PHYSICAL REVIEW D 89, 066009 (2014)
AdS; with two boundaries and holography of A/ = 4 SYM theory
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According to the AdS/CFT correspondence, the ' = 4 supersymmetric Yang-Mills theory is studied
through its gravity dual, whose configuration has two boundaries at the opposite sides of the fifth
coordinate. At these boundaries, in general, the four-dimensional (4D) metrics are different; then we expect
different properties for the theory living in two boundaries. It is studied how these two different properties
of the theory are obtained from a common 5D bulk manifold in terms of the holographic method. We could
show in our case that the two theories on the different boundaries are described by the AdSs, which is
separated into two regions by a domain wall. This domain wall is given by a special point of the fifth
coordinate. Some issues of the entanglement entropy related to this bulk configuration are also discussed.
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I. INTRODUCTION

Up to now, many holographic approaches to the N' = 4
supersymmetric Yang-Mills (SYM) theory have been
performed in terms of the dual supergravity [1-10].
These approaches are based on a conjectured correspon-
dence between a conformal field theory on the boundary
M, of an asymptotic anti—de Sitter space (AdS,,;) and
string theories on the product of AdS,,; with a compact
manifold. In many cases, the boundary M, is set as a
Minkowski space-time, and the bulk manifolds have a
structure that they have a boundary at the ultraviolet (UV)
side of the dual d-dimensional conformal field theory
(CFT). On the other hand, in the infrared side, they have
a horizon. Then the holographic analyses for CFT in M ; are
performed in the region between the horizon and the
boundary for the gravity side.

In these approaches, the research has been extended to
the SYM theory in the background of M, = dS,;(AdS,) by
introducing a 4D cosmological constant [A; > 0(A4 < 0)]
[11-16] in the supergravity solutions. In the bulk super-
gravity solutions, A4 appears as a free parameter in the step
of solving the equations of motion. However, this param-
eter plays an important role, since the 4D geometry of the
boundary is controlled by this parameter. Another impor-
tant point is that the form of the bulk metric is also
deformed by this parameter. As a result, we could see how
the dynamical properties of the SYM theory are changed by
the 4D geometry which is changed from the Minkowski
space-time to dS;(AdSy).
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Actually, in the cases of the dS4 [11,12] and AdS, [13],
we find quite different properties of the SYM theory from
the one observed in the Minkowski space-time. For the dSy
background, we observe a horizon in the infrared side of the
fifth coordinate, and we find the phenomena similar to the
one of the finite temperature SYM theory in the deconfine-
ment phase. On the other hand, in the case of A4, < O (for
the AdS, boundary), we could find that the theory is in the
confining phase [13]. Furthermore, we found that the
meson spectrum obtained in our analysis is consistent with
the one obtained in the usual field theory in AdS,4 [17].

Furthermore, we should notice that it is possible to
introduce another free parameter in the bulk AdSs solution.
This parameter is called dark radiation, which corresponds
to the thermal excitation of SYM fields, and plays an
important role in determining the (de)confining phase of
the theory [14-16].

Our purpose in this article is to point out and discuss a
characteristic holographic feature of the AdSs bulk sol-
ution. The point is that a second boundary appears in the
solution with the AdS, boundary without horizons. It is
found at the “infrared limit” (+ = 0),' which is opposite to
the boundary at the “ultraviolet limit” (» = o). Here r
denotes the fifth coordinate of the AdSs. Then the gravity
of the bulk AdSs is dual to the two theories living on the
two boundaries separately.

We should notice that two boundaries are also seen in the
case of the solution with dS,; boundary. However, in this
case, a horizon appears between the boundaries, and then
we can restrict the region of the holographic dual to the one
between the horizon and a boundary to study the dynamical
properties of the theory living on the boundary. In the other

!'As shown below, the infrared limit does not mean the infrared
limit of the SYM theory on the boundary.
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half region, the same things are considered; however, the
physics of the two boundaries might be independent of
each other.” In the case of the AdS, boundary, on the other
hand, there is no horizon as such a border between the two
boundaries.

The problem in this case (AdS, boundary) is how the
bulk manifold could provide dynamical properties of the
two field theories, in other words, how we could get
information of two theories separately from the common
bulk geometry. This problem is resolved due to the
presence of a sharp domain wall in the bulk. The
dynamical properties of the boundary theory are found
through various stringy objects embedded in the bulk as
probes, since the probes are controlled by the bulk
configuration which reflects the vacuum structure of the
dual theory. In the present case, we could find that the
embedded objects are confined in one side and never cross
the wall to penetrate to the other side. Then, in this sense,
the gravity duals for the two boundaries are separated
clearly by this wall. Therefore, this wall separates the
manifold to two regions which are surrounded by the
boundaries at » = 0 and r = oo, respectively. They corre-
spond to two dual field theories of the two boundaries. The
situation is shown in Fig. 1, where the two regions are
shown by IR and UV, respectively. We address the holo-
graphic problem from this viewpoint and examine the
robustness of the wall.

This statement would be correct at the level of classical
in the gravity side of the bulk. When we consider the
quantum fluctuations of the bulk, they could cross the wall,
since there are no obstacles to prevent their propagation like
a singularity at this wall point. This problem, we will
discuss in a future article.

When we add the dark radiation, our solutions of
Friedmann-Robertson-Walker (FRW) type are modified.
We find that the role of the dark radiation is to shift the
position of the horizon and the domain wall for the dS, and
AdS, cases, respectively. In the latter case, a phase
transition from confinement to the deconfinement phase
is seen when the magnitude of this term exceeds a critical
value as shown in Ref. [14]. Another observation is that this
term deforms the geometry of the IR boundary. On the
other hand, the metric at the UV boundary is not affected by
the dark radiation. This fact seems to be curious but
interesting. We will give more details on this point in
the future publication.

In the next section, our model to be examined is given
and two boundaries of the gravity dual are shown. Then, in
Sec. III, we show the existence of the domain wall which
divides the bulk region of two boundary theories through
the Wilson loop, D7 and D5 embeddings. From these, we
can say quarks, flavored mesons, and baryons are all

*We could see a similar situation in the case of the topological
black hole solution in terms of the global coordinate r.
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FIG. 1 (color online). A schematic picture which represents the
bulk AdSs with two boundaries (shown by r = 0 and r = o).
The middle line (r = ry) shows the domain wall (horizon) for the
AdS, (dS,;) boundary. This line separates the bulk into two
regions shown by “IR” and “UV,” which are dual to the theory on
the boundaries at »r = 0 and r = 0.

separately examined in each bulk region corresponding
to the dual theory in each boundary. In Sec. IV, the
entanglement entropy is examined. In this case also, the
minimal surface giving the entanglement entropy of a
theory in one boundary cannot penetrate into the region
which is dual to the other boundary theory, since the
penetration is protected by the domain wall. This fact
implies that there is no entanglement of the two theories of
each boundary. A summary and discussions are given in the
final section.

II. SETUP OF THE MODEL

First, we briefly review our model [14-16]. We start
from the 10D type IIB supergravity retaining the dilaton @,
axion y, and self-dual five-form field strength Fs):

_L 10 — _l 2 l 29 Z_L 2
S—2K2/d x\/_g<R SO 41 (@~ ),
)

where other fields are neglected, since we do not need
them, and y is Wick rotated [18]. Under the Freund-Rubin
ansatz for Fs), F, ., = —\/K/Zeﬂl__vﬂ5 [19,20], and for
the 10D metric as M5 x S°,

dsty = gundxMdx" + g;;dx'dx’/

= gyndxMdxN + R*dQ2,

we consider the solution. Here, the parameter is set
as (u=)1/R =/A/2.

While the dilaton ® and the axion y play an important
role when the boundary of M5 is given by Minkowski
space-time [19,20], we neglect them here, since we
study the case of (A)dS, boundary. Then the equations
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of motion of noncompact five-dimensional part M5 are
written as’

Ryn = —Agun- 3)

While this equation leads to the solution of AdSs, there
are various AdSs; forms of the solutions which are dis-
criminated by the geometry of their 4D boundary as
shown below.

A. Solution

A class of solutions of the above equation (3) are
obtained in the following form of the metric [16]:

2 r 2de? 2 i1 R 2
dSmZF( di* + A%a ()y,j( x)dx dx/)+7dr
+ R2dQ2. )
where
72\ 2 3 )
) =y (14k) L P
0 i=1

and k = &1 or 0. The arbitrary scale parameter 7 is set
hereafter as 77, = 1. For the undetermined noncompact five-
dimensional part, the following equation is obtained from
the ¢t and rr components of (3) [21,22]:

C.lo 2 k A 2 r 2 C
— —=—-—A —A — > 6
(ao) - aj 4 i R i agA? ©

where dy = da,/0t, A’ = 0A/Or, and
a=rzi  %la@a) _ro 7
R ao(l) R

The constant C is given as an integral constant in obtaining
(6), we could understand that it corresponds to the thermal
excitation of the N' = 4 SYM theory for ay(7) = 1, and it is
called dark radiation [21,22].

At this stage, two undetermined functions, A(r, ) and
ao(t), remain. However, the equation to solve them is
Eq. (6) only. Therefore, we could determine aq(z) by
introducing the 4D Friedmann equation, which is indepen-
dent of (3). However, it should be realized on the boundary

3The five-dimensional Ms part of the solution is obtained by
solving the following reduced Einstein frame 5D action:

S = 2]2 dx\/=g(R + 3A), )

which is written in the string frame and taking & = g, = 1 and
the opposite sign of the kinetic term of y is due to the fact that the
Euclidean version is considered here [18].
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where various kinds of matter could be added in order to
form the presumed FRW universe as in [16]

do ’ k A m _ Pr Pu
a) @2 3 =2(1). @8
<a0> * a% 3 T3 3 <a0 Tl + O(1+u)> ( ) 3

where x; (A4) denotes the 4D gravitational constant
(cosmological constant). The quantities p,, and p, denote
the energy density of the nonrelativistic matter and the
radiation of the 4D theory, respectively. The most right-
hand side expression A(¢) in (8) is given as a simple form of
the most left-hand side of (8) given by using ay (7). Then the
remaining function A(#, r) is obtained from (6) in terms of
A(t). The last term p,, in the middle of (8) represents an
unknown matter with the equation of state, p, = up,,
where p, and p, denote its pressure and energy density,
respectively. It is important to be able to solve the bulk
equation (6) in this way by relating its left-hand side to the
Friedmann equation defined on the boundary [16], since we
could have a clear image for the solution.
Finally, the solution is obtained as

(- ()"

(1- 2 @) (1 -5 @) -
V(1= @) ey

where
Co = C/(4,uzaé). (11)

B. Two boundaries

1. Ultraviolet boundary r - oo

In the case of the above solution, there is a boundary at
r — oo, where the energy scale of the dual field theory is at
the ultraviolet limit. The boundary should be set at the
position where the metric has a second-order pole [23],
since the manifold is not well defined there. At this
boundary r — oo, the 4D metric is given as

dstpw = —di* + ag(1)?y;;dx dx/, (12)

since the above solution behaves as i — 1 and A(r, 1) — 1
for r — oo. This is the well-known FRW metric, which is
usually used in cosmology to study the time development
of our Universe. In the present case, therefore, we can study
the SYM theory in this FRW universe from the bulk metric
(4) which is the holographic dual as shown in [16].
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2. Infrared boundary r — 0

Next, from (9) and (10), we find that there is another
boundary at r — 0, in the infrared limit, for A, < 0, small
C, and a tiny time dependence of A(r). However, the
appearance of this boundary depends on the time when
the effect of C and the time dependence of A(f) are
considered. The situation is therefore a little complicated.
For example, consider the case of A = 0 for simplicity; then
the second boundary is found for 4 < 0 and |$| > /.

However, the last inequality depends on time, and it is

satisfied for a restricted time interval. So a more simple case
is considered below.

(i) For the case of C =0 and negative constant

A(= —4¢).—In order to make clear the two bounda-

ries, the situation is simplified by considering the

case of A = —4g and C = 0, where 4, is a positive
constant. This corresponds to the case of negative Ay
and 4y = —A,/3. In this case, the scale factor is

given by solving Eq. (8) for £k = —1 as follows:

ag(t) = sin (v/291)/\/ o, (13)

and then the metric is written as

ds}, = ds? + R*dQ2, (14)
) 2\ 2 oo
dss = 1 (1 " r‘;) (—=d? + ag(t)yij(x)dx'dx))
R2
4 —2d}"2, (15)
.

where 13 = JyR*/4 and

=2\ -2
7i;(x)=5ij<1—%> . (16)

In this case, the boundary represents a typical AdS,
manifold, and the SYM theory on this manifold has
been holographically examined well previously [13].
In this case, the analysis has been performed by
supposing that the bulk is dual to the theory on the
boundary r = co. And we have paid no attention to the
other possible boundary at » = 0.

However, in order to have correct results of the analysis,
we must notice the fact that there is actually another
boundary at » — 0 in the bulk of (19). In order to see this
point clearly, we rewrite the above metric by changing the
coordinate r as r = r§/z; then we have

Z

2 2\ 2 o
dst, = 2 (1 + Z_(2)> (=df* + a%(t)y,»j(x)dx’dx/)

R2
+?d22 + R?dQ2. (17)
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Then we find again the same form of metric with (19), but r
is replaced by z. This implies the following two points.
(i) There must be another bulk region near z = oo which is
dual to SYM theory living on AdS, at z = co. (ii) Second,
the limit of z = oo is also the ultraviolet region of the SYM
theory as understood from the form of (17). Then we could
obtain the same dynamical information, from the metric
(17), of the theory with the one given for the theory at
r = oco. In other words, in the bulk manifold, the same two
dual theories should be expressed by two regions which are
separated at some point of the coordinate r. This point is
called a domain wall, and we could find it at r = r( as
shown below.
(ii) For the case of C =0 and positive constant
A = Ag.—In the case of 1 =1y > 0, A, is positive
and the scale factor is given by solving Eq. (8) for
k =0 as follows:

ag(1) = a(0)eV™", (18)
and then the metric is written as

ds?, = d5? + R?dQ2, (19)

T B\? ., o

dsz = 2 (1 - ﬁ) (=dt* + aj(1)6;;(x)dx'dx')

2

+ R—z dr?. (20)

r

In this case, the boundary represents the dS, manifold,
and the SYM theory on this manifold has been
holographically examined well previously [12] for
the theory on the boundary r = co. And we have
considered only for the half region of ry < r < oo;
then no attention is paid to the other possible boundary
at r=0. In this case, however, the situation is
different from the above case, and it would be
reasonable to restrict to the region ry < r < co, since
the point r = r, represents the horizon. The situation
is similar to the case of the Schwartzschild-AdS
background, where the holographic region is restricted
to the region from the horizon to r = 0.

It would be an interesting problem to study the theory at
the r=0 boundary by considering the region of
0 < r < ry. We expect similar behavior to the theory on
r = oo. However, here, we give such study in the future
article.

(iii) General case of C # 0.—Here we consider the

metric of the general case of C # 0, namely, (4)
with (9)—(11). In this case, we find A # 71, since A
and 71 are modified by the term ¢, and 7 could have a
zero point as in the case of the black hole configu-
ration when ¢ exceeds a critical value. Then we
could find a phase transition by adding the term C to
the solution with the AdS, boundary [14].
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In the confinement phase, we find the position of the
domain wall is pushed to » = 0 by increasing ¢. In the case
of the dS, boundary, the horizon is pushed toward larger r.
In any case, the boundary metric at r = 0 is deformed. This
point is seen as follows. The five-dimensional part of the
metric is rewritten in terms of z* = 1/z% as follows:

1 d *2
ds%s) = R? <Z*gﬂydxﬂdx” + 4;2) 21

and the 4D part is expanded by the powers of z for R = 1,
as follows:

G = 0y + I
+ 22 (Y + ill(4);w logz* + il2(4);w(10g V)
(22)

The first term is given as

A .@ 0)00> g l])
- C0)2 b4 +E‘0 2
, Hyiil, 23
( b4+C0 r() rg aO()y.j ( )
where
A A+ day/a
b2 = _é_lR4’ b = —++0/(10R4. (24)

This implies that the boundary metric depends on the dark
radiation, namely, the SYM fields. Then this fact seems to
contradict the expectation of the decoupling of the SYM
theory and the gravity on the boundary. On the other hand,
at r = oo, the boundary metric is not affected by this dark
radiation C as expected. Then the holographic situation is
modified in the side of r = 0 for C # 0, where the dual
4D theory couples with gravity through the energy
momentum tensor’ generated in the side of the SYM
theory. It is an interesting problem to make clear this point
and to investigate the holography of a SYM theory
coupled with gravity. We, however, postpone to inves-
tigate this problem to the future, and we restrict to the case
of C = 0 hereafter.

III. GRAVITY DUAL AND DOMAIN WALL

We consider the gravity dual of the two theories living on
different boundaries. It is represented by a common bulk

“We could show that the vacuum expectation value of the
energy momentum tenser in the IR side boundary is also derived
according to the renormalization group method used in the UV
side. The result at the IR side is given by the same form of the
one at the UV side by replacing the curvatures written by the
metric (H B). For example, the trace anomaly is given by

(Th) = 35 S (RV R,, —1R?*). See Appendix B.
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manifold. We study how we can see the holographic
properties of two field theories on the same bulk manifold
through various objects which are responsible for field
theories.

A. Wilson loop and quark confinement

The potential between a quark and an antiquark is
studied by the Wilson loop. It is obtained holographically
from the U-shaped (in the r — x plane) string which is
embedded in the bulk, and its two end points are on the
boundary. By supposing a string whose world volume is set
in the (1, x) plane,” the energy E of this state is obtained as a
function of the distance (L) between the quark and
antiquark according to Ref. [12].

Taking the gauge as X° = t = rand X' = x' = ¢ for the
coordinates (z, o) of string world volume, the Nambu-Goto
Lagrangian in the present background (4) becomes

Ino =3z | daﬁ<r>\/ 7+ (7) @an(ontoy

(25)

where

1
y(x) = =<4 (26)

and we notice ¥’ = dr/0x = Or/Jc and 7, A have no time
dependence since we here use the metric (20). The general
forms of the solution for 7z and A are given in (9)—(11), and
they depend on the time through the scale factor ay(z).
Then, in order to see the static energy as £ = —Lyg, We
should restrict the solutions to the case of C =0 and
A = —4. In this case, the two boundaries have the same
form of metric as given in (13)—(17) with different notation
of the radial coordinate for each boundary, r and z,
respectively.

In the case of (13)—(17), the energy is rewritten to a more
convenient form by introducing the factor n; (given below)
[24] as

E:_LNG /dU}’l 1+ < —=0; r) (27)

6= ao(t)/day(a) = ao(t)/dal_lTM, (28)

2\ 2
n, = <%>2Afz - <£>2<1 +%) . (29)

SHere x denotes one of the three coordinate x' , and we take x!
in the present case.
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Here, we use the proper coordinate & instead of the
comoving coordinate ¢ to measure the distance between
the quark and antiquark.

In this form, the criterion of the confinement is stated
such that n; has a finite minimum value at some appropriate
r(=r*). In the present case, we find * = ry. Actually, in
such a case, E is approximated as [12]

ny(r*)
N L 30
2ra (30)
where
Lzzf"““d& 31)

and 6, (Omax) 18 the value at r;, (r = o) of the string
configuration [13]. The tension of the linear potential
between the quark and antiquark is therefore given as

_ n_Y(rO) (32)

2zl

Tqq
We notice that the U-shaped string configuration whose
bottom point is near r, and the string on both sides goes up
toward the boundary r = co. When the bottom approaches
ro, the length L goes to oo. In other words, the string
configuration is bounded at r = r, and cannot exceed this
point to smaller r.

In the case of (17), the procedure of the calculation of the
Wilson loop is completely parallel to the above case only
by replacing r by z. Then we find the same tension of the
linear potential between the quark and antiquark, which are
living on the boundary r = 0 or z = oo, is obtained as

ns(r())
Y91 = Dpg (33)

In the present case, the string on both sides goes up toward
the boundary, namely, to » = 0. So the U-shaped configu-
ration of the string has a form which has been upside down
to the one obtained above. Then we will find two types of
string configurations which are responsible to the Wilson
loop calculation. The end points of the one type of string go
towards r = oo, and the one of the other type goes to
r = 0. This equation is very complicated, so we show its
numerical result in Fig. 2.

1. String configurations and domain wall

Here we show the string configurations mentioned above
to make clear the situation. They are obtained by solving
the equation of motion for the profile of the string. Both the
solutions belonging to the boundary » = oo and r = 0O are
obtained by solving the same equation, which is given from
(25) as follows:

PHYSICAL REVIEW D 89, 066009 (2014)

FIG. 2 (color online). ~ Solutions for (), where & is denoted by
. The curves denote for r(0) = 1.1,1.01,0.99,0.9, 0.6 from the
above one. The horizontal line » = 1.0 shows the domain wall.

oo (e (i) )

r3 r/2 r3 a4
220~ 2 (1-(%) )=0, (34
e (7)) -0 e

where a prime denotes the differentiation with respect to &
as ¥ = Ozr. This equation is complicated, so we solve it
numerically.

Several configurations are shown in Fig. 2, from which
we can see the solutions are separated to two groups by the
boundary condition at ¢ = x = 0, namely, the value of
r(0). The wall which separates two classes of the solutions
is found at r(0) = ry.

B. D7 brane embedding and domain wall

Here, we study the D7 brane embedding, which is
responsible for studying the meson spectrum and the chiral
condensate of the boundary theory. The D7 brane action is
given by the Dirac-Born-Infeld (DBI) and the Chern-
Simons terms as follows:

Son = =T [ dice™®y/=det (g + 20F )

+ 717/z:<627m/1:(2> A C(“l“'ai))(),.j’
i

Yab = aaX” abXD G/w ’

Cal...a,- = aaIXm ...aa[X”"C

Hiee it

(35)

where T is the brane tension. The DBI action involves the
induced metric g,, and the U(1) world volume field
strength F o) = dA().

1. Near r = c©

For simplicity, we consider the background (19)—(20)
near the boundary r = oco. The metric of the extra six-
dimensional part of this metric is rewritten as follows:
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R? R? °
7dr2 + R?dQ% = = <dp2 + p2dQ3 + Z dX’2>,
i=8

(36)

where the new coordinate p is introduced instead of r with
the relation

?=p*+ (X4)? + (X°)2 (37)
Thus, the induced metric of the D7 brane is obtained as

ds? = r_2 1+ r_(2) 2(—dt2 + a3(t)y*(x)(dx")?)
8~ R2 2 o\2)y
R 2\ 2 202
+3 (L +w2)dp* + p*dQ3), (38)

where the profile of the D7 brane is taken as (X%, X°) =
(w(p).0) and w' = 9, w; then

r?=p*+w (39)

In the present case, there is no Ramond-Ramond field, so
the action is given only by the one of DBI as

Spr = —T7Q3/d4xa8(t)73(X)/dpp3A4 L+w?(p),

(40)

where
~ 2\ 2
A= (1 +_g) (41)

and Q; denotes the volume of S* of the D7’s world volume.
From this action, the equation of motion for w is
obtained as

/
Wt (220, tog(4%) (147

- % (1 + w?)20,(log(A%)) = 0. (42)

The constant w is not the solution of this equation, so the
supersymmetry is broken. The numerical solutions of (42)
for w(p) are shown in Fig. 3. In general, in this case, we
find finite chiral condensate (¥W) = ¢ for any m, > 0,
since the curves decrease from above with increasing p. For
all curves, we find the behavior given by the following
asymptotic form:

¢ +4mZrilog(p)

+ +oe
q ,02

(43)

w=m

PHYSICAL REVIEW D 89, 066009 (2014)
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FIG. 3 (color online). Typical solutions of w(p) for
Jo=2,40=1/R=10, and ro = 1/+/2. The curves are given
for w(0) =1.3,1.1,1.05 from above to below. The circle
represents r = 1/ rg — p*, which corresponds to the domain wall
of the dual bulk manifold for two boundaries.

at large p with ¢ > 0. Here, the term proportional to log(p)
comes from the breaking of the conformal invariance due to
the cosmological constant in the theory [11-13]. We can
observe spontaneous chiral symmetry breaking from the
third curve, which corresponds to m, = 0. It shows the
mass generation of a massless quark due to the chiral
condensate (V).

As a result, we could say that the spontaneous mass
generation of massless quarks is realized in the theory on
the boundary at r = co. This point was already found
previously [16]. We notice here that the embedded region
of the D7 brane with m, > 0 is restricted to the region
r > ry. Furthermore, there is no D7 brane configuration
which crosses the domain wall » = r( in the w — p plane.
Then the quarks introduced in the dual SYM theory on the
boundary r = oo can be represented by the D7 brane
embedded in the region of r > .

2. Nearr =0

For the flavor brane near r =0, its embedding is
performed as follows. First, by adopting the bulk metric
(17), the procedure is completely parallel to the above case
by replacing r by z. Then the embedded D7 branes of
my > 0 are all obtained in the region of z > r, and we find
the dual theory with the chiral symmetry breaking phase at
the boundary r = 0. In the present case, the region z > r
means r < ry since z = r3/r. Then we find the fact that
each theory in two boundaries of the bulk is separated by
the wall at » = r,. Namely, we can study each dual theories
given by considering the gravity within each region.

C. D5 Branes and baryon

Next, we consider the baryon. It is constructed from a
vertex and N, quarks, and the latter are expressed by
fundamental strings. The vertex is identified with the D5
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brane, which is embedded in the bulk as a probe with a
nontrivial U(1) flux in it. Then a baryon is discussed
through the D5 brane embedding given as follows.

First, we briefly review the model based on type IIB
superstring theory [25-29]. In the type IIB model, the
vertex is described by the D5 brane which wraps S° of the
10D manifold M5 x S°. In this case, in the bulk, there exists
the following form of self-dual Ramond-Ramond field
strength:

4
Gs) = dCy) = (s +eg), (44)

eg = R3vol(S%)dO, A -+ A dbs, 45)

where vol(S3) = sin*@,vol(S*) = sin*@,sin’6,sin?0; sin 4,
and egs denotes the volume form of the S° part. The flux
from the stacked D3 branes flows into the D5 brane as a
U(1) field which is living in the D5 brane.

The effective action of the D5 brane is given by using the
Born-Infeld and Chern-Simons term as follows:

SDS = —T5 / d6€€_q)\/— det (gab + 27T(X,Fab)

+Ts / (27a'Fo) A w5
Gap = aaxﬂabeG;wy
= 0y X0, XMC

Hi---He?

Cq, (46)
where T's = 1/(g,(27)°1,°) and F5) = dA(;), which rep-
resents the U(1) world volume field strength. In terms of
(the pullback of) the background five-form field strength

G(S), the above action can be rewritten as
SDS = _TS / d6§€_<b\/ —det(g—|— F) + T5 /A(l) A G(S)

The embedding of the D5 brane is performed by solving
the 7(0), x(6), and A(;)(@) [29]. They are retained as
dynamical fields in the D5 brane action as the function of
0 = 0, only. The equation of motion for the gauge field A ;)
is written as

0pD = —4sin* 6,
where the dimensionless displacement is defined as the
variation of the action with respect to E = F, namely,

D =585/8F,) and S = S/TsQ4R*. The solution to this
equation is

D=D(v,0) = %(m’—@) —Q—%Sin&cos@—i—sin%cosﬁ .

47
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Here, the integration constant v 1is expressed as
0<v=k/N.<1, where k denotes the number of
Born-Infeld strings emerging from one of the pole of the S°.

Next, it is convenient to eliminate the gauge field in
favor of D; then the Legendre transformation is performed
for the original Lagrangian to obtain an energy functional
as [27-29]

N -
U=-——>5- ,/d@ﬁ \/1’2 + 7%+ (r/R)*x*(Aayy)* \/V,(6),
3n°a

(48)
V,(0) = D(v.,0)? + sin®0), (49)

where we used TsQuR* = N/(37°d’) and we use the
metric form (4). Then, in this expression, (48), r(f) and
x(0) remain, and they are solved by minimizing U. As a
result, the D5 brane configuration is determined.

For simplicity, here, we restrict to the pointlike configu-
ration; namely, r and x are constants. Furthermore, the
simple metric (20) is adopted. In this case, we have for the
matter considered here

2
U = ril(r)Uy = r<1 v %) U, (50)

where U, is a constant given as

Uy =~ [ a0V, (0). 51)

3zt

From (50), we find that U has a minimum at r,, = r(. Then
the vertex is trapped at the domain wall.

We notice, however, that the embedded regions of the
fundamental strings, quarks, are separated to two regions
by the domain wall. Namely, the strings cannot cross the
domain wall. In this sense, the baryons are also separated to
two theories by the wall in the gravity side.

IV. ENTANGLEMENT ENTROPY
AND DOMAIN WALL

Next, we consider the entanglement entropy for the
theory of one boundary. It is given by calculating the
minimum area of the surface A whose boundary A is set at
the boundary of the bulk and the surface could be extended
in the bulk. In this calculation, there is a possibility that the
minimal surface could penetrate into the bulk region
corresponding to the theory living in the other boundary.
When this situation is realized, we could see a new
entanglement of two theories which are living in the
separated boundaries.

In order to see such a phenomenon, we estimate
the entanglement entropy of a theory in one boundary
according to formula (3.3) in [30]:
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Area(y)
EE — ’
4Gy

(52)

where y, denotes the minimal surface, whose boundary is
defined by 0A and the surface is extended into the bulk.

And G2 = G\”/(z3R5) denotes the SD Newton con-

stant reduced from the 10D one GE\}O). If, in this calcu-

lation, the minimal surface crosses the domain wall,
then we can say that a new kind of an entanglement
between two theories on each boundary may exist. This is
because the surface or equivalently the entanglement
entropy is controlled by the dynamics of the other
theory.
We adopt (17) as the bulk metric, which is given as
2 2\ 2 2
dsy = % <1 + Z—Q) dstpw, + f—zdzz RO, (53)

where

ds}%RW4 = —di* + a}(0)y*(dp? + p*dQ3),  (54)

. r=1/(1-p/4). (55)

We notice here that the mass dimension is —1 for a,, but p
has no mass dimension since it is scaled by 7. In order to
study the entanglement entropy (EE), we separate the 3D
space of the boundary at a fixed time by a constant value for
p = po- Then the EE for the restricted space p < pg is
obtained holographically by finding the minimum value of
the following quantity:

Sarea ro 3 ¢
— == d , 56
. <R ao) A} xf(x) (56)
1+ x2\3 b

_ 2 3 ” (57
filx)=p ( X > 7\/[’ +y2(1—|—x2)2 (57

R* dp
b=——, == 58
agry P =% (58)

where x = z/ry and x, denotes the end point of the
embedded surface. Since this integral diverges at
the UV limit, the UV cutoff € is introduced. This represents
the minimal surface of the ball embedded in the
bulk.

In order to obtain the minimum of §,..,, we must solve
the variational equation for p(x) which is extended in the
region 0 < x < x; of the bulk space. On the other hand,
the information of the two boundary theories is divided by
the domain wall as mentioned above. Then we will see the
upper bound of x; at x, = 1. This point corresponds to

PHYSICAL REVIEW D 89, 066009 (2014)

—p

FIG. 4 (color online). Embedded solutions of p(z) for
po =0.74, 1.21, 1.79, and 1.97 from below. Other parameters
are set as rp =1, R=1, and ay = 0.4. The horizontal line
represents the domain wall.

r = ry. This is actually assured by rewriting the above S,
as follows®:

SaICa 3
s (% ao> / dyfo(y). (59)
- 1+.X2 3 b(x/p2y2)2
faly) = < P ) 1 +m7 (60)

P p2 ,
yzy(p)=/ P Ay X =0dx. (61

These formulas are very similar to the case of the Wilson
loop calculation, where the embedded string configuration
is obtained as a U-shaped one, and its bottom point is
bounded at the minimum of the prefactor of the integrand.
It corresponds here to

1+ x2\3
Ngphere — ( ) . (62)

X

In fact, we can see that ngppe. has a minimum at x = 1.
Then the embedded solution of the ball would be bounded
in the region 0 < x < 1, and this is also assured from the
numerical calculation as shown in Fig. 4.

The analysis given above is obtained for p(z) with
various pg, which is the value of p at the UV limit z = 0.
The bottom point of p(z) approaches to the value for z = r
(the horizontal line x = 1). However, it does not ever
exceed this line. In other words, the quantum information
of the theory on the other boundary does not affect the EE
calculation of the theory at z = 0. This implies that there is
no entanglement between the two theories on the opposite
boundaries at r = 0(z = o) and r = co(z = 0).

®Notice that p in Eq. (60) is a function of y as solved from
Eq. (61).
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A. Divergent term and central charge of the theory

While it is difficult to find an analytic solution of p(z) in
the present case, it is possible to see the divergent form of
% near the UV limit by using the approximate solution
near the boundary. Before solving our present case, this
point is shown first for the bulk AdSs case with a
Minkowski boundary metric. Through this analysis, we
could obtain knowledge related to the central charge of the

theory. We write the AdSs metric as

R\ 2
dsigs, = <Z> (dxtdx? + dz?). (63)

In this case also, we use the same notation p for the three
space radial coordinate as

ds?

() = Nud¥'dx’ = —dr* +dp* + p*dQp,.  (64)

)

Then the 3D area of the embedded ball with radius p, is

given as
S max d
—Z‘°a=R3/ S 1+ p2, (65)
n Zmin Z

where p’ = 0p/0z and ¢ is the cutoff, namely, z > €. In
order to get the area of minimal surface, we should
minimize S,.,- This requirement is achieved by the
variational principle. The variational equation for p(z) is
solved in this case as

P =po+ Pt 4 pat+---. (66)

In the above, p, and p, are two arbitrary constants. This is
the general solution. Simple power counting assures that
only py and p, are necessary to get divergent terms of S,.,.
The value of p, is determined as

1
-, 67
2 2 (67)

Using this solution, we can estimate the leading UV
(e = 0) divergent terms as

Siea 1 P2
—area — _R3 {( > + log( >] + finite terms,  (68)
iy 4 2 €2 Po

where the parameter p,, which characterizes the present
physical system, is introduced according to Refs. [30,31].

The entanglement entropy is then expressed in the form
used in Ref. [31] as follows:

y1 Area(0A)

Spp ==~ + 210g + finite terms, (69)
2 4re?

PHYSICAL REVIEW D 89, 066009 (2014)

where Area(0A) denotes the area of the surface A, and y,
and y, are numerical constants. In the present case,
Area(0A) = 4zp3; then the coefficients y, and y, are
obtained as

27R?
4Gy

v, 2R} ’

—_——=— = N s 7/2
5

2 4Gy

= N2, (70)

with the use of (52) and the relation R* = 4zg,a/>N. The
result is compared to the corresponding divergent terms of
our AdS, space model in the following.

Now we return to (56). In this case, the variational
equation is solved by using the following expansion:

p = po+ pax* + paxtlogx + puxt+--- (71)

The coefficients of this series expansion are determined by
the two arbitrary constants p, and p,4. The values of p, and
P4, are determined, respectively, as

- L= 4R o)

2 2
2appor;
and

(1= (5))RScos*(VAst)

43
4agpory

Dap = — (73)

This solution is not analytical in contrast to (66) due to
the term log x. However, it is not important, since only p,
and p, contribute to the divergent terms of Sgg as is
mentioned above. The value of p, is determined as

1-— 2 4 2 R4
pr = (= BAPR o
agpPory

With this solution, we obtain

l
_S4area :5 [(—sm (v/2ot) )
3
+ (1 + k3cos?(y/Agt)) log <i>} + finite terms,
Po
(75)

where ky = po/(1 — p3/4). This result is also written in the
form of (69) with the following coefficients y;:

A
% 2N, (76)
= N2(1 + K3cos®(v/2o1)), (77)

where we used the following proper area in this case:
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Area(0A) = 4rkday(1)>. (78)

In this case, y,/2 is slightly different by the factor 4,/4
from the one of the AdSs; case in (70). However, this
difference can be removed by redefinition of the cutoff
parameter €. Then the remaining coefficient N? represents
the freedom of the dual theory, and this is consistent with
the previous result that the central charge of the dual theory
has been given by N? through the calculation of the energy
momentum tensor holographically (see Appendix A) [16].

On the other hand, we find a definite difference in y,.
This is understood from the fact that y, depends on
the curvatures in the 4D boundary and the extrinsic
curvatures of the boundary A in general [31]. When
t=(n+1/2)n/\/Ay (n is an integer), py = 0 as seen
from (73). In this case, y, becomes the same with (70) and
independent of p,. Thus, there is a relation between y, and
par- More precisely, p,; and the extra term in y, both
contain the factor cos?(y/2gt). While we are still consid-
ering the physical interpretation of this relation, this
remains as an open question.

It would be an interesting problem to assure that our
result could coincide with the one given from the side of the
dual field theory, the SYM theory in the AdS, background,
in order to see the validity of the gauge or gravity
corresponding to our present model. This remains here
as an open question.

V. SUMMARY AND DISCUSSIONS

In this paper, we have put forward an extended form of
AdS5/CFTy duality proposed in the previous paper [16],
where AdSs is replaced by AdSs whose boundary (in the
ultraviolet side) is expressed by the FRW, space-time with

finite 4D curvature. However, the notation AAd§5 might be
misleading. It is because one might consider that, in order

to get the solution Aﬁ@, the equation of motion would be
different from the one which leads to the AdSs. Contrary to

this expectation, AdSs is a solution of the same 5D Einstein
equation which leads to the typical AdSs. Then the two
solutions are locally the same with each other. On this
point, we will discuss more in the future.

Two cases of the boundary geometry, AdS, and dS,, are
possible for this FRW, depending on the sign of the 4D
cosmological constant A,. The parameter A, can be
introduced as an arbitrary constant in the process of solving
the 5D Einstein equation with negative 5D cosmological
constant A, which comes from five-form field strength and
is independent of A,.

Here we point out a new holographic feature of the ATd\§5
with the AdS, boundary. In this case, we observe a second
boundary in A/a§5 at the opposite side of the fifth
coordinate, namely, at r = 0 in addition to the one at
r = oo. This fact is in sharp contrast to the usual asymptotic
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AdSs case, in which the boundary appears only at r = oo
and the point r = 0 is usually set as a horizon.
This situation depends also on the other parameter C in

the general form of AdSs given in (9)-(11), where C
denotes the dark radiation. While this term pushes the
domain wall to smaller r, we could find the boundary at
r = 0 for a small value of ¢,. However, the geometry of
the boundary at r = 0 is generally different from a simple
AdS, which is realized at r = co. In Sec. 2.3, a short
discussion is given in the case of C # 0, in which it is
pointed out that the metric of the IR boundary depends
on the dark radiation or the SYM fields. On the other
hand, at the UV boundary the situation is different. Its
geometry is not affected by the dark radiation. This point
is interesting, but we postpone to resolve this problem in
the future.

Thus we restricted here to the case of C = 0 and constant
A in order to simplify the problem of two boundaries
discussed in this article. In this case, we find that the metric
of the UV boundary takes the form (20), and the one of IR
boundary can be read from (17). They have the same form
if z was identified with r. Of course, they are different, but
they are related as z = r%/ r and the point r = ry has an
important holographic meaning in the bulk. In fact, we find
that this point corresponds to the domain wall.

As assured from the metric (17), we could observe that
the 4D dual theory living at the boundary r = 0 is also the
SYM theory in the confinement phase. Furthermore, from
the scaling behavior of the metric form of IR boundary
(17), the limit of r = 0 does not correspond to the IR but to
the UV limit of the corresponding 4D theory. Then there are
two holographic screens in this case. This implies that the
two field theories are described by a common gravity dual,

AHS/S with the AdS, boundary. We notice that we find one
boundary at r = oo and a horizon in the infrared side at

finite r for another case of Afd\§5, which has the dS,
boundary.
The problem in the case of two boundaries is how the

bulk manifold AdSs would provide information of the two
field theories living on the different boundaries. Is it
possible to get precise dynamical information of two
theories separately from the common bulk geometry?
We could show that the answer is yes for this question
in terms of the presence of a sharp domain wall in the bulk.

The gravity duals AdSs for the two theories are separated
by this wall.

The existence of the domain wall is assured by embed-
ding the fundamental string, D7 brane, and D5 brane in

AdSs. These objects give us the information of the Wilson
loop, quarks, meson spectrum, and baryons of the dual
SYM theory. We could find that the embedded regions of
these objects are restricted to either side of the bulk
separated by the domain wall. In other words, these
extended objects cannot be embedded across the domain
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wall. Then the property of the field theory in one boundary
is given by the gravity of one-side bulk divided by the
domain wall.

Another interesting embedding problem is found in the
calculation of the entanglement entropy Sgg. This is
obtained by the minimal surface Area(y,), which is defined
as the minimum of the embedded surface whose boundary
separates the fixed-time boundary space into two regions.
In this calculation, we find the embedded surface never
extends across the domain wall as other embedded stringy
objects discussed above. This fact implies that the quantum
fields in the theories of the two boundary do not affect
each other.

As for the entanglement entropy Sgg defined in either
boundary, it diverges in general and is written as (69).
The two coefficients y; and y, of this expression reflect
the freedom of the quantum fields of the theory and the
geometry of the 4D space-time of the boundary, respec-
tively. The result & = N? is common to the one of the
case of AdSs; when we take the area of the sphere of the
three space boundary by using the proper distance in the

AAd§5 case with AdS, boundary. On the other hand, y,
depends on the 4D curvatures and extrinsic curvatures on
the 3D sphere. These quantities largely change y, of

AdSs from the one of AdSs. Our result (70) for y, would
be important to assure the curvature dependence of Sgg in
curved space-time. We will discuss this point in the
future work.

Finally, we give the following two comments. First, the
boundary of the AdSs is considered here as the point
where a double pole (as given by Witten in [1]) with
respect to the fifth coordinate is observed. Two such points
are found here at r = 0 and r = oo for the (A)dS, slice.
Of course, another kind of boundary can be considered as
discussed in [32]. In [32], the authors have examined the
bulk fields near a bulk singularity by supposing the
existence of a new CFT there.

As for the boundary as a double pole point, the double
boundaries are also observed in the black hole type
solutions. In [33], the so-called topological black hole
solutions are discussed. While we do not consider this type
of geometry, we can see that this case is similar to our
solution of the dS; slice, since a horizon exists between the
two boundaries in both cases.

Second, we should notice the following point. In [15], it
is shown that our solutions used here can be rewritten to
the form of the topological black hole solutions by a
coordinate transformation. This is not surprising, because
both solutions are obtained from the same bulk Einstein
equations which are derived from the action of the
Einstein-Hilbert and 5D cosmological constant as men-
tioned above. However, this transformation is performed
in 5D by a kind of Rindler transformation; then the slice
of the 4D space-time and the fifth coordinate are changed.
As a result, the properties of the CFT in the sliced 4D
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space-time are also changed. This point is important
and really assured by various holographic methods and
quantities. So we think that the dual theory of the
topological black hole is different from our present case
given in this article. As mentioned in the first paragraph of

this section, AdSs is rewritten by AdSs through an
appropriate coordinate transformation. However, we
should notice that we can see the properties of the
CFT in 4D space-time, which is deformed from 4D

Minkowski space-time, through Aﬁ@.
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Appendix A: (T,,) OF THE DUAL THEORY
AT r=c

At first, we show the 4D stress tensor of the boundary
theory at r = co. Previously, it has already been given, so
we review it briefly. First we rewrite the 5D part of the
metric (4) according to the Fefferman-Graham framework
[34-36]. Then it is given as

ds%S) = '% (—*dr? + A%a(1)y? (x)(dx')?) + Z%i (A1)
- % Gudxtdx’ + Z—Zi : (A2)

where p = 1/r?, R =1, and
= (- o) o
(@) (- @) - aGy "

Next, g,, is expanded as [35]

gﬂl/ = 90)w + 92)wP
+ P2 (9w + P14y 108 P + hoay, (logp)?) + - -,

(A5)
where
9oy = (90)00- 9(0)ij) = (L. ao(t)?ri;) (A6)
and
2 %
Iomw =5 (1 + g<o>,-,,-)> : (A7)
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& 2 <_ (2+522)°

Iy R4(3’g<o>ij)+g 2 ’g(O)ij>- (A8)

Then by using the following formula [34]:

7. AR3
wol 167TGN

1, 1
) (9(2>) w + Zg(z)ﬂuTrg(z) ,

1
<9(4),w - gg(ow((Trg(z))z - Tr9<22))

(A9)

we find

), | AR {3/12

() = () 4 { g (o) | 410

30 24 7
~(0) 4R Co ao
T v g —_ 3’ ii)s —_ — 1 — ],
< Iz > 1677:G1(3> R4( 9(0) ,/) ﬂ < + 32 )

(Al1)

where <T,§‘3>> comes from the conformal YM fields
given in Ref. [16], so we find no anomaly for this
component:

(A12)

The second term corresponds to the loop corrections of the
YM fields in the curved space-time, and we find the
conformal anomaly due to this term as

322(1 + 4%
<TZ> = ( 22/1%) Nz,
8z

(A13)
where we used Gl@ = 8r%a'*g,/R> and R* = 4zNa'?g,.

The above anomaly (A13) is obtained from the loop
corrections of the A/ =4 SYM theory in a space-time,
Jioyw» Which is given by (A6). For this metric, the
curvature squared terms responsible to the anomaly are
given as

. . 2
RWIR, . = 12(2/12+M@+ (A“—P) ) (Al4)
ag 2(10
2 ., Ao . A 2
R“R,, =12(32+3M—+ (1=-) |, (Al5)
2610 200
1 . Clo . Clo 2
—RZ=12(42> +4M—+ A= ). (A16)
3 2a0 2610
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In general, the conformal anomaly for n, scalars, n; Dirac
fermions, and n, vector fields is given as [37,38]

ng + 1lny + 62n, ng +6ny+ 12n,

(Th) =

9072 v A OF
(A17)
1
E(4) = a (R”MGR/WAG - 4RﬂbRﬂy + Rz), (A18)

1 1
Iy =-% (RWMRM, — 2R™R,, + gR2> . (A19)

where [IR has been abbreviated since it does not contribute
here. For the N' = 4 SYM theory, the numbers of the fields
are given by N2 — 1 times the number of each fields, which
are equivalentto n, = 6, ny = 2, and n,, = 1. Then we find,
for large N,

2 32(1 + 4%

) = N (Rer, - LR _ A

#3002 w3 812 '
(A20)

This result (A20) is precisely equivalent to the above
holographic one (A13). Thus, we could see that the
holographic analysis could give correct results for the
energy momentum tensor even if the metric is time
dependent as shown previously in Ref. [16].

Appendix B: (T,}) OF THE
DUAL THEORY AT r=10

In the IR side, we get (T)x) by the parallel method. By
using the above formula (A9), we find

1) = Gt doi). B
v) = 0)00%00> 9(0)ijt11)s
H 167:G§3> (0) (0)ij
3rg g 2r - (rrt)? + ¢
oo = — 4 ~ t1l:_r0 4 ~ *ok \2 _ %)
74 c (r** 4 ¢o)((rr*y)* =€)
(B2)

This result should be interpreted as the vacuum expectation
value of the energy momentum tensor of the SYM theory
living in the space-time §(q),, given by (23). In the present
case, however, both the metric §),, and the (T,,) are
different from the one given at the boundary r — co.
Then we must check how the two theories on each
boundary are different. We perform this for the following
three cases.

One expects that the central charges on each boundaries
would be different from each other, since the
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renormalization group flow would be different. The answer
for this issue is given by observing the trace anomaly,
which is found from the above (7T,,) as follows:

4R3
(Ty) = — 5 (too +3t11) (B3)
162GS
2 8 %2 2 x \2
_ N 6rpr ((r=+47r)%) (B4)

222 (P 4 E) ()2 = &)

where we used GS) = 8m3a'*g,/R> and R* = 4zNa'’g,.
This is rewritten by using the relation
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1
WIR - (R”DR/“/ - §R2> (BS)
_ iy O ) (B6)
(r 4+ &) ((rry)* = &)
and we obtain
N2
<TZ> = —32712 Wig. (B7)
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