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Introduction

The AdS/CFT correspondence [1] has enabled us to connect the dynamics of a d dimen-

sional conformal field theory (CFT) to that of gravity on a d+ 1 dimensional Anti de-Sitter
space (AdS) in a surprising way. We can extend the AdS/CFT to the case where a CFT is
defined on a manifold with boundaries, called BCFT (boundary conformal field theory) [2],
by imposing a Neumann boundary condition on a surface in the bulk (called the end of
the world brane) [3-5]. This formulation has been called the AdS/BCFT construction
and has had many applications such as renormalization group flow [6-9], condensed mat-

ter models [10, 11}, non-equilibrium physics including quantum entanglement [12-18], and



computational complexity [19-21]. Refer also to [22, 23] for string theory embeddings of
gravity duals of BCFTs and to [24—27] for implications to novel string theory backgrounds.

In the holographic entanglement entropy [28-30] for AdS/BCFT, the minimal surface,
whose area computes the holographic entanglement entropy, can terminate on the end of
the world brane [4, 5]. This leads to the structure so called the Island [31-33], which has
been successfully applied to studies of black hole information [34-38]. Moreover, limits of
AdS/BCEFT lead to a series of codimension two holography [37, 39, 40] (see also [41]).

For d = 2 dimensional BCFTs, a wide variety of AdS/BCFT setups can be studied
analytically, while in higher dimensions, analytical examples are highly limited [42, 43].
It is natural to expect that this special feature of d = 2 stems from the mathematically
beautiful fact that we can formulate three dimensional gravity in terms of SL(2, R) Chern-
Simons gauge theory [44, 45]. This Chern-Simons formulation has an important advantage
that we can generalize the Einstein gravity to higher spin gravity by replacing the gauge
group with SL(n, R) [46-48], which is a door to studying quantum gravity.

Motivated by this, we present a formulation of AdS/BCFT in the Chern-Simons gauge
theory description of three dimensional gravity in this paper. For this we will introduce the
end of the world-brane in the SL(2, R) Chern-Simons theory and identity its action with cor-
rect boundary terms which reproduce the expected results of AdS/BCFT. Next we will con-
sider the holographic entanglement entropy, which provides us with a useful probe of bulk
geometry, expressed in terms of quantum information of the dual CFT. In the Chern-Simons
description of gravity, including higher spin gravity, the holographic entanglement entropy
is remarkably calculated as an expectation value of a certain Wilson loop [49, 50]. See also
e.g. [51-57] for later progresses and [58-63] for related works including quantum corrections.
For higher spin black hole entropy refer to e.g. [64—68]. We will extend this calculation of
holographic entanglement entropy in Chern-Simons gravity to the case where we have the
end of the world brane in the three dimensional bulk. We will find that we can view the end
of the world brane can be regarded as a sort of “D-brane” in Chern-Simons gauge theory.

This paper is organized as follows. In section two we briefly review the AdS/BCFT
construction and its holographic entanglement entropy for the Einstein gravity. In section
three, we present Chern-Simons gravity formulation of AdS/BCFT. In section four, we give
the prescription of calculating holographic entanglement entropy in Chern-Simons gravity
in the presence of the end of the world-brane. In section five, we summarize our conclusions
and discuss future problems. In appendix A, we present our convention of Lie algebras.
In appendix B, we present the details of rewriting the Einstein gravity in terms of Chern-
Simons gauge theory. In appendix C, we give a brief summary of the geodesic length in
AdSs3 for a convenience.

2 A brief review of AdS/BCFT

In this section we would like to give a brief summary of a bottom up construction of gravity
duals for CFTs on manifolds with boundaries, called the AdS/BCFT [4, 5]. We focus on
the d = 2 case where BCFT is a two dimensional CFT with a boundary and its gravity



dual is three dimensional. We can generalize our construction here to a case with multiple
boundaries in straightforward way and we will omit this extension below.

2.1 Construction of AdS/BCFT

Consider a BCFT on a two dimensional manifold M with a boundary M. The AdS/BCFT
argues that its gravity dual is given by a gravity on a three dimensional space N which
satisfies

ON=MUQ, st 0Q=0M. (2.1)

Refer to figure 1 for an illustration. The manifold M coincides with the asymptotically
AdS boundary of N. The surface @), which surrounds the gravity dual is called the end of
the world brane and is a bulk extension of the boundary dM. The metric on N and the
shape of () are determined by the equation of motions derived from the bulk gravity action

Igvavity = {em + Ion, (2.2)
where Iy is the Einstein-Hilbert action
1
Ipg = v—g(R—2A 2.3
BEH = 6 Gn /N g( ) (2.3)
and Igy is the Gibbons-Hawking term with the boundary cosmological constant term:!
1
Iog = V—h(K-T). 2.4
oH=gra | ( ) (2.4)

Here g, and h;; is the metric of N and ). The tensor K;; is the extrinsic curvature of
Q and K = h¥ K;; is its trace. The extrinsic curvature is defined by the projection on @
of the covariant derivative of the out-going unit vector n, normal to the surface ). The
constant 1" can be interpreted as the tension of the brane Q).

By varying Igg with respect to the bulk metric g, we obtain the Einstein equation as
usual. Moreover, by taking the boundary variation with respect to the boundary metric h,
we obtain

1 ..
(S(IEH + IGH) = m . vV —h(Kij — (K — T)hm)éhw . (25)

By setting this to be vanishing, we obtain a boundary condition which is either the Dirichlet

boundary condition
Sh¥ =0, (2.6)

or the Neumann one

Kij — (K = T)hi; = 0. (2.7)

For the AdS boundary M, we impose the Dirichlet boundary condition (2.6) as usual. On
the other hand, we impose the Neumann boundary condition (2.7) for the boundary @, i.e.
the end of the world brane. In this way, the bulk metric g and the profile of the surface Q
is determined by solving the bulk Einstein equation together with the mentioned boundary
conditions on M and Q. This is a short summary of AdS/BCFT construction.

!We can also introduce matter fields localized on the surface @ [4, 5]. However, we only care about the
pure gravity degrees of freedom in this paper for the Chern-Simons description and thus we do not turn on
such matter fields.



Q the end of
the world brane

Figure 1. A sketch of AdS/BCFT. We have in mind a d = 2 example. A BCFT is defined on the
manifold M and its gravity dual is given by the region N. The boundary of M is extended into the
bulk as the surface @, called the end of the world brane. The dotted line represents a time slice
on the boundary M, which is divided into two subregions A and B. The entanglement entropy
S4 in the BCFT can be holographically computed as the geodesic length of I'y which starts from
the boundary 0A and ends on a point on the surface @), where we minimize the geodesic length by
changing the location of the point on Q.

2.2 Holographic entanglement entropy in AdS/BCFT

The entanglement entropy Sy4 for a subsystem A is defined from a pure quantum state |¥)
is defined by

Sa = —Tr[palogpal. (2.8)

We introduced p4, called the reduced density matrix

pa = Trp[|[W)(¥[], (2.9)

where B is the complement of A. We can define the entanglement entropy in a BCFT as
is so in standard field theories by taking a specific time slice and dividing the time slice
into two parts A and B. For example, consider a BCFT on a semi-infinite line (times a
time direction) which ends on a boundary. If we choose the subsystem A to be a length [
interval which extends from the boundary, then the entanglement entropy .54 is known to
be given by the following formula [69]:

l
Sy= glogE + Shay, (2.10)

where ¢ is the central charge of the two dimensional CFT and € is the UV cut off (i.e.
the lattice spacing). The constant term Spqy coincides with an important quantity called
the boundary entropy [70], which measures the amount of the degrees of freedom of the
boundary.

The holographic dual of the entanglement entropy S4 [28-30] in the AdS/BCFT con-
struction is computed from the following formula [4, 5]:

Area(T' 4)

, st 004 =0AU0S, YeQq. (2.11)
AGy

S4 = Min Ext [




where Min and Ext mean that we first extremize the area of I' 4 and after that we pick up the
minimal one among discrete candidates of extremal surface. The crucially new aspect pecu-
liar to the AdS/BCF'T, is that the extremal surface I'4 can end on the surface Q. The region
on ) which is surround by I' 4 is written as ¥ in (2.11), which is recently called an Island [31-
33]. In our d = 2 case, I'4 is a geodesic which connects 0A and @, where 0% degenerates
into a point on @ as depicted in figure 1. Therefore to calculate the holographic entangle-
ment entropy we need to extremize with respect to the location of a point on @ on which
the geodesic I'4 ends. This prescription successfully reproduces the expression (2.10) [4, 5]
and we will reproduce this in our Chern-Simons gravity formalism later in this paper.

3 Chern-Simons gravity and boundary condition

In this section, we describe a three dimensional Einstein gravity on a manifold with
boundaries in terms of Chern-Simons (CS) gravity and determine the boundary condi-
tion. We assume a negative cosmological constant. In terms of the CS valuables with
G =SL(2, R) x SL(2, R) we can rewrite Ipy (2.3) as [44, 45]

%H—»k/nﬂ[AAdA+2Aﬂ—-k/nﬂ[AAdA+2Aﬂ+k:/ T [an4], (31)
A7 JN 3 47 JN 3 4 Joan

where A and A can be decomposed into two pairs of connections as
A=A%, = W' +e)Jy, A=A, = (w"—e")J,. (3.2)

Here J, € sl(2, R) are explicitly given by

() w0 ) ) e

and we also define

%:%,L:ﬁiii %ZA_LH (3.4)
2 2
which obeys
(o, Jt] = —=Jg,  [Jts ol = —Jp, [, Jp] = It (3.5)

We write the three dimensional coordinate x# as (2%, !, 22) = (¢, ¢, p). Note that k is the

CS level with k = ﬁ, see also details of this formulation in appendix B.

3.1 Adding boundary term

The correct CS gravity action with a boundary @ is given by?

IGY = Ipn + lon (3.6)

2Here we omit the boundary terms for the standard AdS boundary M.



with (2.3) and (2.4). Igy is rewritten as®*
k k kT
Iog = —27/ Pope® Awb — —/ €apc® A nldn — —/ €apen®e® A e, (3.8)
T JQ 2m Jg 4T Jg

where €45 is the epsilon tensor such that €4, = 1 and n® is a vector with a unit norm
n®ng = 1. Py is the projector on @ defined as Py = gy — nanp with ngp = 2Tr[J,Jp]. Also
we simplified fQ dp A\ dt as fQ. Note here that, at first, we treat n® as a unit vector field
on @ and it is regarded as a dynamical field. After we impose the boundary condition we
will find that n® is a normal vector of the surface Q.

With (3.1) and (3.8), we find the total variation®

k k
5Itcof = —2—/ oe* A (Pabwb + €qpenldn® — Teabcnbec) + 2*/ nanpe® A dw®
T™JQ Q

™
1 (3.9)
+ — / on® [4eabcebdnc + dnpe® A wg — Tegpee® A ec} ,
47 Jg
where we use the relation
apen’(def) = (npe®) Aw® — e A (npw?) (3.10)
with the equation of motion
de® — €W’ A e = 0. (3.11)
This leads to the following (Neumann) boundary conditions on Q:
Py + €qpen®dn® — Tegpenbe® =0, (3.12)
nqe® =0, (3.13)
Pora(4ed.e®dn + 4nyeb A w? — Tel.e® Aef) = 0. (3.14)

The second condition (3.13) says that n® is a normal vector on @ i.e. if we define the normal
unit vector on () by Ny, then the vector n® is defined by

n = e, N*. (3.15)

Note also that we acted P, in the third condition (3.14) to project to the direction or-
thogonal to n®. This is simply because the variation dn® is restricted to n,6n® = 0 because
n®n, = 1. The third condition (3.14) is trivially satisfied if we assume (3.13) and remember
that n,dn® = 0. Therefore once we choose n® to be the normal vector on ), we have only
to solve the first equation (3.12), which is equivalent to (2.7) as we show in appendix B.

3Refer to an earlier work [71] for the second term in (3.8).
4We can confirm the following equation

/ V=hK = —/ Pape® Aw® — / €avee” Andn® (3.7)
Q Q Q

with this n®.
®We employed the Stokes’ theorem: fM d(ANSA) = — fQ ANGA.



3.2 (Gauge invariance

Let us consider the gauge transformation
SA=dx+[A], 6A=dy+[A ¥ (3.16)
If write x = a4+ 8 and Y = a — 5, then the gauge transformation looks like

de = df + [w, ] + [, o,
dw = da+ [w,a] + (e, f]. (3.17)
First consider the variation of Einstein-Hilbert action Igy i.e, (3.1), which looks like

5IEH:4k/(X—X)/\[dA+dA+A/\[1+AAA]. (3.18)
T JQ

Therefore we find that this is vanishing if we impose the boundary condition

(x =Xl =0. (3.19)
Thus the part a of the gauge transformation is still active at the boundary.
The remaining term of Iy (3.8) is
k kT
Igg = ~5- /Q €apee® A nP(dn + €pqwtnd) — . /eabcn“eb A €. (3.20)

It is clear that this term is invariant under the « gauge transformation (i.e. the local
SL(2, R) transformation), which looks like

de=le,a], dn=[n,a], ‘w=da+w,al (3.21)
Indeed, because [J,, Jp] = —€5,J., we find the a gauge transformation leads to
d(dn — [w,n]) = [dn — [w,n], a]. (3.22)

Thus we can regard dn — [w,n] = Dn®J, as the covariant derivative [71] where
Dn® = dn® + e, w"nf, (3.23)

which behaves like a vector under the local SL(2, R) transformation in the same way as e®
and n®.

3.3 Solutions to boundary condition

In this paper, we focus on examples constructed from the Poincare AdS;
ds® = 2P (—dt?* + dp?) + dp®. (3.24)
We write the gauge fields

A=elJidxt + Jodp, A= —eJ_idx — Jodp, (3.25)



where % =t + ¢. The connections are

e=¢e"J,=¢€"J, +et g+ €¢J¢,

. (3.26)
w=w"J, = wJ, +wJ; +wJy
with
e’ =dp, e =efdt, e®=eldo,
. (3.27)
W’ =0, w'=eldp, w®=eldt.
Let us consider the boundary surface ) defined by
¢ = g(p). (3.28)
The normal vector reads
/ —p
o — 910 nt=0, nf=_——° (3.29)

Then the boundary condition (3.12) with the ansatz (3.28) gives explicitly the equation
fora =t, a = ¢ and a = p as follows:

a=t: g/3 + 29/6_2‘0 + g/le—2p + T(e—2p + g/2)3/2 =0,

a=¢: g +Th\/g?+e 20 =0,
a=p: g +Tv\/g?+e 20 =0. (3.30)

These are simply solved as

o= g(p) = \/li—lﬂe_p -+ const. (3-31)

which reproduces the known profile of boundary surface @ in AdS/BCFT [4, 5.

3.4 Comment on higher spin generalization

It is intriguing to extend the above construction to the Chern-Simons description of higher
spin gravity, whose CFT duals have been known [72-74] for a while. We can construct a
boundary action on @) in higher spin gravity by replacing the SL(2, R) indices a,b,c- - in
Igy (3.8), in addition to Igg (3.1), with those for SL(n, R) with n = 3,4, 5, -+, maintaining
the higher spin gauge invariance (refer to appendix A.2 for SL(3, R)).

It is straightforward to find solutions which can also be embedded in SL(2, R) theory
like (3.31), by solving the boundary conditions derived from this SL(n, R) boundary action.
However, it turns difficult to find genuine new solutions, which cannot be embedded in
SL(2, R) theory. We believe this is because we did not take into account higher spin
charges in the boundary action. We expect we can construct non-trivial solutions peculiar
to higher spin gravity if we further add new terms to (3.8) which will make solutions with
higher spin charge consistent. This may be regarded as a generalization of the tension term
in (3.8) for the SL(2, R) theory. We would like to leave this as an important future problem.



4 HEE in AdS/BCFT from Wilson lines

In this section, we extend the calculations of holographic entanglement entropy in higher
spin gravity, using Wilson lines pioneered in [49, 50] to our AdS/BCFT setups. The basic
idea is that a Wilson line describes a propagation of a massive particle. In AdS/CFT, such
a massive particle is dual to a primary operator in a CFT. If we consider a twist operator
which appears in the replica computation of entanglement entropy, as a primary operator,
then we can read off the holographic entanglement entropy from the expectation value of
Wilson line in the higher spin gravity. In our AdS/BCFT, we need to carefully treat the
presence of the end of the world brane @, on which the Wilson line ends. We will start
our argument with the CS gravity with the gauge group SL(2, R) and finally we extend it
to higher spin gravity with the group SL(3, R). For explicit calculations in this section, we
choose the Poincare AdSs (3.24) as a basic example of background. However, it should be
straightforward to analyze more general examples in our framework.
Let us first introduce the Wilson line operator [49, 50, 75]

Wa(C) = <UfPeXp(/CA>Pexp (/CA)\Ui), (A1)

where R is a representation of the gauge group G, and C' is an open path from an initial
state |U;) to a final state |Uf). Also P means the path ordering. According to [49], the
evaluation of Wilson line for a curve C' is also given by

Wi(C) = / (DU|[DP)e WP (4.2)

where U(s) is the world line field on s € [s;, s¢] and P is a canonical momentum conjugate
to U. Here I(U, P)¢ is the auxiliary system which lives on the Wilson line, and the path
integral corresponds to the trace over R in (4.1). In the saddle point approximation, this
path integral gives the bulk geodesic length D;  from |U;) to |Uy) as

log Wr(C) o D ;. (4.3)

The Wilson line (4.2) depends on only the end point of path C' and the representation
R. Indeed the former gives the length, while the latter contains the character of a massive
particle like mass and spin. Thus the bulk conical singularity by the backreaction of Wilson
lines is controlled by R. The highest weight of R is labeled by the quadratic Casimir co
and indeed we may evaluate the entanglement entropy as

SEE = —log (WR(C>) = QCQDZ"f (4.4)
with fixing v/2co — ¢/6.

4.1 Geodesics between bulk two points

Firstly we give a simple example in Poincare AdS with no additional boundary @. In the
case of G = SL(2, R) x SL(2, R), the evaluation of Wilson line for a curve C is given by
the action [49]:

(U, P)o = /C ds (Te[PU™ DU + A(s) (Te[P?] — 2)) (4.5)



where U and P live in the group manifold SL(2, R) and the Lie algebra sl(2, R), and
D,U = dU/ds + AU — UA, with A, = Aydx*/ds. Since the equation of motion for this
action leads to

dP
U™'D,U 4 2\P =0, =0 Tr[P?] = co, (4.6)
s
the on-shell action is evaluated as
I(Uv P)C|0n—shell = —2c /CdS)\(S) (47)

In the paper [49], using this action, it was shown that the Wilson line which connects two
points on the AdS boundary p = po, — 00, correctly reproduces the geodesic length when
we impose the Dirichlet boundary condition at the end points. Therefore the holographic
entanglement entropy can be computed via a Wilson line. Below in this subsection, as a
first step, we will generalize this calculation to the case where the end points of Wilson
line are both situated at the bulk AdS.

To begin with, let us consider possibilities of boundary conditions we can impose at
the end points of Wilson line. If the curve has an end point, we need to impose

SI(U, P)c = [PU'sU] = 0, (4.8)

at the end point in order to make the variation of the total action §1(U, P)c vanishes.
This leads to either the Dirichlet boundary condition U = 0 or the Neumann boundary
condition P = 0.
For the Poincare solution of the Chern-Simons gravity we can write it in the following
pure gauge form (3.25):
A=LdL™', A= R 4R, (4.9)

where L and R are given by

(t.9.p) (0,0,0) _
L = Pexp —/ A], R=Pexp —/ Al. (4.10)
(0,0,0) (t:0.p)

Let us start with the trivial solution®
Up(s) = uge 210, (4.11)

where A = da//ds, and indeed the actual solution and momentum are found by the gauge
transformation as

U(s)=L(s)-Uy-R(s), P(s)=R(s)" Py-R(s). (4.12)
Eliminating ug for U(s;) and U(sy), we obtain

e~ 2eCD=aDI = (R(s))U ™ (s1) L)) (R(s))U " (s7)L(s) " (4.13)

SHere “trivial solution” is the solution for A = A = 0 and “actual solution” is not. In [49], they also call
this “trivial solution” as “nothingness solution”.

~10 -



We now impose the Dirichlet boundary condition §U = 0 at both end points. In
particular, we choose
U(si) =U(sy) =1, (4.14)

at both end points. Then we find (refer to (A.4))

672(a(5f)7a(3¢))P0

= (R(si)L(s:))(R(sp)L(sg)) ™" (4.15)
B ePr—pri z; (w? _ x;ﬁ)ep#pf x;epf—Pi _ :Z;i_epi—ﬂf + 551_37]7 (:c}" _ x;}‘)epi-&-pf
o (zf — x}f‘)epz‘-i-/?f erihl + oy (zF — JU}F)epi-&-pf

with the useful relation
eE = 1 + adiq,

4.16
epJO:coshg-1+QSinhg-J0. ( )
By taking the trace, the L.h.s. of (4.15) becomes
Tre 2=l ) = 2 cosh (— 2¢z(a(sf) — als:))) (4.17)
and the r.h.s. is
2422 — (aF —2f)(x7 — )
2cosh(ps — p;) — (a7 — o) (a7 — ay)ertes = 270 (xf —2 )@y — ;) (4.18)
ZiZf
with z = e™”. Thus we obtain
21»2+227 ot —an) (2 —x;
cosh ( — v2co(a(sy) — a(s;))) = g oy m)loy m ) (4.19)

2z;2¢

This manifestly shows that the value of /2ca|a(s¢) — a(s;)| coincides with the geodesic
length (refer also to the appendix C for a brief summary of geodesic length in AdSs).

If we choose s; and sy to be at the AdS boundary such that p; = py = poe — 00, we
can evaluate the entanglement entropy in AdSs such as

c 7 _ 2
SEE = I(U7 P)C‘onfshell = g log ( (A¢) c (At) ) (4‘20)

where we set \/2co = ¢/6, e = e P>, At =ty —t;, and Ap = ¢y — ¢;.

4.2 Holographic entanglement entropy in AdS/BCFT from Chern-Simons
gravity

Now we would like to get back to our original problem. We would like to formulate the
calculation of holographic entanglement entropy in the presence of the boundary surface @
within our CS gravity formalism. The AdS/BCFT prescription argues that the holographic
entanglement entropy when the subsystem A is a half line, is computed from the length
of the geodesic which connects a boundary point and a point on ) as we reviewed in
section 2.2. Even for generic choices of subsystem A in two dimensional BCFTs, the

- 11 -



s=s1
01

e
AdS S\)“ac

AdS3

Figure 2. A sketch of a Wilson line which computes the entanglement entropy in AdS/BCFT.
The colored region is the physical spacetime for the AdS/BCFT. The dotted curve describes the
minimal length one. We omit the time direction. In CS gravity description, for any choices of a
point @ the Wilson line takes the same expectation value once we impose our Neumann-Dirichlet
boundary condition.

holographic entanglement entropy is basically given by combining the result in this half
line case and the result for a connected geodesic (4.20).

We express the initial point at s; = s and the final point at sy = s in AdS3 (3.24)
by the coordinates (to, po, ¢o) and (1, p1, ¢1), respectively. We take (%o, po, ¢o) to be at the
AdS boundary i.e. pg — oo and take (t1, p1, 1) to be on the surface @ i.e. ¢p1 = \/ﬁﬁe_”l
in (3.31). Refer to figure 2 for a sketch.

Remember that we can write U(s) as follows

(t(s),0(s),¢(s)) 20(s) P (0,0,0) _
U(s) = Pexp —/ Aydz* ) - uge” a(s)Po - Pexp _/ Aydat |,
(0,0,0) (t(s),p(s5),8(s))

and this allows us to write the variation of the end point ((s), p(s), #(s)) as
6U = — (AU — UA,,)dz". (4.22)

Let us first count the number of integration constants in the solution (4.21) for the
interval sy < s < s1, which should all be fixed after imposing a complete set of boundary
conditions. There are totally six integration constants i.e. the SL(2, R) matrix ug (three
degrees of freedom) and the traceless matrix Py with the constraint Tr[P?] = cp (two
degrees of freedom), and finally the value of «a(s;1). Note that we simply set

a(sp) =0, (4.23)

because this can be absorbed into ug.”

First we impose the Dirichlet boundary condition

U(so) =1, (4.24)

"We do not care the intermediate values a(s) for so < s < s1 as they do not affect the on-shell values of
the action. They can be gauged away.
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as we did before for the end points on the AdS boundary. Together with (4.23), this
boundary condition (4.24) fixes

+ —
ug = e”1%0 ¢2JoroI-1y (4.25)

via the relation (4.21). This determines three out of six constants.

We argue the remaining three boundary conditions are given by a mixed Dirichlet-
Neumann boundary condition at s = s1, whose detail will be described as follows. First,
let us introduce the parameters of SL(2,R) manifold (£, §, ¢) and write the constant matrix
part of U(s):

Py

uge— VP = It (2J0pg T 1d (4.26)

In other words, we can parameterize the matrix U(s1) we are interested in as follows

+ A A e —
U(s1) = e~ Topre=Ney | o ET 200p T | o= Toawy o= Jop1 (4.27)

For each value of (¢1, p1, ¢1), our Dirichlet boundary condition is to require that the point
(£, p,®) is included in the surface Q given by (3.31) i.e.

¢ = ﬂiiTze‘ﬁ. (4.28)

Let us define the codimension one subspace X(Q) of SL(2, R) as (refer to figure 3)
B(Q) = {e/* e2Norel17- € SL(2,R) | (1,5, 9) € Q). (4.29)

This is a group counterpart of the surface @ in the AdS/BCFT. Then our Dirichlet bound-
ary condition is equivalently written as

171 g Jopr U(sy) - elorrgdo1zy _ 1T 2J0p I 1d— o 2(Q). (4.30)

This is a natural condition by considering the behavior of Wilson lines when we embed the
boundary surface @ in the target space namely AdS3=SL(2, R).

Next we impose the Neumann condition in the direction parallel to the “D-brane”
¥(Q). This can be done by remembering that the variation of Tr[PU~!§U] should van-
ish (4.8), where the variation dU is given by the variation of (4.27) by shifting the values
of (£, p, @) with the constraint (4.28) satisfied. This is equivalent to the variation in (4.22)
along the surface Q. Thus the Neumann boundary condition is found as

T [P(UT AU — Ayl = 0, (4.31)

where v is a vector parallel to the surface @ and thus (4.31) is decomposed into two
equations on @ defined by the coordinate (¢1, p1, 1 = \/Lie_pl):

1-T2
Te[P(U'AU — Ay)] = 0, (4.32)
Te[P(U'A,U — A,)] - T _om CTr[P(UTTAgU — Ay)] = 0. (4.33)

—€
VI—T?
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These conditions guarantee that the on-shell action (i.e. the expectation value of Wilson
line) is independent from the values of the end point (1, p1) on Q. Indeed these conditions
can be obtained from (4.21) by taking variation of (z(s1), 27 (s1), p(s1)) along the surface
Q, with a(s1) and Py kept fixed.

Now we are in a position to solve the above two Neumann boundary condi-
tions (4.32), (4.33) and one Dirichlet boundary condition (4.30), which totally provide
three constraints we wanted. The two Neumann equations (4.32) and (4.33) fix Py as
follows

—to 6_2'00 =+ ¢% - t(2)> (4 34)

P C2 1 (
0=\ 5 7
where this is independent of ¢; and p;.

Finally we would like to solve the Dirichlet boundary condition, which should fix «a(s7).
Before that let us note that interestingly, we can show by using (4.25) and (4.34) that (4.26)
is equivalent to

f=ty, dg+e =3+, (4.35)

which shows that (£, p, d;) is on the geodesic which connects two boundary points (to, po, ¢o)
and (to, po, —¢0). Then, our Dirichlet boundary condition, which requires that the point

(, p, qZA)) is on the surface Q i.e. ¢ = \/liﬁe_ﬁ, fixes the value of (£, p, (;3) to be (tx, ps, bx)

given by

to=to, e =y/(1-T2)(e 2 +43), é.=T\e %+ (4.36)

This point (¢, p«, ¢«) actually coincides with the special point on @ which has the minimal

distance to the boundary point (%o, po, ¢o) among all points on @ on the time slice t = g
(refer to figure 2). This is the essential reason why this prescription of calculation the
holographic entanglement entropy via the Wilson line, matches with the standard one in
Einstein gravity reviewed in section 2.2.

After imposing all these conditions, the matrix U(s;) is completely fixed as follows:

_ gt + - _ - _
U(s1)=e Joprg=Nizy | ghizs 2Jopx g Jazs | g=Jamy o =Jopr (4.37)

It is important to notice that when (t1,p1,¢1) = (t«, px, @«), we find U(sy) = 1. This
corresponds to the point on the surface ) which minimize the length of the geodesic.
At the same time, the equation (4.26) fixes the value of a(s1) to be

147
eVZEa(s) — (/14 g2e2o — et 14_;71 (4.38)

which leads to the correct geodesic length and the HEE in the limit py — oo (assume

¢o < 0):
_° poy 4 € j1+1
Sa 5 log (2|¢po|e) + 5 log 1 . (4.39)
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SL(2,R) Group Manifold

Figure 3. A sketch of computation of holographic entanglement entropy from the view point of
SL(2,R) group manifold. A trajectory of U(s) in the SL(2,R) group manifold is depicted as a thick
curve with dots at its ends. We impose the initial condition U(sg) = 1 and the Dirichlet-Neumann
boundary condition such that U(s1) is on X¢, which is a codimension one subspace of SL(2,R).

This perfectly reproduces the known expression (2.10) by setting € = e~ ?°. The boundary
entropy is given by
1+T

c
Sty = 6 log/—— (4.40)

which agrees with the result in [4, 5].

In this way, we obtain the correct prescription of holographic entanglement entropy
for AdS/BCFT via Wilson lines in the CS gravity, such that the results agree with the
earlier prescription [4, 5] in Einstein gravity. In the usual AdS/BCFT for Einstein gravity,
it is given by the length of geodesic which departs from the AdS boundary and ends on
the surface Q and we minimize the length by changing the location of endpoint on (. In
our new calculation in CS gravity, we consider a trajectory of U(s) from the boundary
point s = 59 to the surface ¥g in the SL(2,R) group manifold. Note that the result does
not depend on the end point of the Wilson line, as opposed to the standard holographic
entanglement entropy for Einstein gravity. In our CS calculation, the end of the world brane
@ looks like a “D-brane” for a particle moving in the SL(2, R) group manifold as in figure 3.

4.3 Comments on extension to higher spin gravity

It is intriguing to extend the above prescription of computing holographic entanglement
entropy to that for higher spin gravity. In the case of G = SL(3,R) x SL(3, R), the
evaluation of Wilson line is also given by the action [49]

I(U,P)c = /C ds (Tr[PUTLDLU] + Xo(s)(Tr[P?] — ¢2) + As(s) (Th[P*] — c3)) . (4.41)

where we define Tr[P2?] = P*P%5,, and Tr[P3] = P*P°P°t 4., see appendix A.2 for details.
To evaluate (4.41), we use the equation of motion

D,P=0, U 'DJU+2X\(s)P+3\3(s)Px P=0, Tr[P? =cy, Tr[P3=c3 (4.42)

with the definition
P x P =t T°P°P°. (4.43)
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The on-sell action becomes
I(U, P)elon_shell = — /C ds(2¢50a(s) + 33 ha(s)). (4.44)

Note here that we demand c3 = 0 for the purpose of computing entanglement entropy. If
we consider the case of c3 # 0, we should give the different interpretation for expectation
value of Wilson lines instead of the entanglement entropy in the dual CFTs.®

We also start with the trivial solution

Uy = uge202(s)Po=3as(s)(PoxFo) (4.45)
As in section 4.1, we find that the evaluated on-shell action is given by
I(U, P)¢clon—shell = —2c2Aag — 3csAas, (4.46)
and obtain the relation
e 2802 83as (X I) — (R(s)U () L(s0)) (R(sp)U (s9) L)) L, (447)

with Aay = an(sf) — an(s;). Using the above two equations, we find

Swr = (U, P)¢lon—snen = Tr [Py log ((R(s:)U ™ (s:) L(s:)(R(s) U~ (s7)L(s7) "],
(4.48)
which is the general expression for G = SL(V, R) x SL(N, R) since this is independent of
G, see also [75].
Let us next consider the case with the boundary surface (). According to the section 4.2,
the boundary condition for U(s) is given by (using (4.37))

U(so) =1, U(s1)= e=JopLe—hat | el 2Jops g J1ws cemI1m g Jom (4.49)

where (ps,z7) are given by the same values (4.36). Note that this again follows from
the Dirichlet-Neumann boundary condition (4.30), which is embedded into SL(2, R) in an
obvious way. Thus we obtain the following result for AAS/BCFT in higher spin gravity:

Spp = Tr [PO log ((R(SO)L(SO))(R(s*)L(s*))*l)] (4.50)

which reproduce the proper geodesic length and reduces to (4.39) for N = 2.

Since the precise boundary action in CS formalism is not available at present, we do
not know what profiles of the end of the world brane are allowed in the presence of higher
spin fields. Therefore the above analysis is limited to the case where we can embed the
solution to the subgroup SL(2, R). Nevertheless, we may expect to obtain the boundary
condition we need to impose for Wilson lines by a straightforward generalization of the “D-
brane condition” (4.30) from SL(2, R) to SL(n, R). We would like to leave a full analysis of
holographic entanglement entropy for higher spin gravity for an important future problem.

8Tt means that the entanglement entropy does not carry the higher spin charge, see [49, 75] for extensive
discussion.
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5 Conclusion and discussion

In this paper, we presented a formulation of three dimensional AdS/BCFT in terms of
Chern-Simons (CS) gravity. In the first half part, we gave the correct boundary action
of CS gravity which precisely reproduces the AdS/BCFT in Einstein gravity. For this
we introduce a dynamical vector on the end of the world brane ) and impose boundary
conditions by varying the total action including the boundary terms. In the later half part,
we presented the prescription of computing the holographic entanglement entropy in our
CS gauge theoretic description of AdS/BCFT. By employing the Wilson line calculations,
the holographic entanglement entropy S4 for a subsystem A can be obtained from a Wilson
line which connects the AdS boundary point and a point on the end of the world brane Q.
The former coincides with the point JA as usual and the latter can be an arbitrary point
on ). The most non-trivial ingredient is the boundary condition at the point on ) for
the Wilson line calculation. We argue that this boundary condition is given by a mixed
Neumann-Dirichlet boundary condition, where the end of the world brane ) looks like a
“D-brane” in the SL(2, R) group manifold, if we think the Wilson line is analogous to an
open string. We also confirmed that our prescription in CS gravity correctly reproduces the
know result in BCFTs. Moreover, we gave an extension of our prescription of holographic
entanglement entropy to that for higher spin gravity in a simple example.

We expect our results in this paper provide an important first step when we try to
fully generalize the AdS/BCFT in higher spin gravity, where the boundary surface @) can
have higher spin charges. For example, our boundary action (3.8) and our Neumann-
Dirichlet boundary condition: (4.32), (4.33) and (4.30), at a point on  for the Wilson line
computation, have a straightforward generalization from the SL(2, R) to SL(n, R) group.
Even though we might expect some additional ingredients, these will provide useful clues
to formulate the AdS/BCFT for higher spin gravity. A non-trivial test of correctness of
holographic entanglement entropy in higher spin gravity will be the strong subadditivity
(SSA). This is because in the Wilson line formalism, the derivation of SSA looks difficult as
there is no minimization procedure involved, while in the standard holographic entangle-
ment entropy, the proof of SSA follows directly from the minimal surface property [76, 77].
We would like to come back to these important problems in our future publication.
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A Lie algebra

A.1 sl(2) conventions

We denote the generators of sl(2, R) as J,, which satisfy
[‘]aa Jb] = EachC~ (Al)

In the case of the fundamental representation of si(2), the generators are written as

(00 (12 0 (o1
J1_<—10>’ ‘]0_(0 —1/2)’ J‘1_<oo>‘ (4.2)

The metric is defined as
Nap = 2Tr[JoJp]. (A.3)

In our calculations of this paper, the following identity is useful:

- + —n+ - +
oI 10 =2pJ0 =18 21 J0 g T 17 _ eP +elPaf e Pa — e Py —eTPafy (A4)
o +p —n+p _ ontp ) ’
e'P s e enrP By

A.2 sl(3) conventions

We also denote the generators of si(3) as T, = {L;,W,,} with i = —1,0,1 and m =
—2,...,2, which satisfies

[Li, Lj] = (i — j)Li+;,
[Li, Wm] = (2i - m)Wiera (A5)
(W, Wy] = —é(m —n)(2m? + 2n* — mn — 8).

In the case of fundamental representation of si(3), the generators are written as

000 100 0-2 0
Li=|100], Lo=|0oo0oo0 |, L,=[00 —2],

010 00—1 00 0

000 000 , (100
Wo=|000|, Wi=|100]|, Wo==]|0-20], (A.6)

200 0-10 001

0-20 008
Wai=[002]|, Wao=]000

000 000

The symmetric tensors are defined as

5ab = %TI‘[TaTb], habc = TI‘[T(aTbTC)]. (A?)
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B Chern-Simons formulation of Einstein gravity
As (2.3) and (2.4), the three dimensional gravity on M is written by the metric formulation:

Lot = IEH + IgH,
(B.1)

- 2
167TG VEg(R—20) + / 22/ =K.

Here the Gibbons-Hawking term Igpy needs to be added in order to make the variation
principle sensible since the variation of Iy contains 60,g;; and this term spoils a variational
principle on OM. Thus we find

1 g
0140t 167G / ”(Kzg Kgl])59 > (B'2)

and it leads to the two types of conditions

Dirichlet : 899 =
(B.3)
Neumann : K;; — Kg;j = 0.
Note here that we chose the following coordinate system
ds?* = g, datda” = dp* + g;jda’da’. (B.4)

B.1 Vielbein formalism

We may translate from the metric formalism to the vielbein formalism with the basic

a

variables, which consists of vielbeins e},

and spin connections wf,. The metric g,, is

ub*
written in terms of vielbeins as

uv = eze?/”aln (B5)

and covariant derivative of V* = V¥e}, and V" = V/'ejey would be

V.V =0,V +wpV?,

a a c y/a (BG)
Vﬂ‘/b = aﬂ‘/}) +w VE) _wub‘/c :
Then, the Riemann tensor can be written in terms of the spin connections as
R=dw+wAw, (B.7)
or alternatively RZVb = dywly — &,wzb + [wpy, wilf.
With above setups, the Einstein-Hilbert action is written as
1 A
IEH = ﬁ / Eabcea AN <Rbc — geb AN €c>
T IM (B.8)

A
=16 " {e“ A (dea + €apew’ A wc) — geabce“ Ael Aell,
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where we use the relation

1
dr = gewgdaz“ Adz¥ A dx?, (B.9)
1
V—g9= |6’ = _geabcﬁﬂyaezegeg7 (BlO)
RY® = dw™® + wl A w®, (B.11)
1
w = §e“bcwbc. (B.12)

The the Gibbons-Hawking term is also rewritten

1 1
Igp=——— | Pape®Aw®— — @ A nbdn®. B.13
GH e o ab€ w Ry oM €abc n-an ( )
Here we use the following relations
K = e (9n® + " ywinb), (B.14)
1 A A
d*x = §eijd33’ A dz?, (B.15)
1 y
\/j — ieabce’ue?e?nc’ (B16)
and find
da/—gK = —egpee® N (nbecdewdne + nbdnc) . (B.17)

Thus the variation of i leads to the condition (3.12), (3.13) and (3.14) with 7" = 0.

B.2 Chern-Simons formalism

The Chern-Simons action with the boundary given in (3.1) and (3.8) is obtained from (B.8)
as

Igpg = k/ Tr [A/\dA—l—2A/\A/\A} — k/ Tr [A/\dA—l—QA/\A/\A
Am Jpm 3 4 Jpm 3 (B.18)
i ) .
+ /8 o [AnA]
with k =1/(4G), A= A%J, and
1 1
Tr [Jan] = iéab, Tr [JanJC] = zeabc. (Blg)
Here we use the relation
- - 2
A*NdA, — A NdA, = 7 (w* Adeg + e N dwy) (B.20)
_ _ _ 9
d(A*NA,) =dA N A, — AY NdA, = 7 (—w* ANdeg + € A dw,) . (B.21)
Thus the first term of (B.8) is
1 _ _ _
¢ Ndwg = 7 (A" NdA, — A NdA, +d(A" A A,)) (B.22)
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and the second and third ones are
a b c 1 b c) __ €abc a b c 1a 1b 1c
€abc N | W’ Aw —|—§e Ae —?(A ANANAS— AN A /\A). (B.23)

The Gibbons-Hawking term is also rewritten

k . 1
Iog = —— Tr|AANA| + — AP (newp — €gpedn®) B.24
GH /8/\/1 [ :|+87TG 8/\46 n’ (newp — €gpedn®) ( )

2
where we use the relation
Ppe® Awb = e® Awy — e*ng A wyn®. (B.25)
Thus the variation of Iy leads to the condition

Dirichlet : §(A* — A%) = 0, (B.26)

and (3.12) with 7' = 0.

C Geodesic length
Consider the metric of global AdSs

ds® = — cosh? pdr? + dp? + sinh? pd6?, (C.1)
and Poincare AdSs:

dz? — dt? + de?

2 __
ds® = 5

(C.2)

z
The geodesic length D between two bulk points (p1,71,61) and (p2,72,62) in the global
AdS3 is given by

cosh D = cosh p; cosh py cos(71 — 1) — sinh p; sinh pg cos(6; — 03). (C.3)

In the same way the geodesic distance D = cosh o between two bulk points (z1, ¢1,t1) and
(22, P2, t2) in the Poincare AdSs is found as

2+ 28 + (01— ¢2)* = (t1 — 1)

hD =
cos 5717

(C.4)
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