) is to keep embeddings of the branes Q
(and hence those of the corners C) fixed while varying the component functions g% of the
inverse metric in the region M bounded by the branes. Under 6¢®, the variation of the

8This discussion, and in particular the notation Q, is schematic. Q may represent multiple branes which
are either disconnected or have a non-smooth intersection in the bulk.

9We do this as opposed to taking a Dirichlet boundary condition.

10We emphasize that |T) is actually defined from bulk parameters. In principle, it may be any boundary
state whose boundary entropy is computed by T', or it may even be an ensemble average of such boundary
states.

- 11 -



action (3.3) is'! (see appendix A for details)
1 d(d — 1) 1) < b
[ =—— et Sellliar’s -T 5a®
1 =5 [ v (Gan = S5 0w+ 5T ) 69

1

_ 1 / N (Kab — Khgy + TaQb) §hab (3.4)
2k Jo
1 C ab

+ %/cﬁ (@aab —Tab) 00",

where Té\b/l, TaQb, and Tacb are respectively the bulk, boundary, and corner stress tensors:

M 2 0V9Lm) 0 2 IWhLe) ¢ 2 9(VoLe)
Tab — , T 3 — , Tab = — . (35)
NG 0gab @ Vh ~ Ohab Vo o dob

The variational principle 6/ = 0 then produces the usual bulk Einstein equation coupled

to matter,
d(d—1) 1 m
_ ) M — )
Gab 262 Gab + 2 ab 0, (3 6)

and the “boundary” Einstein equation,
Koy = Khay + T3 = 0, (3.7)

since we will not impose Dirichlet boundary conditions for the induced metrics of the
branes. As a result, the induced metric of the corner C is not fixed either, so we get the
“corner” Einstein equation

Ooy—T5=0. (3.8)

An on-shell bulk metric g, satisfies these three Einstein equations from which the on-shell
induced metrics hgp, 04, and the extrinsic data Ky, © are determined.

In our first calculation of section 4, we will consider a scalar-field sector which couples
to Q,

Lo =— (VIOV, @ +m30?), Lo=T——V(®), (3.9)
K& R

where T is the subcritical brane tension, V(®) is brane localized potential, and x/kg is a
dimensionless normalization factor. This action will provide the model for long range inter-
actions between highly separated branes that do not intersect so that C = &. Specifically,
we will take a probe limit (see section 4.1 for details) in which the equations of motion
become (with £ = 1):

dd—1

o =0. K (K- T)ha =0
(VoVe—m3)® =0, [n°9,®—V'(®)]|o=0.

1
Rab - iRgab - (310)

In our analysis of brane-merging saddles in section 5, we will only work in three bulk
dimensions (d + 1 = 3) and take the matter Lagrangians to be

Lym=mdp, Lo=T, Lec=M, (3.11)

HNote the opposite overall sign multiplying the corner integral.
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where m is the mass of a point particle with worldline D (0p being a localized Dirac delta
function on D), T' is again a subcritical brane tension, and M is a tension parameter for

4

the corner C at the intersection of two branes (and thus called the “intersection mass”).

The resulting stress tensors are given by

T = mga 6p, T3 = Thap, T = Moa, (3.12)

a

The corresponding Einstein equations for g, become (again with ¢ = 1)
1 1
Rap = 5 Rgab = gab + 5 M gab 0p = 0, Kap — (K =T)hap=0, ©-M=0 (3.13)
We will solve these equations in the next two sections.

3.2 Brane embeddings in conical AdSs

We start by solving for geometries sourced by a single point particle and containing a
single EOW brane. Intersecting brane configurations that also involve the corner Einstein
equation are studied in the next section. First, consider the locally AdSs metric (with
radius ¢ = 1) given by

dr?

fa(r)
where f,(r) = r? 4+ a? with a > 0 being a free parameter. The coordinates have ranges
TER,r>0,and ¢ € R with ¢ ~ ¢ + 2w. Topologically, the space is an infinite solid
cylinder, and the conformal boundary is an infinite cylinder equipped with the flat metric
ds? = dr? + d¢>.

The metric is locally AdSs, so it solves the bulk Einstein equation in the region r > 0.

ds® = fo(r)dr* + +r2d¢?, (3.14)

For o # 1, the metric has a conical line defect at » = 0 with a deficit angle 27 (1 —«). The
conical line defect has to be supported by a point particle whose mass m is related to a.
Using the results of [58], we have for the 77-component that

1
R, — §RgTT — grr = 27 (1 — @) g Op, (3.15)
so the bulk Einstein equation (3.13) implies
m=4r (1 — «a). (3.16)

To keep the mass positive, we only consider a € [0,1]. If @ > 1, then the dual operator
breaks the CFT unitarity bound [59] (see also section 5).

There are two types of brane embeddings that solve the boundary Einstein equation
locally in the point mass background (3.14) (figure 4).'> We write both in the coordinates
of (3.14). The first type consists of “disk” branes (figure 4a) given by

. 1 1 Ta
T=F(rT, ) =1+ aTanh ( AOEEE 7‘2>7 r > 0. (3.17)

128ee appendix B to see how these embeddings are constructed as foliations of smooth AdS space. These
can be translated into the coordinates (3.14).
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(a) Disk brane in conical AdS. (b) Strip brane in conical AdS.

Figure 4. (a) A disk brane and (b) a strip brane in conical AdS. The conical defect at r» = 0 is
represented by the green line. The disk brane is a ¢-symmetric slice of the bulk, while the strip
brane is a 7-symmetric slice of the bulk.

T denotes the tension,'® and 79 = F(oo;T,7p) is a free constant denoting the value of 7
at which the brane asymptotes to the conformal boundary. The disk branes are invariant
under ¢-translation.

The second type consists of “strip” branes. These may be written in a branched way as

0= P(rT,d0), &= +200 — P(riT, o), (3.18)
where we have defined
: _ | To T
P(r;T, ¢o) = ¢o — aTan (W)7 "> ﬁ (3.19)

Here, ¢ is a free parameter, and the brane intersects the conformal boundary at ¢ = ¢
and ¢ = ¢o + 5. Note that it is more convenient to parameterize the strip branes as

r=p(o:; T, ¢o), (3.20)

where p(P(r;T, ¢0); T, ¢p) = r. Then we may write each strip brane in terms of a single
expression,

P63 T, 60) = - acla@=on) o€ (oot ), (320

To
V1-—1T7?
where we use the standard convention of polar coordinates where (r,¢) for » < 0 corre-
sponds to (|r],¢ + 7). Strip branes project onto lines in the (rcos (a¢),rsin (a¢))-plane
such that the zero-tension (7" = 0) brane runs through the origin:

rsin (ag) = rcos (a¢) tan (apg) — 1TQT2 sec(agp). (3.22)

131n treating this as an EOW brane with tension T, we are assuming that the part of the geometry 7 >
F(r;T, 7o) is being excised. If we excise the complementary region instead, then the tension would be —T'.
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Figure 5. Cross sections of |T'| = 1/2 strip branes for decreasing values of «. For o = 1, the
brane’s endpoints are antipodal. For o < 1/2, the brane self-intersects in the bulk.

It is enlightening to plot these lines on the Poincaré disk, which has the radial coordinate

-1+ V1+7?
r

p= € [0,1). (3.23)

We have done so in figure 5. When o < %, the brane wraps around the defect and
intersects with itself in the bulk [20].

We note that disk and strip brane embeddings are related to each other by analytic
continuation and changes of variables. By first analytically continuing o« — i and then
subsequently doing the coordinate transformation r — +/f,(r), the disk brane embedding

function transforms to a strip brane embedding function:
F(r;T,19) — P(r;T,10). (3.24)

We will utilize this analytic continuation later to describe a mapping of “bad” holographic
closed-string states to “good” open-string states.

Disk and strip branes can be used to construct bulk geometries that asymptote to a
finite cylinder with modulus % Depending on the brane tensions, there may be both
disconnected and connected brane configurations. The connected configurations can also

include non-smooth intersections between branes.

3.3 Brane configurations dual to a finite cylinder

We now categorize Euclidean brane configurations which asymptote to a finite cylinder
of fixed modulus. In particular, this lays the groundwork for our action calculations in
section 5. A representative sample of the relevant configurations is shown in figure 6.

Non-intersecting disk branes. Consider two non-intersecting disk branes with differ-
ent parameters,

T=—-F(r)=—-F(r;Ty,n), 7=F(r)=F(r;Ts, 1), (3.25)

with 7; > 0 so that the branes asymptote to 7 = —7m; and 7 = 7 respectively. To keep
two disk branes disconnected, the geodesic distance between these branes « [F (r) + Fa(r)]
must be positive. This is equivalent to the following constraint on the brane tensions:

1+T 1+1T15 —2a(T1+72)
. 2
(1—T1> (1—T2)>€ (3.26)
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(a) (b) (c) (d)

Figure 6. Four types of disk-brane configurations studied in this paper: (a) disconnected
positive-tension branes, (b) intersecting positive-tension branes obtained by cutting and gluing
along the dashed black lines, (c) disconnected negative-tension branes, and (d) intersecting
negative-tension branes.

For now, we only focus on branes and values of « that satisfy (3.26). In this case, the bulk
region bounded by two disk branes,

—Fi(r) <1 < Fy(r), r>0, (3.27)

asymptotes to a finite cylinder (7, ¢) € [r1,72] x S of width 74 + 72 and modulus

T1 + Ty w
=—. 3.28
5 5 (3.28)
By setting 71 + 7 = %, we obtain a cylinder of the required modulus on the confor-

mal boundary. Doing so defines a one-parameter family of non-intersecting disk-brane
configurations labeled by «, with & = 1 being the disconnected configuration of [11]. Im-
posing (3.28) also allows us to rewrite (3.26) in terms of the boundary modulus,

1+71y 1+T2) _4AnW 0
<1—T1> (1—T2 ‘ 1 (8:29)

Furthermore, requiring that the branes are non-intersecting for al/l moduli (and in particular
as % — 0) gives the inequality

T+ 15 > 0. (3.30)

In particular, this inequality implies that any two negative tension branes T; < 0 will
intersect for some finite value of the modulus.

Intersecting disk branes. We now assume that the two disk branes intersect and that
their intersection is supported by a corner stress tensor. There are two ways to realize such
solutions. A priori, at a fixed modulus, the disk branes either intersect automatically if they
violate the bound (3.29) or may be made to intersect by a cutting-and-gluing procedure
otherwise. In the latter class of construction, the conical line defect is exposed to the
conformal boundary, whereas it is hidden in the former.

More specifically, keeping T, T», and ¢ (or, equivalently, the boundary modulus %)
fixed, we may consider three possible scenarios based on (3.29) and the stronger con-
straint (3.30):
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&

Figure 7. The configuration obtained by cutting and gluing two disk branes together at a disk of
radius r = r, (shown in blue). This may be interpreted as the embedding of two disk branes in a
torus such that they intersect without “hiding” the defect.

(i) When the brane tensions satisfy the inequality (3.30), they can only be made to
intersect by cutting and gluing. This also leaves the conical line defect exposed. In
this case, we get a two-parameter family of disk-brane configurations labeled by the
defect parameter « and the intersection depth of the identified branes r,.

(ii) When the brane tensions violate (3.30), we may still have that (3.29) holds. In this
case, in principle we can make the branes intersect by a cutting-and-gluing procedure,
leading to the same sort of two-parameter family of configurations as in case (i).
However, we can actually prove that this case leads to a contradiction, which implies
that cutting and gluing is only mathematically consistent in case (i) if (3.30) holds
— see appendix C.

(iii) We may consider branes which violate not just (3.30) but also (3.29), i.e. branes corre-
sponding to finite boundary modulus but with negative geodesic distance. This time,
the conical line defect is behind the branes and thus “hidden” from the boundary. The
configurations in this case comprise a one-parameter family of solutions labeled by «.

Let us first consider the cutting-and-gluing constructions of cases (i) and (ii) in detail. We
assume that we cut the solid cylinder at 7 = —71, and 7 = 79, such that both of the branes
will be cut along a circle of radius » = r,. The branes can be glued together at these circles
by periodically identifying in the 7-direction.

Another way to think about this construction is as the embedding of two disk branes in
a solid torus in a way that makes the branes intersect — see figure 7. From this perspective,
the freedom associated with the r, parameter is captured by the circumference of the torus.
Additionally, for the cutting-and-gluing to be a well-defined procedure, we must have that

Tix + T2x > T1 + T2. (3.31)

This is just the condition that the width of the boundary cylinder must be shorter than
the circumference of the torus obtained from the 7-identification. We can use this to show
that case (i) is consistent with a well-defined cutting-and-gluing procedure, whereas case
(ii) is not and so need not be considered. See appendix C for details.

Because cutting and gluing requires that (3.30) be satisfied, we need at least one
positive tension brane. Upon following through with the procedure, we have the following
bulk regions:

—Fi(r) <1 < Fy(r), > Ty,
1( ) 2( ) (3.32)
—Fl(T*) <7< FQ(T’*), re 21 >0,
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Additionally, the periodic identification of 7 turns the r = 0 central line of the cylinder
into a circle.

This construction gives us a two-parameter family of intersecting disk-brane configura-
tions parametrized by («,r.). The intersection depth 7. can be traded for the intersection
angle ©, which is given by'4

1
cos© = fa(7“*)(T1T2 - \/fa(r*) —T? rf\/fa(r*) — T2 7“3) (3.33)

Observe that for 0 < r, < co, © is bounded to the interval

~1<cos® < TVTh— /1 - T2/1-T} < 1. (3.34)

The lower bound corresponds to © = 7 where the tips of the two branes barely intersect
and the normal vectors of the branes point in opposite directions.

A single solution from the family («, ©) is chosen by the bulk matter content via the
Einstein equations: the value of the point particle mass m fixes the deficit angle via (3.16)
while the intersection mass M = © fixes the intersection angle.

Now, let us then consider the case (iii) which corresponds to the only intersecting
construction consistent with 77 + 75> < 0. In this case, the disk branes will always intersect

- 1+1 14+15
o
e _<1—T1> <1—T2)' (3:35)

The intersection angle is given by (3.33). However, the intersection depth r, = r.(q) is

for ¢ < §. where

no longer a free parameter. This leads us to being able to write « as a function of the
boundary modulus. While this dependence is mathematically sensible, we find it to be
physically inconsistent because it implies that the dual operator dimension may be treated
as a function of the modulus, despite such a quantity being data of the BCFT. Nonetheless,
seeing this inconsistency requires performing the bulk analysis, as we do in section 5.2.

Intersecting annulus branes. An alternative construction of the cylinder is realized
when quotienting the region bounded by a single infinite strip brane (3.18). Specifically,
we periodically identify 7 ~ 74 79, where 7y corresponds a circumference on the boundary.
After cutting and gluing in this manner, an infinite strip brane inherits the topology of an
annulus, and so we will call it an annulus brane.'®

On the conformal boundary, a single annulus brane with tension 7" has domain ¢ €
(¢0, 0 + Z). To prevent this brane from self-intersecting, we must take o > 3 as in [20].
The size of this interval and the sign of T" determine the angular width A¢ of the region

included in the bulk. Specifically, a negative-tension brane bounds the interval (¢o, ¢o + g),

This is found by computing the inner product of the outward-pointing unit normal vectors (given
in (E.2)) of the two branes at the intersection depth r = r..

5These are precisely the same annulus branes as those constructed natively in BTZ coordinates. See
appendix B.4 for details.
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() (b) (©) (d)

Figure 8. Intersecting annulus brane configurations obtained from taking two different strip
branes at o = % < 1 and rotating them with respect to each other. By taking particular legs of
the individual branes that meet at a single intersection point, we get (b) from (a) and (d) from (c).
The Lorentzian version of this picture was also considered by [20].

while a positive-tension brane bounds the complementary interval:

T>0 — Ap=2r—",
(6%

T (3.36)
T<0 = A¢p=-—.
o
Meanwhile, the circumference of the cylinder is 7y after quotienting, so taking
=D A (3.37)
w

gives a cylinder of the required modulus % The result is a bulk configuration with a single
connected brane of fixed tension T interpolating between the two ends of the cylinder. For
a =1, this is the connected configuration of [11].

However, a single annulus brane is not enough if the two brane tensions, and thus
the boundary conditions in the dual BCFT, are different, and so configurations with just
one annulus brane cannot describe BCC operators in the open-string spectrum [40]. This
problem is remedied by allowing two annulus branes with parameters (77, ¢1) and (7%, ¢2)
to intersect non-smoothly. Assuming that

0< 1 <o <2m, a<l, (3.38)

the branes intersect non-trivially since the second brane has been rotated counter-clockwise
with respect to the first. We may then construct a single, non-smooth brane by keeping
particular “legs” of the two initial annulus branes that meet at an intersection point — see
figure 8. The resulting configuration is an annulus of the form figure 9.

If the circumference 7y of the dual cylinder is (3.37), then the intersecting configuration
will correspond to a different modulus than those of either of the individual branes. Specif-
ically, the width A¢ of this new boundary cylinder is a function of ¢y and ¢2 depending on
which legs and which side of the bulk we keep. Furthermore, the choice of legs determines

18Observe that a T = 0 brane will always have a kink unless o = 1, and so we cannot have a conical
defect for a smooth T' = 0 annulus brane.
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Figure 9. The configuration obtained by making two annular branes intersect at a finite radius
r = r, (shown in blue). We also show the conical defect (in green). Both the corner and the conical
are T-cycles.

the relative sign of the two brane tensions, and the absolute signs are set by which side of
the bulk we then keep.

For example, assume that we keep the leg of Q; that intersects the boundary at
¢ = ¢1. If we also keep the leg of Qo that intersects the conformal boundary at ¢ = ¢9
(e.g. figure 8b), then the two brane tensions will have opposite signs — this is the “positive-
negative” case. We may then either keep the side of the bulk with the interval ¢ € (¢1, ¢2)
or its complement. In the former case, we have that 77 < 0, T5 > 0, and A¢ = ¢ — ¢1. In
the latter case, the tensions have the opposite signs, and A¢p = 2w — (2 — ¢1).

In contrast, if we keep the ¢ = ¢ leg of Q1 and the ¢ = ¢2 + 2 (modulo 27) leg
of Qs, then the two brane tensions will have the same sign. In figure 8d for example, we
may then keep the side of the bulk containing either the interval ¢ € (¢1, p2 — 27 + g) or
its complement. In the former case, we have T2 < 0 (the “negative-negative” case) and
A¢ = ¢2 — ¢1 — 2w + = In the latter, we have T12 > 0 (the “positive-positive” case) and
A¢:47r—(¢2—¢1+§).

To summarize, it is possible to use these intersecting-annulus-brane configurations with
any combination of two brane tensions to realize BCFT on a cylinder of width A¢. To
achieve a modulus %, we must identify 7 such that

P
7w

For simplicity, from here on out we focus on the positive-negative case; we will see that

Ag. (3.39)

this is sufficient to show that intersecting-annulus configurations realize BCC operators of
any sub-threshold scaling dimension.

So far, for fixed tensions, we have a two-parameter family of intersecting brane con-
figurations («, ©) which are dual to states on a cylinder with fixed modulus % However,

observe that the intersection angle © of the branes is

cosO = L (T1T2 falre) +Jr2 = T2fulra)\Jr2 — T3 fa(r*)) , (3.40)

i

where the intersection depth r, may be found by writing the branes in the form (3.22):17

(3.41)

r? = o2 csc? (aAp) < T12 T22 213 T, cos (aA@) >

+ +
2 2
L=Tt =1 -1 113

"Note that we may take ¢; = 0 and ¢2 = A¢ without loss of generality. Only the difference in the
anchoring points of the legs on the conformal boundary is important here.
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Figure 10. A cross-section of an intersecting annulus brane configuration involving three branes.
The red shaded region is taken to be the bulk region dual to the BCFT. There are two corners,
both of which involve a brane not directly attached to the conformal boundary.

By plugging (3.41) into (3.40), we can see that the individual factors of « cancel and
© = O(aA¢). Thus, © may be traded for aA¢. Recalling the equations of motion (3.13),
we then note that the intersection mass M picks out a particular value for aAdp.

At this stage, it is convenient to restrict ourselves to a particular interval size. When
doing so, we are also restricting to a one-parameter family of intersecting-annulus-brane
configurations labeled by «. The natural value to consider is A¢ = 7, because then the
boundary cylinder’s width then does not depend on which side of the bulk we keep. In this
case, the modulus is

— = — 3.42
£-D (3.42)
and the intersection depth is
T? T3 2Ty T
r2 = a® csc? (ra) ( Lo+ 2+ 113 cos (ma) ) (3.43)
=T -1 i1\ 1-13

Furthermore, because M picks out some value for «, we have a constraint on the point
particle mass m (when the conical line defect is included in the geometry):

m=4r [l —a(M)]. (3.44)

One can understand this as a type of stability condition for the interaction between the
point particle and the intersection. Indeed, without a point particle (i.e. if m = 0), we
cannot have a non-smooth intersection of two different-tension branes because o = 1 implies
that the intersection point (3.43) runs to the conformal boundary r, = co.!®

Note that this construction from two strips does not exhaustively lead to all possible
configurations with a cylindrical boundary. In principle, we may also consider geometries
comprised of multiple EOW branes, with only two being anchored to the conformal bound-
ary and the rest “floating” in the bulk — see figure 10. This would require multiple corner
terms and could accommodate multiple independent intersection masses. We speculate on

these configurations in section 6, but we leave further analysis to future work.

8The exception is when Ty = T, but for A¢ = 7 this configuration is really just that of a single brane
with no conical defect.
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4 Scalar exchanges in the closed-string limit

As a proof of concept, we first explore the long-range interaction between two highly
separated disk branes. By considering the branes to be far apart, the interaction is mediated
by a light bulk field, which we model as being a probe scalar field with mass mg propagating
on the disk brane background. We will work in the closed-string limit of the dual BCFT,

w — 00, (4.1)
g
which ensures that the disk branes are far apart and in the disconnected phase. Further-
more, we turn off sources at the conformal boundary.
Let us be clear about what exactly we are computing here. Schematically, we will
consider a total action I = Ig + Ig, where

d—

I —— /J[R+ il }—/WK T), (4.2)

Ig = — vaq>v<1> (1)2_7/ hV (®), 4.3

s 2%/M\/a @t d?) - | VRV (@) (43)
as a minimal toy model for interactions between AdS branes. x~! measures the number of
dual CFT degrees of freedom and in d = 2 is related to the dual CFT central charge ¢ by
the Brown-Henneaux formula (3.1). Meanwhile, fi;l measures the number of bulk scalar

degrees of freedom.

As there is no conical deficit angle in the space, the bulk geometry will be smooth.
Additionally, we will work in a probe limit x/ke < 1. It turns out that Iy < Ig in our

regime of interest, and so we will approximate the semiclassical partition function of the
Einstein + scalar theory as

7~ ettt (1 - Ign-she“) , (4.4)

where we have taken precisely the minimal saddles in the saddle-point approximation and
kept the first subleading term in small Ig. We will split this subleading term into “self-
energy” and “exchange” terms. Focusing on the latter, we will then find that it reproduces
an SL(2,R) character corresponding to a scalar primary operator exchange in the closed-
string channel expansion (2.20) of the BCFT. In other words, we will deduce that the
exchange of a scalar between the bulk branes is accounted for by a dual scalar operator
and its SL(2,R) descendants in the closed-string sector of the BCFT.

4.1 Equations of motion and convenient limits

While @ is a Klein-Gordon field in the bulk, in principle it may have any potential V' on
the brane.'® For now, we will keep V generic. The classical dynamics are then governed

19Without loss of generality, we may assume that V does not have a constant term. This is because any
such term may be absorbed into the RS tension term.
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by the following four equations of motion (defining 0 = —V,V?):

Gap — d(él;l)gab = % [Vaévbé - % (Veovee + m?pcb?)} . (45)

Koy — [K ~T+ :I)V(@)] hap = 0, (4.6)
(O+m})o=0, (4.7)

[(n%0,® — V'(®)] |g = 0. (4.8)

Eq. (4.5) and (4.6) are respectively the Einstein equation with scalar matter and the bound-
ary condition dictating the dynamics of the brane, all obtained from varying the action
with respect to the metric. Eq. (4.7) and (4.8) are the Klein-Gordon equations and the
boundary conditions on @, all from varying the action with respect to ®. Note that n®
denotes the outward-pointing unit normal vector at the brane Q.

Equations (4.5)—(4.8) are necessary to fully analyze backreaction on the metric due to
the presence of the scalar field. However, we aim to use the scalar field as a toy model for
long-range “light” interactions between two infinitely-separated branes. To this end, it is
convenient to work in particular limits of the theory in which the physics simplifies.

One limit that we will make extensive use of is the probe limit. This is described by
the following double scaling limit (in units of £ = 1):

w1 kgt — 00, "~ fixed < 1. (4.9)
Ko
Physically, the limit /{gl — oo corresponds to taking the total number of scalar fields to be
large. The probe limit (4.9) is the statement that the number k= — co of D-branes sourc-
ing the AdS geometry is much larger so that the gravitational backreaction of the scalars is
negligible. In a top-down context where scalar-field actions can be uplifted to flavor-brane
actions [60], the limit (4.9) is dual to the quenched approximation of the CFT [61].

In the probe limit, (4.5)-(4.6) reduce to the vacuum equations. Thus, the metric and
branes are solutions to pure gravity, and solving (4.7)-(4.8) becomes a matter of doing field
theory on a curved background and with a field-independent embedding of the boundary.
In this regime, obtaining analytic results becomes more feasible.?’

Another simple regime is the large-mass limit, mgfl — oco. Recall that the bulk scalar

field is dual to a boundary scalar operator Og with conformal dimension Ag such that [62]
(Mq>€)2 = A@(qu — d) (4.10)

Working in standard quantization Ag > %, the large mgf corresponds to large Ag, so the
mass-dimension relation (4.10) simplifies to

mol =~ Ag. (4.11)

It is in this regime that correlation functions of Og in the BCFT are encoded by geodesics
probing classical geometry in the bulk [41, 63, 64]. Furthermore, the classical bulk fields
are easier to compute analytically in this limit, as we will see later in this section.

20Tt would still be interesting to consider backreaction effects which are neglected in the probe limit. This
would likely require numerics. We leave such an analysis to future work.
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4.2 Computing scalar actions with branes
To solve the boundary condition for the scalar field, we split it as
O = + . (4.12)

pp is the background field, which we take as always on-shell. By expanding the brane
potential around ¢ = 0,

/ V"(eB) o 3
V(@) =V(en) + Vign) o+ —5— 0"+ 0(¢"), (4.13)
the boundary condition (4.8) becomes
[10un + n"0up — (VV(em) + V" (93) 0+ O(69)) ||, =0 (4.14)
Imposing separate boundary conditions on ¢g and ¢,
[nGuon = V'(9p)]lg =0, [n°0ap — (V" (¢m) 0+ O(0"))]] = 0. (4.15)

is consistent with (4.14), and so the variational principle for ® is well defined.

The purpose of the on-shell background field is to absorb the linear source term V’(0)
of the brane-localized potential. Furthermore, near the conformal boundary we require pg
to contain the nonnormalizable mode determining the source J in the dual field theory. In
that case, ¢ is a normalizable fluctuation with a Neumann-type boundary condition (4.15)
at the brane, and this fluctuation is integrated over in the bulk path integral.

After integration by parts, the scalar action (4.3) can be written as (defining [0 =
—V.V%)

Is = 2;/ Va o (O+m3) ¢n + 20 (O+m3 ) gp + ¢ (O+m3) ]
- % Vh [( (¢B) — ;sOBn“&lsoB) _<na6a90B - V’(%))@]
‘o — [ VR [noue = (V'enie+ 01 )| ¢
T e /3 V7 (BT 0an + 2070008 + @ T%00p) - (4.16)

We have two boundary terms — one supported on Q (whose outward-directed unit normal
vector is n®) and another on an asymptotic cutoff surface B (whose outward-directed unit
normal vector is r%). With ¢p on-shell, the only remaining bulk term is the quadratic term
©(0+m3)p which can be integrated over in the bulk path integral in the usual way (with
appropriate boundary conditions at the brane). However, in approximating such a path
integral by a saddle-point approximation, we also put ¢ on-shell in the bulk. The resulting
action consists purely of boundary terms,

kel — = /Q vh [(V(SDB) - ;san“aasaB)—(n“ W OB — V/(SOB)>SO}

ch
+ = [ Vi [0 = (VVien) o+ 06 ) | ¢
Ko
1
+ */ VAl (‘PBT“@ath +@ri0apB + S raaag;) . (4.17)
Ko JB 2 2
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We will now take the source to be turned off in the CFT. The B term in (4.17) then vanishes
both because ¢p and ¢ are normalizable and we are in the standard quantization scheme
Agp > % Thus,

1 1
Ié)n—shell == Vh [(V(SOB) _ @Bnaaa@B> — <naaag0}3 — V’(@B)) 90}
J=0 ko Jo 2 (4.18)

1 a ‘

-+ T/ \/E [n 0P — (VH((,OB)QD + 0(902))] ')
ke JQ

which after imposing the boundary conditions (4.15) takes the form

. 1 1

Igrshell — e /Q Vh [V(<PB) ) vV’ (¢B) + 0(%03)} (4.19)

The O(¢?) terms remain because the boundary condition for ¢ does not generally cancel
the O(p?) term in (4.18). However, the coefficients of these terms are all proportional to

21 50 in the discussion that

three-point or higher-point couplings of the scalar to the brane,
follows they identically vanish.

In the following subsection, we will focus on the minimal case of a linear potential
V(®) = \o. (4.21)
For this potential, the boundary condition (4.15) is
(n“0us — Mg =0,  n%daplg =0, (4.22)

and we can solve for the background field with this boundary condition in terms of a bulk-
to-bulk propagator satisfying a Neumann condition at the brane. Furthermore, the on-shell
action (4.19) is simply

pgabet - _ L | Vi, (4.23)

and so can be evaluated once we solve for ¢p.

This procedure can also be applied to the case when V(®) contains higher-order poly-
nomial interactions, but we reiterate that such terms generally modify both the boundary
conditions (4.15) and the on-shell action (4.19). In fact, the on-shell action with higher-
order couplings generally depends on the fluctuation . However, there is one unusual
exception — when the potential is quadratic. In this case, just as for the linear poten-
tial the action (4.19) only depends on the background field, but we get Robin boundary
conditions on ¢p and ¢:

(n%GupB — A —nwB)lg = 0,

4.24
(n®0atp —np)lg = 0. (424

1
V(®) =\ + 577<1>2 — {

Hence the bulk-to-bulk propagator must satisfy a Robin condition instead of a Neumann
one, even though the on-shell action is independent of the fluctuation.

21 By keeping careful track of the higher-order terms, we find that they contribute to the action (4.19) as

Ign-shcll

— g [ VR (2;;vk*)v(’“)(<p3)<pk- (4.20)
Q k=3 )

03 " 2ka
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4.3 Scalar exchange between two branes

The discussion thus far has been schematic, with Q representing some configuration of
EOW branes. We are now ready to consider the case where we have two disconnected
branes, i.e. Q@ = O; U Q. We respectively furnish these branes with distinct linear

potentials:
Vo, (®) =\ ®, Vo, (®) = \a2®. (4.25)

Thus, from (4.23), the on-shell action is

1
Jgueshell — __— ()\1 /Q Vhies+ Az /Q Vho @B) : (4.26)
1 2

2/€q>

To compute this, we have to solve the boundary value problem,
(O +m3) e =0, (nfdapn —Ai)lg, =0, (i=1,2). (4.27)

To do so, we will use an approach involving the propagator that yields a controlled
expansion when the branes are far away from each other.

First, note that the boundary value problem (4.27) can be solved using the bulk-to-
bulk propagator Gn (X, X') (X, X’ € M) that obeys Neumann boundary conditions at the
two branes,

(O+m3) Gu(X, X') = (X, X'), nfduGn(X, X')|y_o, =0, (i=1,2), (4.28)

where the derivative in the boundary condition is on X. In terms of this propagator, the
solution of (4.27) is given by [65, 66]

ep(X) =)\ o d4%1v/hy Gn (X, 21) + Ao /Q d439v/hy Gn (X, T2), (4.29)
1 2

where Z; denotes worldvolume coordinates of Q; and we have used the short-hand
Gn(X, %) = GN(X, Ei(2)), with E;(£) € M being the embedding of the point & € Q;
into the bulk. This expression satisfies the required boundary condition (4.27) due to the
identity [65]%2

1§ 0 Gn (X, 53')|XHE@) =dg,(2,2"), (i=1,2), (4.30)

where the limit is taken from the interior and dg, is the Dirac delta function on the
worldvolume of the brane Q;. Substituting (4.29) to (4.26) gives

ggueshell _ pself Isexchange’ (4.31)

where the scalar self-interaction term is
12
Iself:_ixﬁf ddA-\/h'/ d%3/\ /W Gx (84, 3 4.32
S e — i o, Ty i o, Z; i N(xuxz)? ( )
and the scalar exchange term is

A
[Erchanee — 2172 / d31v/hy | d%%ay/ho G (i1, 20). (4.33)
ke JQ Q2

22Compared to [65], our n® is outward-pointing so there is no minus sign on the right-hand side of (4.30).
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For our purposes, we focus on the exchange contribution (4.33). The self-interaction term
corresponds to a Feynman diagram with a line whose both points end on the same brane,
while the exchange term corresponds to a diagram with a line running between the two
branes.

For general brane configurations, solving for the Neumann propagator Gy is very
difficult. However, it can be written formally as an infinite series expansion of nested
integrals of the pure AdS;.; bulk-to-bulk propagator G(X, X’), which satisfies Green’s
equation without any boundary conditions,

(O4+m3) G(X, X') = sm(X, X'). (4.34)

The first two terms in the expansion are given by [67-69] as
2
GN(X, X)) =G(X, X')-2) / d?&i\/hi G(X, &) nl0,G(&4, X') + - - - . (4.35)
i=17%i

In the literature, this is called the multiple-refiection expansion for the Neumann propaga-
tor, and it also exists for the Dirichlet propagator.

The multiple-reflection expansion truncates at the first term when the proper distance
between the two branes is very large. Thus in this limit, we can replace Gn (X, X') in (4.33)
by G(X, X'),

A1A
ngchange — _ﬂ/ ddjl\/hT/ d*3o\/hy G(21,22) + -+ . (4.36)
Ko 1 Q2

In the following discussion, we compute this term explicitly for d = 2 and show that it
produces the SL(2,R) character of a scalar operator in the closed-string channel.

4.4 Reproducing the scalar character

We now focus on the case of a scalar field propagating between two disconnected disk
branes in AdSs. The region bounded by the two branes is given in equation (3.27) in
global AdSs coordinates and we set the conical defect parameter o = 1. Equivalently, we
can work in Poincaré AdS coordinates in which the disk branes are hemispheres bounding
an annulus with radii Ry < R2 on the conformal boundary (see figure 11). The ratio Ra/
R1 = e™/B s related to the modular parameter % of the cylinder of the CFT. Without
loss of generality, we set R1 = 1 and Ro = ¢ /2 where § = e 4™W/8 is defined in (2.17).
In Poincaré coordinates, the metric of AdSs is (setting £ = 1)

_d2? + dy? + da?

ds®
22

, 2>0, (y,z) € R% (4.37)

In these coordinates, the embeddings (3.25) of the two disk branes Q1 and Qs are explicitly
(see also appendix B)

Brane 1: (z —cot 1) + y? + 22 = csc? by, (4.38)

Brane 2: (24 G % cot02) + 4 + 2% = G esc? by, (4.39)

_97 —



o))

91
01C 05

z
= o

Figure 11. On the left, we show the region M bounded by two spherical branes Q; and Q.
On the right, we take a transverse slice to better depict the angles 6; and 65 that Q; and Qs
respectively make with the conformal boundary. The minimal geodesic between the two branes,
which is ultimately the main object of interest in this section, is shown in black.

and they intersect the conformal boundary at angles 61 and 6, respectively (see figure 11).23
The tensions of the branes are given by

Ty = —cosbt, Tp = —cosbs. (4.40)

We parametrize the embeddings in terms of the Cartesian coordinates (y,z) so that z =
z1(y, z) solves (4.38) and z = 2z2(y, x) solves (4.39). In terms of the embedding maps, we
write that E;(y,x) = (zi(y,z),y,z) € M (where i = 1,2) and the worldvolume coordinates
of both branes are & = (y, ).

Lastly, we may write the AdS3 bulk-to-bulk propagator in these coordinates. Generally
the AdSs3 propagator is given by (see for example [70])

Gx, Xy = L 4.4
= — 41

(X X)= (441)

where L = L(X, X') is the geodesic distance between two bulk points and Ag > g is

given by the mass mg through (4.10). In Poincaré coordinates with X = (z,y,z) and
X' = (7,y,2"), this distance is

(4.42)

LZ]Og(Hé@) 222/

’ 52z2+z'2+(y—y’)2+(a:—x’)2'

Thus, to leading order in the multiple-reflection expansion, the scalar exchange term (4.36)
becomes

exchange A1z 2 2, 25, e ol
1§ =" &y | d*#avVhivVhe PRy (4.43)
2mke Jo, Qs l—e

Z5Note that the way in which the angle for Q; is defined here is the opposite from how the angles are
defined in appendix B. Thus, we must plug = — 60; into the expression (B.10), which is why we have a minus
sign below.
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where the geodesics being integrated over are restricted to those connecting Q; and Q.4
The product of induced metric determinants for disk branes (4.38)—(4.39) is

~—1/2 0 0
Vi = ¢ LT C(444)

21 (g1, 1) 2 (2, 72)2 (esc2 01 — y? — 23) (7 esc? 0y — yf — a3)

Analytically performing this integral for general Ag is unfeasible. Hence we consider the
large-mass limit Ag — oo where the integral can be computed using the saddle-point
approximation. To this end, we introduce the vector ¥ = (x1,y1, x2,y2) so that the integral
is computed in R*, and we denote the bulk geodesic anchored to the branes at Fj(yi,z1)
and Fs(y2,2) as L(7¥). For a general integral over any open subset  of R”,?° the saddle-
point approximation states that

n — 2T
dv; g(v —Agp L(V) _ ()
/QH1 vi g(V)e Ay

n/2 9(77*) e—Aq,L(ﬁ*)

det (sz )

[1+0ah)], (4.45)

where ¥, € Q is a minimum of L(¢)) and L;; is the Hessian of L(%) at the saddle-point,

0*L
Lij a (8%81@ )

The minimal geodesic runs between the inner-most points, i.e. the turning points, of the

(4.46)

= =
V=Vx

two branes which are located at the origin of the transverse plane ¥ = 0. The radial depths
214, 225 Of these two points are

6 o
215 = cot 51, Z9w = ¢ /% tan 52, (4.47)

such that zo, > z1,. Thus this geodesic has length

L, =log 22 _ log <§[—1/2 tan h tan 92). (4.48)
21 % 2 2

Applying (4.45) with n = 4 to our integral (4.43), we get

ngchange _ AT ALA2 € Ap — 0. (4-49)

2 _ »—2L,°
re By 2223, [det (L) L~ €

which is valid up to (’)(A;g) corrections. Furthermore, we may compute the saddle-point
values of the components of the Hessian explicitly.?® Because the Hessian is symmetric, we

Z4Note that L in this integral should be read as a function of two points with one on each brane, i.e. as a
function of four free variables, rather than as a function of two bulk points consisting of six free variables.

25The shape of the integration region is not relevant in the saddle-point approximation due to the rapid
exponential damping of the integral away from the saddle-point.

26We do so by differentiating (4.38) and (4.39) to solve for the first and second derivatives of z;(y:,z;),
then setting y; = x; = 0 and using (4.47).
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only need to evaluate 10 of its components:

2 2 2 2
21y T 234 + (22* - Zl*) cos 6

R C A A R )
2 2 2 2
L3z = Lyy = Pt 2253;2;;2*_22)*) o 027 (4.51)
Lig = Loy = zf*iz:%*’ (4.52)
Li2 = L1y = Loz = L3y = 0. (4.53)
We then find that
L (. - A .

det(Ls;) (14 cosB1)(1 + cos )23, — (1 —cosby)(1 — cos )22,

Using (4.47) and (4.48), we can write (4.54) as

1 _escbiescly 1—e 2 455
- 1—§ 01 0o R1x%x ( : )

det(LZ]) q cot 35 cot 5

Substituting into (4.49), we get
27 M Ay csc By csc By e~ Bals

Jexchange - 27 —, Agp — oo 4.56
S ko A} co‘c%lcot%’2 1—-¢q (4.56)

- AL N 0 0\ 2 :
Since e~ "2 = oo (cot 5 cot %) , we finally write the scalar exchange term

explicitly as

21 [ Ai1cscly ) [ A2 csc By 01 02\ 20! ghe/?
Iexchange _ ( ) ( ) ( t — cot ) A . (4.
< . A, Ay cot - cot 5 1—q o — 00. (4.57)

Lastly, recall that the integrand of the path integral also incorporates the pure gravitational
action with two disconnected branes. We will compute its on-shell value I%H‘She“ with a
defect present in section 5.3. For now, we take the result (5.22) and set o = 1 to write

w
[&n-sheﬂ = _g <7T5 + Tanh™!'7y + Tanh_sz)
1+ T\12 [1+T\ 12 (4.38)
— eilan-shcll _ qii ( + ]_) 12 ( + 2) 12
1-1Ty 1-1T5 '

We note that I‘S)H'Sheu < I&n‘SheH,w and so we may use the approximation (4.4) to write
the contribution of the exchange term to the partition function as

_Ion-shell exchange
Zechange = —e L& [exchange (4.59)

2Tt is reasonable to think that the A couplings may compensate for the fact that k/ke < 1. However,

as we are working in the closed-string limit, 73" will still be subleading to I&*"!! with respect to §.
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Putting everything together, we get

; 1+ T\z7" groR), .
Zexchange - H Ac[) 1 — ) (1 — T) thb( ’ )(Q)7 (460)

where hg = AT is the weight of the dual scalar operator (which is spinless). Additionally,
we have used (4.40) and defined

c

SLeR) G
Xh =T =

— (4.61)

This is the character of an SL(2,R) irreducible representation of weight h.2® We can
see that Zexchange gives exactly the contribution of a scalar primary state |Ag) and its
SL(2,R) descendants to the closed-string limit (2.26) of the Euclidean path integral of the
BCFT. From (4.60) we can then identify the overlaps

o N\ 14T\ 12 he
Ti|Ag) =y — . 4.
(i Aa) \/wA@(l—Ti)(l—Ti) (4.63)

which are valid at leading order in the large-Ag limit. Subleading corrections to the

geodesic approximation (4.45) only modify the coefficient of the character by terms of
order O(Ag?). Hence the g-dependence remains the same at finite Ag, which is expected
from the CFT side.

We conclude that a scalar field in the disk-brane background describes a light closed-
string state whose dimension is fixed by the scalar mass and whose overlaps with boundary
states are given by (4.63). The reason why we obtained contributions from global de-
scendants is that we took into account fluctuations around the minimal geodesic running
between the tips of two the branes; the 1-loop correction (4.55) to the geodesic approxi-

mation contains the factor (1 — §)~!

encoding the descendants. These fluctuations in the
geodesic position can be equivalently described as small fluctuations of the classical back-
ground metric that correspond to tree level graviton-scalar interactions. The appearance of
the full Virasoro character would require taking into account 1-loop interactions between
gravitons and the scalar field which goes beyond our large-c¢ classical bulk computation

above. We leave exploration of such subleading effects to future work.

5 Conical defect exchanges at finite modulus

We now depart from the % — oo regime dominated by light brane interactions in the bulk
and focus on finite moduli. Geometrically, this corresponds to the branes being close so
that merging configurations become possible.

28Recall that this character is computed as the trace of §“°~%/?* over the SL(2, R) subalgebra (generated
by {£_1, Lo, L1}) of the Virasoro algebra,

> h c/24

SL(2,R c c

X, @ >() TrsL(Q,R) o= /24 E g e = 17q . (4.62)
N=0
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In the bulk, we schematically have three possible EOW brane configurations corre-
sponding to a cylinder of fixed modulus on the boundary (as shown in section 3.3): two
disconnected “disk” branes (figure la), one smooth and connected “annular” brane (fig-
ure 1b), and one non-smooth and connected brane (figure 1c). In addition to branes and
their intersections, each configuration also contains a conical line defect.

In this section, we compute Euclidean on-shell actions of these brane configurations and
extract dual BCFT data. We compute the actions by writing them as boundary integrals
consisting of the ADM mass and the Wald entropy. We find that disconnected-disk-brane
configurations are dual to heavy closed-string states whose dimensions are of order O(c)
and below the black hole threshold, i.e. A% < 15- Similarly, intersecting annulus brane
configurations are dual to heavy open-string states whose dimensions are also below the
threshold. We identify these open-string states with BCC operators, and we demonstrate
that the gap Apcc € (0, 15) can be filled.

5.1 Euclidean on-shell action and the ADM mass

We first discuss how to compute Euclidean on-shell actions of our bulk brane configurations
as boundary integrals. We can do so because all of our bulk geometries have a global Killing
vector that can be used to foliate the spacetime. As a result, the gravitational on-shell
action reduces to a difference between the Arnowitt-Deser-Misner (ADM) mass and the
Wald entropy, each of which are codimension-2 integrals.

Consider a Euclidean manifold that has a Killing vector field £* obeying V(@b = 0.
The vector £ generates a flow, and we foliate the space by Cauchy slices ¥, labeled by a
parameter u € (0,up) (which we will suppress for convenience) — see figure 12 for a pair
of examples in conical AdS3. These Cauchy slices are orthogonal to the flow lines of £%.
This is essentially a general Euclidean version of the ADM decomposition [71] in which the
metric takes the form

ds® = N?du® + ds%. (5.1)

The Killing vector satisfies £, = N2, and so the unit normal vector field associated with
it is u® = N1 £ such that u,u® = 1. Since £% is a Killing vector, the lapse does not depend
on u, i.e. 0,N = 0. We will assume that the u-direction is also periodic with period ug so
that there are no future or past boundaries in the u-direction. This turns out to be the
case for our brane configurations.

We start by considering the BCFT Hamiltonian which is an integral of the stress tensor.
On the gravity side, it corresponds to the on-shell value of the gravitational Hamiltonian.

This is a pure boundary term in the presence of a Killing vector, and it is identified as the
ADM mass [72, 73],%

1 2 a
MapMm = _E /Bmz ﬁ (uarb V[ fb] + NK), (52)

*There is a choice of orientation for the surface B which shows up as a sign in the first term of (5.2).
We have chosen the orientation such that r® is outward pointing and u® points towards the direction of
increasing u. If we were foliating a Lorentzian spacetime with u® being timelike and future directed, then
we would get an additional minus sign in the first term of (5.2).
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u=¢

(a) ¢-foliation. (b) 7-foliation.

Figure 12. Two ADM foliations of conical AdSs (3.14). In (a), we take the foliation coordinate u
to be ¢, which is periodic. Additionally, the u-cycle shrinks to 0 at » = 0, which is a horizon that
acts as a boundary for each Cauchy slice ¥.. In (b), we take the foliation coordinate to be 7 and
we may make it periodic (resulting in a decomposition of the torus into disks). For this foliation,
the slices do not contain horizons acting as boundaries in the bulk, and the conical line defect runs
orthogonally to the slices. These are the decompositions relevant to our particular configurations.

a

where BN X is a slice of the cutoff surface B near infinity, 7 is its the outward-pointing

unit normal vector (which is orthogonal to u®), and

Yab = Gab — TaThs  Yab = Jab — Talb — UaUpy Kap = YoV Verg. (5.3)

The projector ~ gives the induced metric on B, and the projector 4 gives the induced
metric on BN Y. The first term in (5.2) is proportional to the Komar mass, which is the
Noether charge of the Killing symmetry at infinity, and the second term arises from the
Gibbons-Hawking-York boundary term of the gravitational action [72, 73].

In asymptotically locally AdS;.1 spaces, the expression (5.2) for the ADM mass is
divergent. It can be renormalized by adding a counterterm Lz that only depends on the
induced metric v of the cutoff surface B:

1 2 a
MBu = —— /BmE VA (ugry VI + N (K — Lg)). (5.4)

This (renormalized) ADM mass satisfies the equation [72]
K 27
e = w0 (MiBn — 52 Sw), S = An (55)

where IS0, 1 is the renormalized Euclidean on-shell action, Ay is the area of a horizon
acting as a boundary in the Cauchy slice (with Sy being the associated Wald entropy
functional [72] in Einstein gravity), and ks is the surface gravity of the horizon. In Euclidean
signature, a horizon corresponds to a surface where the u-circle shrinks to zero size.? For
a given a gravitational theory on the left-hand side, we emphasize this equation can be

seen as the definition of the ADM mass (and Wald entropy) in that theory.

30Tf the u-direction is non-compact, there are no horizons and the temperature is zero.
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The punchline is that we can calculate the Euclidean on-shell action from the ADM
mass and Wald entropy, and so this is how we perform our later calculations. Prior to doing
s0, let us discuss how the expression for the ADM mass (5.4) can be simplified. We define

~

Jab = Gab — UaUp, Kap = 572 glcyl Ked (5'6)

which are respectively the projector onto the slice ¥ and the extrinsic curvature of the
cutoff surface BN X as embedded in the slice. We can then write the trace of the extrinsic
curvature as

K=K +uuly =K — N ugr, V[afb], (5.7)
where we have used rqu® = 0, u* = N~1¢% and V(@) = 0. Substituting to the
formula (5.4) for the ADM mass, we get3!

1 _
Mg == [ NVA (K- La) (59)

KR

where the contribution from the Noether charge has cancelled. This form of the mass
allows for easier computation.

The formula (5.4) (and (5.9)) is valid when there are no additional boundaries such as
EOW branes present in the geometry. In the presence of intersecting branes with matter
content Lo and L¢, we claim that the formula (5.4) is modified to

ren 1 2 a
Mabwm == /Bmz VA (tary VI + N (K - L))

- 1/ Vi (s VoM + N (K — £0)) = L [ NVG(©—Le),  (5.10)
K Jonx R Jcny
where we now have extra terms localized on the branes and on their intersections.?? This
new formula for the ADM mass is proven in appendix D by showing that it reproduces the
defining equation (5.5). In addition, the result of the calculation in appendix D shows that
an action £ x dp of a codimension-2 conical defect D does not directly contribute to the
on-shell action appearing (5.5) when the worldsheet of D is tangent to the Killing vector £%.
Applying the identity (5.7) to the extrinsic curvatures in (5.10), we can write it as

ren 1 ~ /> 1 A~ 1 _
Mxpm = —;/BOEN\H(’C—Q%)—; /an N\/Z(K—L’Q)—; CHEN\E(@—LC). (5.11)

with extra terms compared to (5.9). With this machinery, we can compute Euclidean
on-shell actions of our bulk brane configurations simply by computing the ADM mass

31This can be seen as the “absolute” ADM mass. The “relative” ADM mass is the difference
T ren ren 1 2~ = =
MiHum = MiBw — MiBulo)= —;/ N\/3 (K =Klw), (5.8)
BNS

and is the formula originally presented in [74] in asymptotically flat spaces.

32There are also Hayward terms and counterterms at the corners Q N B shared by the branes and the
conformal boundary. However, they are both purely divergent and will cancel each other without leaving
any finite contributions as shown in our explicit disk-brane action calculation in appendix E. Hence, we will
neglect such divergences in the formula (5.10) and later computations.
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and areas of horizons. Both of these quantities are simple surface integrals that allow
us to sidestep the volume integration appearing in the Euclidean action. This is rather
convenient because such volume integrals can be complicated for multi-intersecting brane
configurations.

With three bulk dimensions d = 2, only the area counterterm is needed to renormalize
the ADM mass (and the on-shell action — see appendix E), and the coefficient is unity
— Lp = 1. For constant tension branes with Lo = T, the boundary Einstein equation
implies that Kup|o = T hap|o, and when projected onto QN this further implies Eab|QﬂZ =
Tﬁab\gmg. Taking the trace gives

K—-T=0. (5.12)

Similarly, for a corner mass term L¢ = M, the corner Einstein equation states that
©—-M=0. (5.13)

Hence the last two terms in the formula (5.11) for the ADM mass vanish and we simply get

1

M == [ NVAER-1). (5.14)

Combining this with the defining expression (5.5) we can compute Euclidean on-shell
actions with ease. As a result in three bulk dimensions, brane matter content does
not directly contribute to the on-shell action, but they can contribute indirectly by
determining locations of the branes: the Wald entropy term in (5.5) can be sensitive to
how the branes are embedded deep in the bulk. The same holds true for the point particle
action Laq = mdp, which does not directly contribute to the on-shell action either (when
the worldline D is tangent to £%). However, the presence of the particle can show up
indirectly through the deficit angle created by its backreaction.?3

5.2 On-shell actions of disk-brane configurations

We first compute on-shell actions of disk-brane configurations presented in section 3.3.
These configurations enjoy translation symmetry in the ¢-direction. Hence we foliate the
conical global AdSs geometry (3.14) by constant-¢ slices so that

a 1 a a a

See figure 13 for visual representations of this foliation. Note that the central » = 0 line acts
as a horizon in these Cauchy slices, and so the Euclidean on-shell actions of the disk-brane
configurations may see contributions from Wald entropy terms.

Non-intersecting disk branes. Consider now two disconnected disk branes in the de-
fect AdS3 geometry such that there is a line defect exposed running between the two tips

33Including the point particle action £ = mdp to the on-shell action would show up as an extra bulk
contribution to the ADM mass (5.14). This is unphysical from the CFT perspective, because the ADM
mass is dual to an integral of the CFT stress tensor expectation value which is a boundary object. Indeed, it
can be shown [59] (which we also see below) that the mass (5.14) without the point particle action computes
correctly the scaling dimension of a heavy sub-threshold operator.
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(a) (b) (©)

Figure 13. Slicings of disk brane configurations used in the computation of their Euclidean on-
shell actions. We identify u with the angular (¢) direction in (3.14). Note that the central r = 0
line (which is the position of the conical defect) is a horizon in this slicing.

of the branes. As shown in figure 13a, we slice the geometry by constant-¢ slices so that
the representative Cauchy slice is

Y={¢=0, 0<r<A, —Fi(r)<t<Fsr)} (5.16)

with F(r) = F(r;T;,7;). The foliation is parameterized by ¢ € (0,27), so ug = 2mw. The
Cauchy slice has three boundary components — Q1 NY, Q2 NY, and D — with the conical
line defect at » = 0 being a horizon where the ¢-circle shrinks to zero. The Euclidean
on-shell action is thus given by,

g = 27 (M3 — 5 Sw ), (5.17)
T
where the ADM mass is
1 rF2(0) fL(A) 1
My = — i */ dr A/ fo(A) |22 — 1| = — a® (11 + T2), 5.18
AMT 0 Se kL o) [%/fa(A) 2 @ (mtm) (518)

and the Wald entropy term is proportional to the proper length of the conical line defect,

Ks ke [F2(0) 1, 1 1 1
— Sw = —/ dra=—a° (11 + 1)+ —a(Tanh™ T1 + Tanh™" T). (5.19)
27 K J—F(0) K K

Note that we have used F;(0) = 7; + éTamh*1 T; and that the surface gravity in is given
by ks = a.>* By plugging these expressions into the Euclidean on-shell action (5.17), we

find that

2 1

o el = - [2 o? (11 + 1) + a(Tanh ™' Ty + Tanh ™' Tp)|, (5.20)

which we have reproduced by an explicit calculation of the renormalized action in ap-
pendix E.

340One can compute Wald entropy explicitly (see (D.4)) using ¢pan? V|, —o= —\/fa(r) |r=o= —a,
where n? = —r, is the outward-pointing unit normal of D. The minus sign is cancelled, because the
integration direction over D is in the negative 7-direction (opposite to the integration direction of BN Y
which is in the positive 7-direction) leading to (5.19).
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Now, we write this in terms of boundary data. Recall that the modulus of the boundary

cylinder is given by
T + Ty . w

= — 5.21
27_[_ ﬂ ) ( )
which gives 71 + 75 = % By plugging this into (5.20), we write
2 w
ren =T [a2 = ta (Tanh=! 7} + Tanh~! Tgﬂ. (5.22)
K g
The corresponding contribution to the BCF'T partition function is
__yren 1 + Tl TCQa 1 + T2 ﬁa £ 02
Ion—shell = o 523
¢ (1—T1> (1—T2> " (5.23)
where we have used 2% = ¢ and ¢ = e~ 4™W/B_ From the dependence on ¢, it follows

that this geometry is dual to an eigenstate |A°!) of the closed-string Hamiltonian H¢ with
dimension (noting that the spin vanishes)

cl 2
A% = 12 (1—-a?) (5.24)
and with overlaps
! S \1-T ' '

For a = 1, the dual state is the closed-string vacuum as in [11]. Meanwhile, for o < 1, the
dual states are excited and comprise a heavy but sub-threshold spectrum, since A = O(c)
and A < 13-

Intersecting disk branes. We now consider two intersecting disk branes. Recall that
there are two ways in which such branes may intersect:

Ty +15>0 = cutting and gluing, (5.26)
T1+1T5 <0 = decreasing the modulus. '

Let us start with the action of the first type of configuration for which the conical line
defect is contained in the bulk. We assume that the branes are cut and glued at radial
depth r = r,, which is a free parameter. Any representative Cauchy slice consists of two
pieces (3.32). The outer r € (74, A) part of the ¢ = 0 Cauchy slice is

Yror, ={0 =0, me <r <A, —Fi(r) <1 <Fy(r)}, (5.27)
and the inner r € [0, r,] part is
Yrar, ={0=0, 0<r<r,, —Fi(r.) <7 <Fo(re)}, (5.28)

As an example, the configuration with two positive-tension branes is shown in figure 13b.
Just as before, the on-shell action is given by (5.17). The ADM mass is the same as
in the non-intersecting case (5.18). The only difference this time is the calculation of the
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Wald entropy. Specifically, by integrating over the conical line defect in the domain (5.28),

we have that
Bs Sw = fis ) dra = 71 2[R + F: 5.29
5 - ) (o na [ 1(r*) 2(7‘*)]. ( . )

Because r, > 0, this term takes the form

ks _ 15 L —1 rpeff —1 rpeff
o Sw = —a (11 4+ 1) + —o [Tanh TP (rs) + Tanh™ T3 (r*)} , (5.30)

where we have defined “effective” tensions which depend on 7,

T;
T (r,) = e (5.31)

Jfalr) = T2

Note that we may also use the corner Einstein equation ©(r,) = M, where the intersection

angle is given in terms of r, in (3.33), to write the effective tensions as functions of M:

(1 —T?)sin? M
(T; — T; cos M)*’

T (M) = TJ 1- j#i. (5.32)

In terms of the effective tensions, the Wald entropy term is the same as in the disconnected
case. So, the remainder of the calculation is the same as above, and we have that the
contribution to the BCFT partition function from the cut-and-glued configuration is

eff %O‘ eff TCQO‘
e Lonshell — <1 +1 ) (1 +1; ) q_i‘ﬁ, (5.33)

1—1eft 1— 715t

Naively, we may think this is dual to a closed-string state |A°') with the same dimension
as the disconnected configuration (5.24). However, the product of overlaps,

14 Tet () ) B0
an) (5.34)

(LA = <

does not factorize in general for any value of the intersection mass strictly between 0
and 7, and so the existence of these cut-and-glued configurations presents a factorization
puzzle [75]. We thus posit that they compute ensemble-averaged overlaps, as we discuss in
section 6.

Now we consider the second case in (5.26). In this case, the conical line defect is hidden
behind the EOW branes. As a result, there is no Wald entropy term because the Cauchy
slice does not have a extra boundary in the interior (see figure 13c). Thus, the on-shell
action is simply proportional to the ADM mass,

I snen = 2™ MAD- (5.35)

The ADM mass is again (5.18), and after again fixing the modulus (5.21), we find that

ren _2m ST
on-shell — P « ﬁ ) (536)
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and the corresponding contribution to the BCFT partition function is

__Jren .. C 2
e Lonshell — G2a~ .

(5.37)

The action (5.36) has the opposite sign compared to (5.22), so it gives the dimension
ACI i (1 + a2) > £

=13 Bk (5.38)

which is a heavy state above the black hole threshold. The overlaps are simply (7;|A) = 1.

We conclude that the result (5.38) is actually unphysical for the merging disk branes.
Specifically, for fixed tensions T4 o and fixed defect masses m, M, we may use the condition
that the branes intersect at r = r, to write « as a function of r, and the modulus % We
then use (3.33) to say that a depends only on the modulus. It follows from (5.38) that
the state dual to an intersecting-disk-brane configuration and supported by particular bulk
parameters has modulus-dependent dimension. This contradicts the fact that such data is
supposed to be input for the BCFT.

While this seems problematic, we are able to avoid a puzzle surrounding these states.
First, note that these intersecting-disk-brane configurations represent states above the black
hole threshold, and so they are exponentially suppressed in the closed-string expansion of
the BCFT partition function. We may ask if they are actually describing open-string
contributions. Indeed, we find that an analytic continuation o — i« flips the sign of the
on-shell action (5.36), and if we then S-transform ¢ — ¢, it matches with the action of an
annulus brane configuration computed in the next section. This mapping is related to the
analytic continuation of disk branes to strip branes (3.24), as we further discuss in section 6.

5.3 On-shell actions of annulus-brane configurations

Now we now compute Euclidean on-shell actions of the annulus brane configurations pre-
sented in section 3.3. These configurations enjoy translation symmetry in the periodic 7-
direction. Hence this time, we foliate the conical global AdS3 geometry (3.14) by constant-7

N =\/fa(r), u®= \/fii(r) 6y, &% =07 (5.39)

This foliation is shown in figure 14. Note that there is no horizon in this foliation, so

slices so that

the Wald entropy will always be zero. Furthermore, the conical defect, when present in
the bulk, entirely runs along the foliation direction 7 and so does not contribute — see
appendix D for details on this point. Thus, the Euclidean on-shell action of the annulus-
brane configurations is entirely accounted for by the ADM mass.

Single smooth annulus brane. We first consider a single smooth annulus brane of
tension 7" with the conical line defect being either behind or in front of the brane (depending
on the sign of the brane tension). For positive and negative tensions, respectively, the
representative Cauchy slices which we consider are

Yrso = {7' =0, ¢go< <o+ 27 r > p(¢; T,¢o)}07
(5.40)

Sreo={r=0, Gy<o<bo+ . v >pGT o],

-39 —



(a) (b)

Figure 14. Slicings of annulus brane configurations used in the computation of their Euclidean
on-shell actions. We identify u with the angular () direction in (3.14). In (b), the conical defect
is integrated over in the slice, but it does not actually contribute to the on-shell action because it
is orthogonal to each Cauchy slice.

where the brane embedding is (3.21). The ¢ on the set defining ¥7-( indicates that the
positive-tension Cauchy slice is the complement of a bulk region bounded by a negative-
tension brane.

In both cases, the on-shell action is entirely determined by the ADM mass and, recall-
ing (3.39), takes the form

B
W

where A¢ is a function of o that depends on the sign of the tension (3.36). For now, how-

Ionishen = 7o MxHy = Ad— MaD, (5.41)

ever, we keep A¢ generic. By employing the cutoff surface » = A and plugging into (5.14),
we find that

1 do+A¢ f (A) aQ
M$By = — lim — do A A [ == -1 = —Ap—. 5.42
K= gim - [dg fa()< " o5 (5.42)
The Euclidean on-shell action and, consequently, the contribution to the partition function
are (A2
« (b /B __Jren _c alo 2
g?lr-lshell = _TW — e Ion»shell =q 24( ™ ) s (543)
Thus, this configuration is dual to an open-string eigenstate |A°P) with dimension
A 2 07 ifT < O,
) <O‘¢> . (5.44)
12 ™ ga(l—a), itT >0,

where we have utilized the equations (3.36) for the angular width in both cases. As a sanity
check, observe that the configurations for all tensions corresponding to o = 1, which are
the original connected configurations in [11], simply describe open-string vacuum states
A°P = 0. Additionally, the ADM mass above for the positive-tension case is

ren c
MiBmlr>0 = EbYie (20— 1), (5.45)

which is consistent with the literature [76-79].3

3%Note that matching the ADM mass across different coordinate systems is subtle because it does not
transform as a scalar, but rather as a 1-form. We have checked that we match with [79] by performing the
appropriate coordinate transformation.
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Figure 15. The intersection depth in terms of (a) the Poincaré disk radial coordinate (3.23) and
(b) the intersection angle of two annulus branes with tensions T' = T} = —T5 as a function of the
conical defect parameter c.

For a < 1, the negative-tension configurations, for which the bulk geometries do not
contain the conical defect, correspond to vacuum states. However, the positive-tension
configurations, for which the bulk geometries include the conical defect, describe excited
states in the open-string channel. Furthermore, because of the requirement that the brane
does not self-intersect, these states have a maximal dimension,
c

Aop‘T>0 < 12

(5.46)
which notably coincides with the black hole threshold. Thus, the open-string excited states
constructed here fill the subthreshold window (0, 15).

Intersecting annulus branes. Consider now intersecting annulus branes in the defect
AdS3 geometry. Having the defect outside of the bulk (and not “hidden” by the EOW
branes) requires at least one of the brane tensions to be negative (figure 14a). Meanwhile
for two positive tension branes, the defect will be visible (corresponding to the complement
of the shaded region in figure 14b).

The Cauchy slice in this case is the part of a constant-7 surface bounded by two annulus
branes. However, recall that we are taking A¢ = 7 for these configurations, which implies
that 7o = w8/W. The ADM mass and resulting on-shell action are the same as in the
smooth brane case (5.42), and after setting A¢ = m we get36

™
My =—=—a® 5.47
B = o (5.47)
To reiterate, this is the only contribution to the Euclidean on-shell action, even if the defect

is present in the bulk. Thus, we plug into (5.41) to write

ren ren 7T2 2 B
Ton-snen = 70 Mxpym = oYW (5.48)

361f we do not fix the interval length at 7, then the on-shell action would still only depend on the product
alA¢, which itself is fixed by the intersection mass M.
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The corresponding contribution to the BCFT partition function is

ren c 2

eilonfshell = qiﬂa . (549)

From the dependence on g, it follows that this geometry is dual to an eigenstate |A°P) of
the open-string Hamiltonian H°P with dimension (noting that the spin vanishes)
c
A% = — (1-a?). 5.50
S (1-a?) (5.50)
The conical defect parameter @ = a(M) and hence A°P are fixed by the brane intersection
mass M through the corner Einstein equation ©(a) = M.37

We now analyze the possible range of dimensions obtained from this model. For
simplicity, we consider the special states for which the branes have opposite but equal

tensions T' = T} = —T5, as in the configuration of figure 8b. In this case, the intersection
depth (3.43) is simply
IT| o (71'05)
Ty = ——— sec | — |, 5.01
and the intersection angle (3.40) becomes
cos© = —T? — (1 — T?) cos (rav). (5.52)

These have been plotted as a function of « € [0, 1] in figure 15 for different values of the
tension 7. We find that for the range cos © € (—1,1—27?), we have that o € (0,1). Thus
by tuning M, we can engineer the range

Apee € (0, 162) . (5.53)
Observe that the intersection point runs to the conformal boundary r, — oo when o — 1.
This means that the configuration dual to a BCC operator of dimension Ape. — 0 is
arbitrarily close to a single smooth strip brane (see figure 16a). In the opposite limit
r« — 0, the dimension Ay, — 15 and the configuration is a spiral (see figure 16b). We
also find that the irreducible representation corresponding to the BCC operator (5.50) has
degeneracy log N P& = O(c0).

6 Conclusions and discussion

In this work, we consider the holographic model of Euclidean BCFTs in terms of EOW
branes and extended it by the addition of scalar fields, point particles, and non-smooth
brane intersections. The extended model allows for the description of primary opera-
tor exchanges in the closed-string channel (through scalar fields and point particles) and
boundary-condition-changing operators in the open-string channel (through brane inter-
sections). We also find novel wormhole configurations in our analysis.

37This is still true even if we do not fix A¢, since we would ultimately get that the action is a function
of the product a«A¢ which can then be traded for the intersection angle © as discussed in section 3.3.
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(a) (b)

Figure 16. Two examples of intersecting annulus brane configurations. In (a) o = 0.95, so the
intersection is close to the conformal boundary and the configuration is almost like a single smooth
brane. In (b) o = 0.2, so the intersection point is close to the center. The configuration (a) is dual

to a BCC operator with dimension Ap.. =~ 0, and the configuration (b) is dual to Apcc ~ 5.

To obtain dimensions of the dual operators, we compute Euclidean on-shell actions
of the corresponding brane configurations. This requires taking into account Gibbons-
Hawking-York terms on boundaries and Hayward terms on corners, and one also needs
matter content at corners to support intersections. In 3-dimensional gravity however,
there is no backreaction and the only effect of the Einstein equations is to fix the branes’
extrinsic curvatures, their intersection angles, and deficit angles of conical defects. To
simplify the computations, we derive a general formula that reduces the on-shell action to a
boundary integral involving the Wald entropy and the ADM mass along the lines of [72, 73].
In doing so, we provide a generalization of the ADM mass formula for geometries with
intersecting branes. In this process, we also see explicitly that actions of point particles
that source conical line defects do not contribute directly to the on-shell actions of our
bulk configurations. Lastly, we show that, in 3-dimensional gravity, the brane and brane-
intersection matter content do not contribute to the ADM mass.

The general theme with heavy states in 3-dimensional gravity is that they are always
dual to geometries containing a line defect supported by a point particle. For example,
excited states are specifically dual to geometries containing a conical line defect of strength
a supported by a point particle of mass m, with the relationship (3.16) between o and m
being determined from the equations of motion. Furthermore, the strength « of the conical
defect is related to the scaling dimension of the dual state via,

C

Ad -
12

(1-a?), AP = ga(l —a), (6.1)
with excited closed-string states being well-defined for o € (0,1) and excited open-string
states being well-defined for o € (%, 1). Both equations follows from the computations of
on-shell actions. In both channels, one is able to engineer the full range of o by tuning m
such that the unitarity window AP € (0, 5) below the black hole threshold is filled.
Additionally, we consider geometries for which the line defect is a corner shared between
the branes and is supported by a point particle of mass M. In the open-string channel, these
are the only configurations compatible with BCFT on a cylinder and with two boundary
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conditions of different boundary entropies, and so we identify them as BCC operators.
We specifically consider a one-parameter family of configurations subject to a stability
condition (3.44) relating M the point particle mass on the conical line defect m.?® These
masses may be tuned together to control «, which in turn controls the dimension of the
dual operator,

Apee = — (1 — a?). (6.2)

c
12
Here we may also engineer the full range o € (0, 1) such that the unitarity window below
the black hole threshold is filled.

The wormbhole configuration. We construct a family of intersecting disk-brane config-
urations obtained by cutting and gluing two disk branes whose tensions satisfy 77 + 75 > 0
and which are supported by a matter stress tensor at the brane intersection. The resulting
geometry is a type of a Euclidean wormhole where the “future” and “past” boundary states
of the CFT are connected by the wormhole throat (see figure 7). In other words, cutting the
geometry along the BCFT circle does not produce two disconnected components. Hence,
the bulk geometry does not prepare a pure state in the closed-string Hilbert space (which
would always be expected from the CFT side), but instead an entangled state similar to a
thermofield double state. These types of wormholes are known as bra-ket wormholes [42],
but our wormhole is different in the sense that its throat is bounded by two non-smoothly
intersecting EOW branes.

We find that, for & = 1, the configuration is dual to a closed-string state with the
same scaling dimension as the vacuum state and whose boundary entropies depend on
both tensions of the intersecting branes and the intersection mass.?® This is different
from the usual geometry dual to the vacuum state — corresponding to two disconnected
branes — where each boundary entropy is fixed by a single brane tension. Nonetheless, we
find that the a = 1 wormhole term in the partition function is still always subleading to
that of the disconnected configuration. This is most readily seen by noting that the two
configurations have the same ADM mass, and so the ratio of their partition functions is a
function of the difference of their Wald entropies:

Z wormbhole

— exp ( S\vxformhole _ S&i]sconnected) ] (6.3)
Zdisconnected
The identification used to construct the wormhole geometry also ensures that the horizon
used to compute Wald entropy is “shorter” than in the disconnected case, and so the
ratio (6.3) must be less than unity (and can in fact be small, depending on the brane
tensions).
In line with the notion that gravity can compute ensemble averages of field-theoretic
observables [80], we propose that this @« = 1 wormhole configuration can be understood
using ensemble averaging. The main reason for this is that the wormhole turns a pure state

38This stability condition is only relevant for intersecting configurations in which we have a point particle
in the bulk geometry.

39The discussion readily generalizes to excited states corresponding to bulk configurations with a conical
line defect o < 1 running through the wormhole throat.
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to an entangled state. That the wormhole configuration computes an ensemble-averaged
quantity would be in spite of these states being below the black hole threshold [81], with
the reason being that our theory includes defects. Note that analogous wormholes are also
found in [82].

Specifically, the wormhole should give a connected contribution to the averaged product
of two overlaps which does not factorize:

(A|0)(0|B) = (A|0) (0| B) + (wormhole) + ..., (6.4)

where the leading factorized contribution is the standard disconnected disk-brane con-
figuration. Such averaged products arise in the averaged partition function Z,p when
expanded in the closed-string channel. This equation indicates a factorization puzzle for
partition functions because a vacuum overlap (A|0) is equal to the disk partition function
ZjiSk with the boundary condition A at the boundary of the disk.

We propose that the averaging in (6.4) is performed over all boundary states |A) and
| B) that respectively correspond to branes of fixed tensions T4 and Tz, a position also taken
by [78]. This ensures that (A|0) = (T'4]0) and (0|B) = (0|1g), i.e. that these “averaged”
boundary-theory overlaps are computed by specific bulk configurations. Another way to

make sense of the connected contributions in (6.4) would be to employ the Coleman-
Giddings-Strominger mechanism [83-85] of integrating out the wormhole configuration and
interpreting the effective action as a theory with random couplings, an approach which has
recently been used to understand semiclassical 3-dimensional gravity without branes [82].
We leave further, more refined exploration of our bra-ket wormholes to future work.

Analytic continuation of brane configurations. We show that two disk branes whose
tensions satisfy 11 +7T5 < 0, will always intersect inevitably in the open-string limit % — 0.

However, to support such intersections for all moduli % requires the intersection mass

term to depend on the modulus M = M (%) This contradicts the lore that all bulk
parameters are fixed by BCFT data (scaling dimensions and OPE coefficients) and are
hence independent of the modulus. Fortunately, we also find that these configurations are
dual to closed-string states that are above the black hole threshold A% = < (1+a?) > &,
so they would be exponentially suppressed in the closed-string limit % — 00. However, in
the open-string limit % — 0, their contributions may be parametrically large.

We observe that the on-shell action of this configuration is related to the on-shell
action of an intersecting annulus brane configuration by simultaneous analytic continuation

a — ia and S-transformation ¢ — g. The actions are related by

€

e_[disks — 624 (1+O‘2)_i — qi(l—Oﬁ)—i — e_Iannuli (65)

The transformed configuration thus has the interpretation as a sub-threshold open-string
state of dimension A = 5 (1— «?). This relation between the actions might be explained
by the relation between disk and strip brane embeddings themselves; they are related by
the analytic continuation @ — i« and subsequent coordinate transformation described
in (3.24).
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In a more realistic holographic model, it is reasonable to expect that disk branes start
to repel each other in the open-string limit % — 0. This would mean that there will always
be a non-zero geodesic distance between them, and so the problematic saddles would not

even constitute mathematically consistent solutions in the first place.

Multi-intersecting configurations. We focus on brane configurations that contain two
branes intersecting non-smoothly at a single corner. In principle, one could also have
multi-intersecting configurations consisting of multiple EOW brane components: two of the
brane components are anchored to the conformal boundary while rest of the components
are anchored between intersections (figure 10). Multi-intersecting configurations require
different corner terms at each intersection to support the configuration.

The methods of section 5.1 can be used to compute on-shell actions of such annulus-
brane configurations easily. In such cases, the action is only sensitive to the ADM mass,
which is an integral at the conformal boundary. Thus, any A¢ = 7w configuration involving
multi-intersecting annulus branes has the same on-shell action as that of two intersecting
annulus branes (5.49) and hence is dual to an open-string state whose dimension has
the same dependence on «. The difference, however, lies in how the intersection masses
determine the BCC scaling dimensions, since we would have that A°P = A°P(M;, Mo, .. .).
These configurations may describe a different possible range of BCC scaling dimensions
than the configurations consisting of only two branes.

Future directions. In this paper, we focus only on 2-dimensional BCFTs that are dual
to 3-dimensional Einstein gravity. This means that branes and intersections do not back-
react on the geometry and that their actions do not directly contribute to the on-shell
actions. A natural extension is to consider higher-dimensional setups where such back-
reaction effects becomes relevant. It would be interesting to construct intersecting EOW
branes configurations in higher dimensions.

In our scalar model, we only study a probe limit of the full theory in which gravitational
backreaction is suppressed. It would thus be interesting to study scalar-field interactions
in backreacted backgrounds. Additionally, we only consider the classical saddle-point con-
tribution to the bulk path integral without any quantum corrections. Hence, we do not
produce the full Virasoro character containing contributions of all the descendants of the
corresponding dual eigenstate |Ag). The full character of the brane configurations would
be reproduced by a 1-loop bulk computation along the lines of [86, 87].

One could also try to reproduce a unitary BCFT partition function by summing over all
intersecting brane geometries with point particles, similarly to how [88] addresses the non-
unitarity of pure 3-dimensional gravity [89-91]. It is an interesting question to understand
if 3-dimensional gravity with EOW branes has a CFT dual.

We would like to understand how this bottom-up model is related to more refined
top-down realizations of BCFT. A setup similar to our model is the tensionless limit of
string theory on AdS3 x S3 x T* studied in [92]. They also consider branes of disk and
strip topology to which open strings can attach. These are D-branes, and they correspond
to boundary conditions in a symmetric product orbifold theory (also studied by [93]).
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Concretely, our model of a scalar-field exchange between disk branes might be possible to
understand as a point-particle limit of the closed-string exchange in [92].
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A Derivation of the corner Einstein equation

Consider the Einstein-Hilbert action with Gibbons-Hawking-York terms on all EOW branes
©Q and Hayward terms on all corners C. In addition, we allow matter degrees of freedom
in the bulk, on the branes, and on the corners. Schematically, the action is

=g [ ViR=2n- 0~ [ VRt -£o)- 1 [Vae-co. (A

The variational problem consists of keeping the coordinates and embeddings of the bound-
aries fixed while varying the inverse metric. The extremum of the action then fixes the
metric M. Defining the bulk, boundary, and corner stress tensors as

C20IEM) po 2 OWhELG) e 2 0oL
\/g agab ’ ab \/E Hhab ’ ab \ﬁ doab  ’ .

the variation of (A.1l) with two intersecting branes Qs (s = 1,2) sharing a corner C =
Q1 N Qs becomes

M _
Tab -

1 1
ol = _2/{//\4 \/‘5 (Gab +Agab + 2T(;})/l> 5gab
2 4 :
_ Sz::l ﬂ /QS \/hfs (Ksab - Kshsab + TaQbs> (Sh(;b _ 52::1 % /QS \/EDSGSUS (Ag)
+1/ﬁ (@Ub—Tc)(Sgab_l/ﬁé@
2/{, C a ab P c y
where D? is the covariant derivative compatible the induced metric of Qg and
8U = ngy 6™ + 29 dngp. (A.4)

Here n¢ is the outward-pointing unit normal vector of Q,. Note that the s is not a spatial
index but rather a label corresponding to the brane.

The first two lines of (A.3) come from the variation of the Einstein-Hilbert and
Gibbons-Hawking-York terms [94, 95]. Additionally, the total derivative term D,U® sums
with the variation of the Hayward term. We deduce that the bulk, boundary, and corner
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Figure 17. The normal and tangent vectors for two branes Q; and Qs located at their shared
corner C. Note that for either brane, the corresponding normal and tangent vectors are orthogonal.
The normal vectors of the two branes form an angle ©.

Einstein equations are

1
Gap + Agap + §TC{}," =0, (A.5)
Ksab - Kshsab + T(ZQ{;S = 07 (AG)
@ Oagb — Tacb = U.

Upon imposing these, the variation (A.3) should vanish. However, when we do so, we are
left with ,
5T =~ / V7 (260 + t18U8 + t2a3UL) . (A.8)
C

where ¢t a unit tangent vector of Q; positioned as an outward-pointing unit normal vector
of 09Qs = C — see figure 17.

So, for the variational principle to be consistent with (A.5)—(A.7), the remaining corner
term (A.8) has to vanish. This is indeed the case without imposing extra conditions on
the variation. When the embeddings of the boundaries are kept fixed by (A.6), we have
the identity (see [95])

1
OMsg = OWs N, OWs = — 5 Msallsh 5g?. (A.9)
It follows that
tsq OU® = tqng, 0% (A.10)
where we have used t4,n% = 0. Meanwhile, the two sets of orthonormal unit vectors are
related as
ng =nf cos© + t{ sin O,
> ! (A.11)
t5 =n{ sin© — t{ cos O.
so that cos©® = nj - no. We may write the variation of © as
00 = —5(gabn1angb) csc O = (dwy — dwe) cot © — t14n1p 5g™. (A.12)

where we have used (A.9) and (A.11) to perform various simplifications. Note that the
definition of O is symmetric under the exchange 1 <+ 2, and adding the exchanged equation
to (A.12) yields

200 = —(t1anip + taanay) 6970 (A.13)

By combining this with (A.10), we see that the variation (A.8) indeed vanishes.
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B Foliating AdS;y; into AdS,

As discussed in [96], families of Karch-Randall branes may be viewed as foliations of bulk
AdSg4 1 space into AdSy slices of constant extrinsic curvature.?? In this appendix, we will
describe the foliations which realize a variety of topologies in the boundary field theory —
namely half-spaces, disks, strips, and annuli.

Foliations yielding the first two topologies are standard in the AdS/BCFT litera-
ture [11, 12] and can be done rather easily in Euclidean pure AdS obtained from Wick rota-
tion of Lorentzian pure AdS. The strip, while less standard, can also be done in pure AdS by
compactifying the half-space foliation. However, to obtain a manifestly annular boundary
topology in general dimension, it is more natural foliate Euclidean AdS-Schwarzschild [97]
obtained from Wick rotation of Lorentzian AdS-Schwarzschild.

While the solutions constructed from the foliations described in this section are those

of pure Euclidean gravity with an RS term,*!

o [ [ra WD L [ dlavia -, B

they are also be relevant in the probe limit of the Einstein + scalar theory considered in

I=

the main text.

We note that much of the discussion below is in general d, but specification to d = 2
— the case of interest in this paper — is readily apparent. Interestingly, there is something
special which happens precisely when d = 2; the annular foliation of the Euclidean BTZ
metric is actually an identification of the strip foliation of the pure AdSs metric. This
is because the pure AdS; and Euclidean BTZ metrics are locally equivalent up to a
coordinate transformation.

B.1 Half-spaces and disks in pure AdS

We first review the standard foliations which provide either half-space or a disk on the
conformal boundary. We start with the following Euclidean metric ansatz for the full

equations of motion,

ds? = f(11%2 (0% + dshas,) . 0 € (0.m). (B.2)

The coordinate 1 labels a particular Euclidean AdS, slice, and backreaction manifests
through the freedom of f(19).%2 For pure AdSgy1, the warp factor is

f(¥) = sin . (B.3)
A simple foliation is one where we slice the bulk into planes,

1
dsQAde = E(de +dz?), w € (0, 00). (B.4)

4OTmplicit in the definition of a “foliation” is that the individual AdSy “leaves” are smooth and topolog-
ically connected. We will not explicitly discuss non-smoothness or disconnectedness in this appendix, but
note that foliations are still relevant to realizing such characteristics.

4I'Note that we will set the bulk AdS radius £ = 1 for convenience.

42Keeping f(19) generic would be interesting to study effects subleading to the probe limit of matter.

— 49 —



2R
(a) Planar foliation. (b) Disk foliation.

Figure 18. Transverse slices of (a) the planar foliation and (b) the disk foliation (labeled by R
which represents the radius of the (d — 1)-sphere on the boundary) of AdS;y1. ¢ labels different
AdSy slices, starting at 0 and ending at 7. In the planar foliation, w = 0 is the conformal boundary
of each individual slice, while w = oo is the Poincaré horizon of each slice. In the disk foliation,
w = 0 is still the conformal boundary of each slice, but it reaches a finite maximum value of
w = 2R at the “middle”.

Here, ¥ € R%! parameterizes the transverse flat directions. Each constant-¢ slice is
a Poincaré patch of Euclidean AdS; on an upper half-plane. They share a conformal
boundary at w — 0. We depict the planar foliation of AdS;,1 in figure 18a.

An alternate foliation is the one for which each constant-1 slice is Euclidean AdS, in

a disk,
1 w? ?
2 2 2 702
dSAde = E dw =+ (1 — W) R de*l , w - (07 2R], (BE))
Here, R > 0 is a free parameter®? labeling the particular foliation we choose, while d§2;_q
is the line element of the transverse (d — 1)-sphere. Geometrically, R is the radius of
the (d — 1)-sphere on the boundary (up to the w~! boundary divergence) at which the
constant-1 slices intersect. We depict this disk foliation in figure 18b.
Fach individual leaf of each of these foliations is a valid KR brane which solves the

embedding equation
Koy — (K —=T)hg, =0, (B.6)

with the tension T of the leaf ¥ = 0 being
T =—(d—1)cos@. (B.7)

Thus, the induced AdS, curvature radius £ is related to the tension by

o1 1
&= sin?d  1-T2/(d—1)% (B-8)

So, we restrict the bulk coordinates to ¥ € (0, ] to obtain AdS;,1 space with an EOW KR
brane. This “excision” of the subspace ¥ > 6 yields a holographic BCF'T state on either

43Technically R has length-dimension 1, so the appropriate dimensionless free parameter is R/L.
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(a) Half-space configuration. (b) Disk configuration.

Figure 19. The bulk configuration obtained when selecting a leaf of (a) the planar foliation or (b)
the disk foliation as an end-of-the-world KR brane (in red). For the half-space configuration, we
excise the part of the bulk “behind” the brane. For the disk configuration, we excise the part of
the bulk “outside” of the brane.

half-space (for the planar foliation — see figure 19a) or a disk of radius R (for the disk
foliation — see figure 19b). Note that ¢ > 7 characterizes positive tension branes, § < §
describes negative tension branes, and 6 = 7 is the zero tension brane.

As an aside, observe that by taking R — oo in (B.5), we obtain (B.4). Thus, the
planar foliation is actually a limit of disk foliations. So for now, we will focus on providing

details about the disk.

Disk branes in Poincaré coordinates. Now consider pure AdS in Poincaré coordi-
nates,
o d2® +dy* + di?

ds
22

(B.9)

where z > 0 and (y, #) € RY. We find this coordinate system to be more convenient in the
main text for studying a scalar field between two disconnected disk EOW branes. To use
it, we require the disk foliation of Poincaré space which yields a disk of radius R on the
boundary. We may apply a conformal mapping to the disk brane 9 = 8 in the foliation
coordinates (B.2) to write [12, 98]

(z 4+ Rcot0)* 4+ 5 + 72 = R? csc? 6. (B.10)

It is useful to write this in terms of brane tension 7', instead. By doing so, we get

2

» R?
+y? + 3=

1-T2/(d- 12

RT
C(d=1)\1-T2/([d—1)?

z (B.11)

The symmetry of these branes suggest working in an alternate set of spherical coordinates
in the subspace (y, ) € RY,

(yﬂf) - (971?17---7%{727(?): (B12)

where o is a radial coordinate and 1,...,1%4_9, » parameterize a (d — 1)-sphere; we take
¢ to be the 2m-periodic angle. The Poincaré metric takes the form

o _ d2’+de? + 0%dQ7

- (B.13)

S
z

~ 51 —



Thus the disk branes are rotation-invariant,

2
R2

2= . B.14

T =T a1y (B.14)

RT
T A )T A1)y

Disk branes in global coordinates. Another embedding we use in the main text is
that of the disk branes in global coordinates. This coordinate chart is how one explicitly
realizes Euclidean BCFT states on the cylinder. The embedding is described in [97]; we
review their construction here.

We start with a generic spherically symmetric metric which fills the R x S¢~1 cylinder,
so the bulk is topologically R x D? (where D? denotes a d-dimensional disk). Schematically,

the metric in (7,7,11,...,1%4_2, ) coordinates is
dr?

f(r)

where 7 € R and r > 0, with » = oo being the conformal boundary. Pure AdS corresponds

ds* = f(r)dr* + + r2dQ3 . (B.15)

to
fry=r*+1. (B.16)

To get the disk branes in these coordinates, we want a foliation into AdS, slices in balls
anchored to the boundary at some 7 = 79. From the embedding equation (B.6), we may
find that the spherically symmetric branes are described by the equation of motion [97]**

dr Tr 1
N VI ORV/ [O  e OVl (B0
By integrating (noting that 7(c0) = 79), we have that the branes (for any d) are
0 Tr 1
T(r) — 10 = / df ~ = =
T d—1 —T2p2/(d —1)2
(d=1f(7) VFF) —T%2/(d - 1) (B.18)

T
V(d—=12(r2 +1) — 272 |’

= Tanh ™! l

where T is the tension.*> As before, these KR branes have an induced AdSy geometry with
the radius given by (B.8). The foliation is depicted in figure 20a, and the bulk geometry
with one of these leaves as an EOW brane is depicted in figure 20b.

The above foliation is obtained independently of the previous constructions. So, as a
sanity check, we should ensure that these disk branes are equivalent to those of the Poincaré
patch. Specifically, we first note that there exists a coordinate transformation from (B.13)
to (B.15) with f(r) =2 +1,

0

_1 2, 2 _
T—ilog(z +g), r==_ (B.19)

44 This is technically only one branch describing the leaves of the foliation, and we may also consider the
same expression but without a minus sign. The induced geometry would still be AdS4, but the embedding
equation (B.6) would imply that such a brane has tension —T'.

“*Note that [97] does not have the factors of (d — 1). This is because they incorporate it into the RS
action.
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(a) Disk foliation of global. (b) Disk brane in global.

Figure 20. (a) A transverse slice of the disk foliation of Euclidean pure AdS44+; in global co-
ordinates. 7 increases upward while r increases outward from the central axis. (b) The bulk
configuration obtained by selecting a leaf of the disk foliation as an end-of-the-world KR brane (in
red), with all transverse spherical coordinates fixed except for the periodic angle ¢. We excise the
part of the bulk “above” the brane.

Applying this coordinate transformation to (B.18) produces (B.14) so long as the free
parameters 79 and R are related by

R =¢€™. (B.20)

B.2 Strips in pure AdS

We now discuss the foliation of pure AdS into d-dimensional strips, by which we mean
R x D1 As it turns out, this topology comes about when mapping the half-space
foliation in Poincaré coordinates to the global AdS cylinder. In other words, we may think
about the strip foliation as a compactification of the planar foliation on each D41 slice.
First, note that the half-space foliation in Poincaré coordinates (B.9) is described by

Y T

= =cotf =— ) B.21

z (d—1)y/1-T2/(d—1)2 ( )
In order to transform into global coordinates, we use (B.12). Concretely, without loss of
generality we may specify the transformation such that

d—2
y = osin ¢ H sin v;, (B.22)
i=1

where we take {1;} to be angles such that ¢; € [0,7] for i < d— 2 and ¢ ~ ¢ + 27. By
then using (B.19), we rewrite (B.21) as

. d—2 . T
7 sin ¢ Zzl_ll sin; = — - DT a1 (B.23)

Within the pure AdS cylinder (B.15), we note that this foliation is 7-independent and, on
each 7-slice, has the topology of a (d — 1)-disk. Thus a single leaf indeed has topology
R x D% 1 — that of the d-dimensional strip.
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(a) Strip foliation of global. (b) Strip brane in global.

Figure 21. (a) The strip foliation of Euclidean pure AdS,41 in global coordinates, projected onto
the (r, ¢) disk. The leaves anchor to antipodal points on the conformal boundary. (b) The bulk
configuration obtained by selecting a leaf of the strip foliation as an end-of-the-world KR brane (in
red), with the transverse (¢1,...,%4—2) coordinates fixed. We excise the part of the bulk to the
“left” the brane.

To get a clearer idea of how this foliation looks and why we refer to its leaves as strips,
we restrict to the (r,¢) subspace. On this disk, note that the r — oo limit only makes
sense in (B.23) if ¢); = 0 or 7. As such, each leaf of the foliation projects onto a curve which
anchors to the conformal boundary at antipodal points (figure 21a). By taking one of these
leaves as an EOW brane, we are left with a configuration of the sort depicted in figure 21b.

B.3 Annuli in Euclidean AdS-Schwarzschild

We now describe how to construct the smooth, connected branes which yield annular
boundary topologies (equivalent to a finite cylinder). These branes arise as a natural
foliation of the Euclidean AdS-Schwarzschild geometry.

The boundary topology of Euclidean AdS-Schwarzschild is a toroid of the form S' x
S4=1 but it may also be treated as a finite cylinder with (d — 1)-spherical cross-sections
and the ends identified. The bulk metric filling this toroid is spherically symmetric and
thus of the form (B.15), which we now decorate with tildes to avoid confusion with the

previous metric:

- di? -
ds? = f(F)d7* + f(i) +F2d02 . (B.24)
However, this time we have that
7 2 i 2
Jr) =7 +1- L (2 +1). (B.25)

This metric with range ¥ > rp covers the whole Euclidean manifold. Furthermore, in
this geometry, 27-periodic angle ¢ parameterizes the non-contractible circle of the solid
toroid. Meanwhile, 7 parameterizes a contractible circle direction. We usually relate this
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(a) Annular foliation of AdS-Schwarzschild. (b) Annular brane in AdS-Schwarzschild.

Figure 22. (a) A slice of the annular foliation of Euclidean AdS-Schwarzschild with the spherical
directions fixed and the center point of the 7-cycle blown-up to a vertical line. 7 increases upward
while 7 increases outward. The ends 7 = £f5,/2 are identified. (b) The bulk configuration ob-
tained by selecting a leaf of the annular foliation as an end-of-the-world brane, with the transverse
(77/;1, ceey z/;d_Q) coordinates fixed. The central green line is the non-contractible horizon. Each given
leaf partitions the bulk into a piece containing the horizon and a piece not containing the horizon.
Keeping the horizon corresponds to 7' > 0, and excising the horizon corresponds to 1" < 0.

periodicity in 7 to the inverse temperature,

4mry,

Bh= o3> (B.26)
(d—2)+dry
so we may take the domain of 7 to be {—%", %h] 46

Topologically, we want a smooth “annular” foliation of the AdS-Schwarzschild geome-

try; such a foliation is depicted in figure 22a. To do this, without loss of generality we may
consider solutions that are symmetric about ¥ = 0 and so have % = 0.

The equation of motion (B.17) is branched at this throat. Instead of just taking one
branch as we did before, we must use both branches to write the full solution, with the

signs such that % > 0 in the 7 > 0 branch and % < 0 in the 7 < 0 branch.

ﬁ = sgn(7) IZI7 !
ar

(B.27)

Each solution is labeled by the radius of the throat 7(7 = 0) = rp which is constrained by
the equation of motion

F(ro) = <dT_r°1)2 . (B.28)

46Note that this 8y, is unrelated to the 8 defined in our review of BCFT in section 2. Instead, it will be
related to W — i.e. the width of the boundary cylinder.
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By integrating each branch of (B.27) from the throat, we may obtain the two halves of the
embedding. For example, the 7 > 0 branch follows

F(7) = /f dr 717 , (B.29)
) F() — 272 (d 12

while the 7 < 0 branch is the same expression times a minus sign.

Given some embedding of this form, we may treat it as an EOW KR brane satisfy-
ing (B.6) and excise part of the bulk to get a state on an annulus. Since the topology
is toroidal, there is a choice in which part of the bulk we excise (see figure 22b). This
ambiguity manifests in the sign of the tension [97].

For the branes to have positive tension, we keep the part of the bulk which includes
the horizon 7 = r;, — geometrically represented as the central axis of the cylinder or the
central cycle of the torus. The resulting half-length of the boundary interval T(;r is then

2 Tr
= T / dr L . (B.30)
(d—2)+dr} FF) — T272)(d — 1)2

For the branes to have negative tension however, we excise the part of the bulk which

includes the horizon, in which case the half-length of the boundary interval 7, is

—/Oo di— 1T : (B.31)
f(7) =T?7/(d - 1)

Unlike the strip foliation in pure AdS, the annular foliation is not generically antipodal
on the (7,7) disk. However, there is an exception — the case of d = 2. This is not a
coincidence; when d = 2, the annular foliations is precisely a quotient of the strip foliation.

Euclidean BTZ. Much of the above expressions become simpler in the Euclidean BTZ
metric obtained by setting d = 2 — the case of primary interest in this paper. Here, the
function f (7) is simply quadratic while fj, has a simple relationship with rp,

fF) =7 —=rp, =" (B.32)
o

Additionally, the constraint (B.28) which determines the throat radius significantly simpli-
fies to - 1

P \/ﬁ (B.33)
As such, we may solve the integrals expressions in the embeddings above in closed form.
Doing so leads us to the following expression for the embedding (covering both the 7 > 0
and 7 < 0 branches):
(1 -T%) - Th

T2r?

This allows us to see that the half-length of the boundary interval is completely tension-

tan®(r,7) = (B.34)
independent, simply being a quarter of a full 7-cycle.

—_ 7 b
TO+ = TO = % = I (B35)
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When viewing the projection of these annular branes onto the (7,7) disk, this condition
means that they intersect the conformal boundary at antipodal points. Put another way,
the width of the boundary cylinder is

W=_="h (B.36)

B.4 Equivalence of strip and annular foliations in d = 2

We now demonstrate that, in d = 2, the strip foliation of pure AdS is in truth the same as

the annular foliation in Euclidean BTZ up to a global topological identification. We exploit

this fact in the main text to perform all of our calculations using the pure AdS metric.
We start with pure AdS3 and its associated strip brane (B.23),

dr?

r2 41

ds* = (r* + 1)dr* + + r2d¢?, r(¢) = — csc . (B.37)

T
V1-T2
This matches with our conventions in the main text (3.21) (taking v = 1 and ¢9 = 0).
Furthermore, we take this opportunity to perform the identification

T ~ T+ 271, (B.38)

for some 7, > 0. We then apply the coordinate transformation
~ 1 /Z 2 ~ us
T = Th¢, r=—1/F2 — Ths Qb =rp | T+ = . (B39)
Th 2ry

The metric then becomes

~2
ds* = (7% — r3)d7* + dr

5 + 7 2dg?, (B.40)

=2
r Ty

with ¥ > rp, T ~ T+ z—z, and ¢ ~ ¢ + 2r. This is precisely the Euclidean BTZ metric
. ) ol . _ 2 . :
filling the torus and with inverse temperature 5, = T: Furthermore, by applying this very

coordinate transformation to the strip brane, we have that

(P~ )1 - 1%

2 ~
sec” (rpT) = 12,2 ’ (B.41)
By applying trigonometric identities, we may rewrite this as
) 2 2
(1 =T%)—r
tan?(r,7) = sec?(rp7) — 1 = ( ) =7 (B.42)

2,.2
T=r;

This precisely matches with (B.34), so we indeed have that the strip and annular foliations
in d = 2 are the same up to a global identification of the former. Thus in the main text,
we may restrict ourselves to studying the disk and strip branes in pure AdS.
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C Well-definedness of cutting and gluing disk branes

In this appendix, we show that the cutting-and-gluing procedure for creating an
intersecting-disk-brane configuration in the bulk is only valid when

T+ 15 > 0. (Cl)

Recall that the disk branes are embedded in the bulk (3.14) as 7 = —Fy(r) and 7 = Fy(r),
where

1 T;
Fr) = F(riTom) =74 L et [T ©2)
@ fa(r) — Ti27“2

We cut the first brane at 7 = —71, and the second at 7 = 794, with both defined such that
Tix = E(T*)7 (C?’)

for the same r, > 0. Thus we may glue both branes along the circle r = r,. As discussed
in section 3.3, this is only a consistent procedure if

Tlx & Tox > T1 + T2. (C4)

We show that this implies (C.1). In doing so, we first use (C.3) to write

1 fa(re) = TEr? + Tir, falry) — T2r2 + Tyr,
Tix + T2x = T1 +T2+2—10g
“ falr) = Tir2 = Tir, Falrs) — T2r2 — Tyr,

(C.5)

Now, we consider just the product inside of the log which we denote as II. Note that

Ty y1ym0 = 1. (C.6)

By keeping T} fixed, we may write

on 2 fa(rs)7s (\/erTm)

0T fa(ry) — T3r2 (fa(r*) — 2T514\/ falrs) — T22TZ> falre) = T2r2 —Tir,
(C.7)
The first factor can be shown to be positive by noting that [fa(rs) — 2T227"z]2 > 0. The

20(T1+—71)

second factor is equal to e and so is also positive. We thus deduce that

H‘T1JrT2>O > 1, H‘TlJrTQS() <1l (C.8)

It follows that the log term in (C.5) is positive precisely when (C.1) is satisfied. Thus, (C.4)
holds when 77 4+ 175 > 0 but is broken otherwise, and so we can only cut and glue disk
branes when (C.1) is satisfied.
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D Euclidean on-shell action as a boundary integral

In this appendix, we prove the boundary version of the ADM mass formula (5.10), which
takes into account branes and their intersections in the bulk and serves as a more tractable
formula for the on-shell action via (5.5). All of our notation is defined in section 5.1. To
start, we recall the formula here for convenience:

MR, = _7/ V7 (uars V€Y + N (K — L))

- /sz\[ (uany V€ + N (K — Lg)) ~ 3 NVG(© - Le). (D)

cNnE
We prove (D.1) by showing that it satisfies the equation (5.5). This amounts to an explicit
version of the calculation done in covariant phase space formalism [72] but with intersecting
EOW branes present. Notably, we explicitly show that conical defects that orthogonally
run through the Cauchy slices ¥ are not included in the computation of the Euclidean
on-shell action when the ADM mass has the expression (D.1).
We can rewrite the first term as

1 1
—*/ VA uary, VY = —*/ Vi uaVy Vieg!
K JBN K J%
1 ~ 1
+ —/ \/Zuanb viegtl */ Vo uanlt Vet
K Jonx R JH

because the boundary 0% of the Cauchy slice consists of the branes @ N'Y and the horizon

(D.2)

H.47 Here, n’t is the outward-pointing unit normal vector of the horizon. Now note that,
from the Killing vector identity V,Vy&. = cbadfd, it follows that*®

vV, Vit = — v, vbed = Roel, (D.3)

where the first equality is due to V(afb) = 0, and then we use Ry, = ngRacbd. Furthermore,
the last term in (D.2) is

/ Varuanit Viegh = 2 Sy, (D.4)

where Sy is the Wald entropy (5.5) and ks > 0 is the surface gravity of . This comes
from the fact that Killing vectors satisfy the general identity V(,&|y= j:QIQSU[anZHH. In
other words, V[, reduces to the binormal of the horizon times surface gravity. By
applying (D.3)—(D.4) to (D.2) and recalling that £* = Nu®, we get

1 VA ugry, V0 = —1/ NG Ry u“ub+1/ \/ﬁuanbv[agbhrﬁsw. (D.5)

K JBNY K JxY K Jons 27

Substituting the above expression to (D.1), the Noether charge terms on the branes cancel
and we are left with

Mg g2 Sw=— [ NVGRauta~ [

onx
1

——/ NVA(K—-Lg). (D.6)
K JBNZ

47Stokes’ theorem does not involve contributions from corners in 9.
481n our conventions, the Riemann tensor is defined as [Vq, Vp|ve = Rabcdvd for any vector field v®.

NVR (K - £o) 77/ NVE (O Le)

cnx

— 59 —



Now, we consider the bulk term over ¥. The possible contribution to the Ricci tensor of a
codimension-2 conical defect D that non-trivially intersects with ¥ is given by [58]

/ NG Ry = / NV§Rap+2m (1 — a)/ NG mEPnh +nDnl), (D7)
) ¥\ (DNE) DNE

D
aQ
of ¥ transverse to DN X. Since we only consider such conical defects tangent to the Killing

where n;  are two mutually orthogonal unit vectors spanning the 2-dimensional subspace

symmetry,* we have that u*n? = 0 and thus get (on-shell)

1 1 1
~| N Rauaub:f/ Ragpuub = — R —2A), D.8
K /2 VRa K Jx\(Dny) V9 Ray 2K Jo\(Pnx) Vol ) (D-8)
where we have used the identity®°
1
Rypyu®u® = (Gap + Agab)uaub + §(R —2A) (D.9)

and the fact that Gg, + Agapy = 0 on-shell and away from the defect.
Lastly, since % is a Killing vector for all u € [0, up] labeling the Cauchy slices (5.1),

/M\/gz/ouodujv/z\/g:uo/zjv\/é (D.10)

to replace integrals over Y and its subspaces by full-space integrals divided by ug. Upon

we can use

doing so, (D.6) becomes

ren ren K,
Lo shenr = ©o (MAGDM - ﬁ Sw>, (D.11)

where 1 ]
el = — 5 R-20) - [ V(K -z
hell = 5 M\D\/ﬁ( )= o ( Q)

-~ [vae-co - [ - Lo

is the (renormalized) Euclidean on-shell action which does not contain any contribution

(D.12)

from the conical defects but does contain Gibbons-Hawking-York and Hayward terms.

E On-shell action of non-intersecting disk branes

In this appendix, we compute the Euclidean on-shell action of two non-intersecting disk
branes embedded in the conical geometry (3.14) (figure 23). The calculation is also done
in section 5.2, but here we do it explicitly rather than by employing the ADM mass.

First, note that the regulated region bounded by the branes is —Fj(r) < 7 < Fy(r)
with 0 < r < A and F;(r) = F(r;T;,7;) (see (3.17)). The outward-pointing unit normal
vectors of the branes are

nia = —Q 1 8a(1+ Fi(r)), noq = Q7' 0u(r — Fa(r)), (E.1)

49Gpecifically, this covers the conical defect for the case of strip branes. In the case of disk branes, the
defect does not intersect each slice (D NX = &) and is actually described by the horizon H.
50Recall that the Einstein tensor is Gy = Rap — %Rgab.
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Figure 23. Two non-intersecting disk branes with tensions 7T; and T embedded in conical
AdS;s (3.14). They respectively have outward-pointing unit normal vectors n$ and n$.

where (2 is a normalization factor. Explicitly,

Tyr Tor
Nia = | — fCYT T2T2a70>7 na:( far *T2T2, ,0) E.2
= (VR0 -T2 7150). A AT (2
The regularized Einstein-Hilbert part of the total action is
4 A
R RAGICER )

2 2 A

= SR RW) + R0 - T [ dr? [F) + ) (E3)
0

where we have integrated by parts. The brane term in the action is
2m A 2 2\ [ ’
oy +10, = = [ dr(r® +0?) [F{(r) + Fy(r)), (.4

where we have used \h; = —fo(r)F/(r)/T; and K; = 27;. Summing (E.3) and (E.4), we
get

Iy + IQ1 +IQz

2ra?

= R () + B(A)] +

A
| arlF @) + B

B 27 2ra?

= == (A% + a®) [Fa(A) + Fa(8)] —

1
{n + 79 + — (Tanh ™' T} + Tanh ™! T3)|, (E.5)
«

where we have evaluated the integral explicitly. The last step is to add the Gibbons-
Hawking-York and Hayward terms associated with the cutoff surface By defined as r = A.
To do so, note that the outward-pointing unit normal vector field of the cutoff surface is

FON (0,1,0), (E.6)

and the trace of the extrinsic curvature is
_2fa(A) + AfR(A)

ARG

(E.7)

— 61 —



Noting that /5 = A\/fo(A), the Gibbons-Hawking-York term at the conformal boundary
becomes 5

I, = == (247 + @) [F1(4) + F3(A)] (E.8)
By computing the inner products of (E.2) and (E.6), we compute the intersection angles
appearing in the Hayward terms as:

_ TlA _ TQA
O} = Cos™? (\/M) , ©Oh =Cos™! <\/m> . (E.9)

The corner terms are thus

2 _ 1A _ A
I Igyngy = — 2 A |Cos™ (2 ) 1 C 1()} E.10
e, + Iy, = =5 A O (s ) + G (Ui (510
So, summing everything together and expanding around large A, the total regularized
action is

Im+Ig, + 10, + IBsno, + IByn0, + 1B,

2
S {(7'1 + T9) A%+ (CoslTl + Cos™ T, +
K

Lo, T )A
JI-T2 \J1-13 (E.11)

1
+a? (1+7)+a (Tanh_1 Ty + Tanh™! Ty) + O(A)}

To cancel the divergences, we add the following counterterms at the cutoff boundary and
corners:

b b
= Vot —2 NG (B.12)

K JBANQ: K JBANQ2
a1Th arTs

\/1—T12+\/1—T22

The divergences are cancelled by setting

a
Ict:—I/ A+
Kk JB,

2
::[al (7'1+7’2)A2+ <b1+b2+

1 1
Jsstntmsmreo(3)]

a)p = 1, bl = COS_lTl, bg = COS_lTQ, (E.13)

and the renormalized on-shell action is

2 1

Ten = =13 o? (11 + 1) + a(Tanh ™' T} + Tanh ™ T3) |, (E.14)

which agrees with the result (5.20) of the computation in the main text.
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