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ABSTRACT: We consider dimensional reduction of cigar geometries which are obtained by a
Wick rotation of black hole solutions. Originally the cigar geometry is smooth around the
tip, but after the dimensional reduction along the Euclidean time direction, there appears an
end-of-the-world brane (ETW brane). We derive the tension of the brane by two methods:
bulk equations of motion and boundary equations of motion.

In particular, for AdS7-soliton xS% and AdS,-soliton xS7 backgrounds in M-theory, we
find that the tension of the emerging ETW branes behaves as t(®) ~ e™3® in the string
frame. This indicates the existence of such ETW branes in the strongly coupled regime
of type OA string theory.
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1 Introduction and summary

The end-of-the-world brane (ETW brane) is a codimension one brane at which the space-time
ends. It appears in various theories with gravity defined in a space-time with boundaries. It
could couple with gravity as well as other fields, and some of the degrees of freedom may be
localized on it. In string theory, such an object has been studied for long time since it can be
obtained as an orientifold-plane or a fixed plane of a Zs orbifold and played important roles
in understanding various dualities in string theory. A well-known example is an M-theory lift
of the Fg x Eg Heterotic string theory, which is obtained by compactifying the 11-dimensional
space-time on an interval S'/Zs [1]. The ETW branes are located at the boundary of the
interval, and each of them carries an Fg gauge theory on it. This system is related by S
and T-dualities to type IIA string theory with two orientifold 8-planes (O8-planes),! which
is also called type I’ or type IA string theory. This O8-plane is also an example of the
ETW brane realized in string theory.

More recently, the ETW branes are studied in the context of AdS/BCFT correspon-
dence [3-5], which is a holographic duality between conformal field theory (CFT) with
boundaries called boundary conformal field theory (BCFT)? and theory of gravity in asymp-
totically anti-de Sitter (AdS) space-time with ETW branes. It has been applied to many
physical problems such as the Kondo effect [7], the information paradox [8-11] and the
measurement-induced phase transition [12, 13|, and provided holographic explanations of
various phenomena including relation to quantum information theory [14]. In most of these
works, however, the ETW branes are introduced by hand in bottom up models of the
AdS/BCFT correspondence. It would be nice to have top down realizations of the ETW
branes in string theory (see [15-19] for recent attempts?).

!See e.g. [2] for a review.

2See [6] for a nice review of BCFT.

3In these works, top down string theory realizations of ETW branes in effective lower dimensional theories
are discussed. In contrast, in section 3, we consider ETW branes in 10 dimensional string theory (type 0A
theory), realized as smooth geometries in M-theory.
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Figure 1. Dimensional reduction of the cigar geometry. The left figure represents the cigar geometry.
This geometry is smooth everywhere and there are no boundaries (except for the asymptotic boundary).
The right figure describes the geometry after dimensional reduction along 7. Accordingly, there emerges
a physical boundary (ETW brane), which is represented by the blue dot.

In this paper, we pursue novel examples of the ETW brane. Usually, in the bottom up
models, the tension of the ETW brane as well as other interaction to the bulk fields are
assumed and dynamics of the brane is determined by solving the equations of motion (EOM).
Unlike such an approach, we start with a smooth geometry without boundaries (except for the
asymptotic boundary), and find that the ETW brane emerges through dimensional reduction.
The tension of the ETW brane is determined from consistency, as explained below in detail.

To be more concrete, consider a cigar geometry obtained by the Wick rotation of a
static black hole (brane) solution. There is a U(1) isometry acting as a constant shift of
the Euclidean time coordinate 7 and an orbit of the U(1) action form an S* whose radius
shrinks to a zero size at the horizon. A two-dimensional surface parametrized by 7 and the
radial coordinate r looks like a cigar as depicted in the left panel of figure 1. The tip of the
cigar corresponds to the horizon in the original black hole (brane) geometry. The AdS-soliton
geometry, obtained by the double Wick rotation* of the AdS-Schwarzschild solution, and
Wick rotated black D-brane solutions are important examples of such kind, which are used
to obtain the holographic dual descriptions of non-supersymmetric gauge theories.® Before
the dimensional reduction, the cigar geometry is smooth everywhere. However, the geometry
after the dimensional reduction along the Euclidean time direction has a boundary (ETW
brane) at the tip of the cigar as depicted in the right panel of figure 1, (see [21] for a similar
setup). Taking into account that through dimensional reduction, a part of metric component
give rise to the dilaton, our statement is summarized as:

Finstein gravity (with some matter fields) on the (d+1)-dimensional cigar geometry
induces the Einstein-dilaton gravity (with some matter fields) with a (d — 1)-
dimensional ETW brane in d-dimensions upon dimensional reduction along the
T direction.

Note that the ETW brane obtained in this way is a co-dimension one brane, which
couples with the dilaton field as well as gravity. Our main focus is on calculating the dilaton

4One of the spatial directions along the brane as well as the time direction is also Wick rotated so that the
geometry becomes Lorentzian. See, (3.3) for the explicit metric.
5See [20] for a review.



dependent tension of the ETW brane via two apparently different methods: one of them
makes use of the bulk EOM and the other uses the boundary EOM. For the method using
bulk EOM, we first note that the metric and the dilaton field satisfy the EOM for the
Einstein-dilaton theory obtained by the dimensional reduction, because the background cigar
geometry we used is a solution of the Einstein equation in (d + 1) dimensions. Then, we
introduce a Zs orbifold as a guide to evaluate the tension of the ETW brane so that it can
be a source of gravity and the dilaton field consistent with the bulk solution.® For the other
method, the tension of the ETW brane is fixed by solving the boundary EOM as in [4, 5, 23].
We can see that the energy-momentum tensor on the brane contributes to the boundary
EOM, enabling us to evaluate the tension as well. As a consistency check, we also apply
these methods to a system with an O8-plane and D8 branes in type IIA superstring theory,
and show that the known values of the tensions are reproduced.

For example, we carry out the calculation in AdS-soliton backgrounds with or without
internal geometies (spheres). For the purely d + 1-dimensional AdS-soliton background, the

tension of the resulting ETW brane is proportional to ¢(®) = —de™ V T ® , where @ is
the dilaton field. Note that only for d = 3 the coefficient of ® in the exponent becomes an
integer. As an application to string theory, we also consider the AdS7;xS?* and the AdSyxS”
soliton solutions in M-theory and take the dimensional reduction along the 7 direction. Since
the fermions of the system obey anti-periodic boundary condition along the Euclidean time
direction, the supersymmetry is completely lost and the theory is conjectured to be equivalent
to type OA string theory [24]. Therefore, the ETW branes obtained by the dimensional
reduction are expected to exist in type OA string theory. In both backgrounds, it turns
out that the tension of the ETW branes behaves as t(®) ~ e~3% in the string frame, which
does not appear in the perturbative string coupling expansion series. However, this is not
a contradiction because the supergravity background in 10 dimensions is singular at the
ETW brane and the perturbative calcultions in string theory cannot be trusted. It would
be interesting to have further evidence of the existence of such ETW branes.

This paper is organized as follows. In section 2, first we fomulate the general action after
the dimensional reduction and derive the EOM. Then, we explain how to fix the tension from
the bulk EOM via Zs orbifold and boundary EOM. We show that these two methods give
the same answer. In section 3, we present our calculations in various examples. We firstly
consider AdS,,; soliton geometry and then also extend to AdSyxS” and AdS;xS* geometries.
In particular, we obtain a peculiar dilaton dependence of the ETW branes obtained via the
dimensional reduction. In section 4, we apply our method to determine the tension from bulk
EOM and boundary EOM to the O8-D8 brane systems. We can see that the correct value of
the tension is reproduced. Section 5 is for conclusion and comments on possible application
to the replica manifold [25] and connection to the cosmic brane [26].

2 ETW branes from dimensional reduction

2.1 Action and EOM

In this section, we first explain our set-up and prepare the action and equations of motion
(EOM) that will be used in later sections.

5This method was recently used in [22] for the study of codimension one branes in string theory.
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Our starting point is Einstein gravity theory with an (n — 1)-form gauge field in D =
d + n + 1 dimensions. The action is

1 D 1 9
S=—m /d x\/Tw) (R(D> = 5lfale — 2A) , (2.1)
167G N

where Gg\?) is the Newton’s constant, G(py = det (Gap) is the determinant of the D-
dimensional metric Gap (A,B = 0,---,D — 1), R(p) is the Ricci scalar curvature, A is
the cosmological constant, f, = % fay..a,dzdt A - A dedr s the field strength of the
(n — 1)-form gauge field and

1
|fn|%¥ = ﬁfAr--AnfBl---BnGAlBl te GAan- (22)

We consider a background parametrized by (z4) = (z*,0%,r,7) (A =0,1,--- , D — 1;
w=0,1,---,d—2;i=1,2,--- ,n), where r is a radial coordinate bounded from below as
r > 1y, T is a periodic coordinate of period 3, and (#*) are coordinates of the unit n-sphere S™.
The background configuration of the n-form field strength f,, is assumed to be proportional
to the volume-form of this S™, and the metric is of the form

ds{py = Gapdzdz® = Wi (r)(udatda” + f(r)dr?) + Wa(r)dr? + Ws(r)dQ,  (2.3)

where Wi23(r) and f(r) are non-negative functions of r, 7., is the d — 1 dimensional
Minkowski metric and d22 is the line element of the unit S™. The key assumption here is
that the function f(r) vanishes at r = rj, while W 2 3 are non-zero there. The period f is
chosen so that the geometry is smooth everywhere including r = r;,. Therefore, the radius of
the S' parametrized by 7 shrinks to zero size at r = rj, and the geometry contains a structure
of the cigar depicted in the left panel of figure 1. This kind of geometry is realized as the
(double) Wick rotation of a black (d — 1)-brane solution, in which 7 is the Euclidean time
coordinate and r is the radial coordinate transverse to the brane. The tip of the cigar at
r = rp, corresponds to the horizon of the black brane solution.

The next step is the dimensional reduction along the 7 direction.” The geometry after
the dimensional reduction has a new co-dimension one boundary at r = rp, which is regarded
as an ETW brane.

Let us decompose the metric as

dsipy = e P gynda de™ + IR gr2, (2.4)

where (zM) = (2#,6",r) (M = 0,1,--- ,d +n — 1) are the D — 1 = d + n dimensional
coordinates, gy is the D — 1 = d + n dimensional metric, ® is the dilaton field and

- s = : 2.5
“TVU@rn-Dd+n-2 \VD-2)(D-3)" (2.5)

"Here, we focus on the zero modes of the Fourier decomposition of the fields along the 7 direction, assuming

that the contribution from the non-zero modes can be neglected. In some examples considered in the next
section, the radius of the S* diverges at the asymptotic boundary r — co, where the dimensional reduction
cannot be justified. These backgrounds can be regarded as the near horizon geometry of asymptotically flat
backgrounds in which the radius of S* approaches a constant at r — co. Since we are mainly interested in the
physics around the tip of the cigar, we do not consider compactness seriously here.



Here, we have neglected the off-diagonal (M, 7) components of the metric. Similarly, we only
keep the components of f,, without the 7 index. Then, the theory is reduced to the Einstein-
dilaton graviy with (n — 1)-form gauge field in a D — 1 dimensional space-time with the ETW
brane at r = ry,. Inserting the metric (2.4) into the action (2.1) the bulk action is obtained as

Stk = T [ A wdrd0y/ G (R — 5"V DONE — (@) (@ )rfnlz)
].67TGN >r 2
(2.6)

where Gy = Gg\lf))/ﬁ, § = det(garn), R is the Ricci scalar with respect to the D — 1
dimensional metric gpsn,

|fnl? = fM1 My FNe, G g M (2.7)
and
v(®) =27 A, w(P) = e NP, (2.8)

In this paper, we analyze the ETW branes in two ways. One of them is to treat it as a
boundary of the space-time, and add a boundary action that consists of Gibbons-Hawking
term and the world-volume action with the dilaton dependent tension. This treatment will
be discussed in section 2.3. The other one is to regard the space-time as a Zs orbifold with
the ETW brane obtained as the fixed plane of the Zy orbifold action. To be more explicit,
we introduce a coordinate y € R of the covering space related to r as |y| = r — rj, on which
the Zo acts as a sign flip y — —y.8 Then, working in the covering space, the ETW brane is a
brane with dilaton dependent tension placed at y = 0. The action for this system is

/dd—lxdyd”e\/fg (ﬁz—;AMNaM@Nq)—U(@)—;w(q>)|fn|2—%5@)) ,

- 167G N
(2.9)

where ¢t(®) is the dilaton dependent tension of the ETW brane to be determined.
To obtain the background, we assume the following ansatz for the D—1 dimensional metric:

ds? = gyndzMdaN = eZA(T)gW(x)dx“dx” + 2B ap? 4 ezF(T)dQ%. (2.10)

The d — 1 dimensional metric g, (z), functions A(r), B(r), F(r) and the dilaton field ®(r)
for the background (2.3) are given by

G = Mo » (2.11)
P — Wi (r) f(r), (212)
A = @MYy () (2.13)
2B0) = 0Py () | (2.14)

2P () = @My () (2.15)

8We actually take the orbifold fixed point to be slightly away from r = 7y, since r = 7y, is singular after the
dimensional reduction. See section 2.2 for details.



The n-form field strength f, is assumed to be of the form

1 , ) . ,
Fo = S8 A N B = ey O A NG (2.16)
n! n!
where % (i = 1,2,--- ,n) are coordinates of the unit S™ and ¢;,..;, is the Levi-Civita symbol

on S™. Since the flux [q. f, should be independent of r, the coefficient ¢ is a constant.
Then, we obtain

1 o _
[fol? = = firin 0 = 272 (2.17)

Substituting these ansatz (2.10) and (2.16) into the action (2.9) and varying it with respect
to A, B, F and ®, we obtain the following EOM:

g—j =0 = (1-2/(d—1)e 2 *2BR 4 n(n—1)e 2628 _2(d — 2)(A” — A'B)

—2n(F" — F'B") — (d —1)(d — 2)(A")? — 2n(d — 2)A'F’ — n(n + 1)(F’)?

1 2

= (@) 4+ ?Po(®) + %6_2”F+23w(<1>) + B (D) (y) (2.18)

% =0 = e 2AP2BR 4 n(n —1)e 228
1
— ((d=1)(d = 2)(A) + n(n = 1)(F') + 2dA'F') + 5@
2

— 2B (v(fb) + (;e—?"Fw(cb)) , (2.19)
05 —2A+42B —2F+2B 1" /!
ﬁz()ie R+(n—1)(n—-2)e —2n—-1)(F" - F'B’)

—2(d—1)(A" — A'B") —n(n— 1)(F')? =2(d — 1)(n — 1) A'F" — d(d — 1)(A")?

2

= %(@/)2 + 2By () — %6_2”F+2Bw(<b) + Bt(®@)d(y), (2.20)
65 " / / !/ /
2 =0 = 0"+ ([d= DA +nF - B)O

dv(®) & _, pdw(P) dt(®)

_ 2B ¢ —onF B

=e ( 1T + 5 € 1T +e 15 o(y), (2.21)
where prime stands for the derivative with respect to y, e.g. A’ = %, A = %27‘3, etc., and R

is the Ricci scalar for the d — 1 dimensional metric. These EOM can also be obtained directly
from the EOM derived from the action (2.9). Though we do not write down explicitly, the
EOM for the metric g,, should also be imposed.

2.2 Brane tension from the bulk EOM via Zs orbifold

The next task is to determine ¢(®) for given A, B, F' and ®. In this section we apply the
Z, orbifold method to the above bulk EOM (2.18)—(2.21) to fix the tension. To do that, as
mentioned in the previous section, we introduce the coordinate y € R related to r as

re+vy, for >0,
p={eTY Y (2.22)
re—y, for y<O0,



where 7. is a cut-off satisfying r. > r,. In this coordinate y, the geometry restricted to r > r,
and its copy are glued together at y = 0. We will eventually take r. — r, limit. According to
this, the functions A(r), B(r), etc. in (2.10) can be redefined as a function of y as

A(y) = Alrrevy, for 1y >0, (2.23)
Alpepo—y. for y<O0.

Taking the derivative with respect to y, we obtain

A= 0,A(y) = {a’A"“"c+ p o fory>0, (2.24)
—O0rAly=r,—y, fory<0,
which leads to the discontinuity at y = 0:

[AT*0 = 20, Aly=r, - (2.25)

Integrating the EOM (2.18)—(2.21), we obtain
[—2(d —2)A" — 2nF']*) = PO ®(0)), (2.26)
[—2(n—1)F —2(d - 1)AT) = PO1(1(0)), (2.27)
(@15 = B dt(2(0)) (2.28)

where we pick up the contribution from the delta fucntion. Here, we have assumed g:“, is
continuous at y = 0. From (2.26) and (2.27), we obtain

(A4 = [F']H, (2.29)
—2(d+n —2)[A]H) = POt(®(0)). (2.30)

When there is no sphere part (the case with n = 0), the relevant EOM are (2.28) and (2.30).
(2.28) and (2.30) imply

d 1 o0
-5 logt(®) = T {A%% : (2.31)

The tension t(®) of the ETW brane can be determined by solving these equations as we
will demonstrate in section 3.

2.3 Brane tension from the boundary EOM

It is also possible to determine the tension of the ETW brane by using the boundary EOM.
Here, we explain how to do this and show that it leads to the same conditions as those
found in the previous subsection.

Let us consider the space-time for y > 0 with the ETW brane at y = 0. The action
consists of the bulk and boundary contributions as

S = Spuik + Shdy » (2.32)



where Sy is the bulk action given in (2.6) integrated in the y > 0 region. The boundary
action Sygy includes the Gibbons-Hawking term Sgy and the brane action Syrane given by

dey = SGH + Sbrane ) (233>
1
S = g / A 0V=R K. (2.34)
y:
1
Sorane =~ g3 / A d0V=hi(®), (2.35)
y:

where h is the determinant of the induced metric hg, (a,0=0,--- ,d+ n — 2) on the brane

at y = 0O:
ds?|y—0 = hap(x)dzda® = eQA(O)gm,dx“dx” + 2002 (2.36)

and K = h® K, is the trace of the extrinsic curvature K. Note that the coefficient of
t(®) in the brane action (2.35) is a half of that in (2.9). This is because (2.9) is the action
for the covering space of the Zy orbifold.”

When the background metric is given by

ds? = dz? + hgy(x, 2)dzda® (2.37)

(Gaussian normal coordinates), the extrinsic curvature for the co-dimension one surface

at z = 0 is given by
1
Kab = §azhab‘z:0- (238)

Using this formula, the extrinsic curvature for the background with metric (2.10) can be
computed as

K,y = A'(0)2A0-B0g (a), (2.39)
Kij = F'(0)e*0=50g,5(6) (2.40)
K = g" K, + ¢ K;j = e BOA(0)d + F'(0)n), (2.41)

where g;;(0) is the metric of the unit S™:
dQ2 = g;;do"de’ . (2.42)

We impose the Neumann type boundary condition for the metric and the dilaton fields.
The variation of the action with respect to the metric gives the boundary terms as

55 = (bulk terms)+ / 4w dON IR (K gy — K hay+ 87GNTw),  (2.43)
=0

where Ty, is the energy momentum tensor for the brane at the boundary

o 2 0Sbrane _ 1 ¢
"7 V=h ohd T 32nGy

9The tension T in the original reference [4] is related with the tension ¢(®) in (2.35) via T = @.

T, (®)hap - (2.44)




Therefore, the boundary equations of motion is

Koy — Khay + 87GNTa, =0, (2.45)

which implies
—4((d = 2)A' + nF")|y=o = POt() (2.46)
—4((d — 1D)A + (n — 1)F")|y=0 = P Ot() . (2.47)

These equations are equivalent to (2.26) and (2.27).
Next, consider the variation with respect to ®. The boundary terms for the variation
of the action is

05 = (bulk terms) + / d¥ e d"0v/—h 6® (18y<l> - 1dt(<I>)> , (2.48)
y=0

167G N VIyy 2 do

which yields

_ B0 d(2(0)

/
20/ (0) =

(2.49)

This agrees with (2.28).

3 Examples

3.1 AdSg44; soliton

Let us start with the case with n = 0 and a negative cosmological constant parametrized as

_d(d—1)
A. —_— 7? ) (3'1)
for which the action (2.1) is
1 d(d—1)
S = 7/&’“3;\/—(; (R — ) . (3.2)
167G L?
We consider the (d + 1)-dimensional AdS-soliton background [27, 28] given by
72 y L? dr?
ds” = (Muvdatda® + f(r)dr?) + Er ok (3.3)
where p,v = 0,1,--- ,d — 2 and
g
flr)=1-"3. (3.4)

This is a solution of the EOM obtained from (3.2).
In order to analyze the geometry near the tip r = rp, we introduce dimensionless
coordinates #, 7 and z defined by

(3.5)



For convenience, we omit the tilde of these coordinates and set L = 1 in the following.
Then, the metric becomes

ds®> = Gapda’dz®

2 2
_(1+Z)d <77/U,dﬂj‘ud$ +1+2’2d7->+d2(1<FZZ)’ (36)
where A, B = 0,---,d. Then, the metric near z = 0 becomes
4
ds? ~ nydatda” + 22dr? + @df , (3.7)

from which we find that the geometry is smooth at the tip z = 0 if we choose the period
of 7 to be f = 4n/d.
Using the ansatz (2.4) and (2.10), the metric is written as

ds? = V@ D@2 D=2 ® ( 24y pdrtde” 4 2P dz? ) +e ® (3.8)
with

A:(1+22)$zﬁ,

4
e*B = d2( + z ) é_lzﬁ ,
2(d=2) ¢
eV T =221+ 22)5_1 . (3.9)

Here, we have assumed d > 2.

Following the procedure explained in section 2.2, we introduce a coordinate —oo < y < 0o
related to z with z = z. + |y|, where z. is a cutoff that will be sent to z. — 0 at the end.
Then, near the orbifold fixed point y = 0, A and ¢ behave as

Am Lol t o)
B~ ——log(ze + |yl) +log(4/d*)
2(d—1
oo 297D ), (3.10)
d—2
which lead to the discontinuity
1 2 2d—1) 2
AR =—r= =4 == 11
A= 5 @IS = 2 (3.11)
Using this and (2.31), we obtain
d d—1 -/ s ®
— logt —_ t 2= 12
T lortl®) = -\ [ >t (3.12)

Substituting this into (2.30), we can also fix the coefficient as

d—1

— /510
= —2de V2, (3.13)

Note that only for d = 3 the coefficient of ® in the exponent becomes integer.

,10,



Note that the tension (3.13) diverges at z = 0, since ® — —oo as z — 0. Indeed, the
d-dimensional theory obtained via the dimensional reduction is singular at z = 0. However,
this singularity is resolved in the original d + 1 dimensional theory. The situation is similar
to a D6-brane in type ITA string theory and its M-theory lift. Note also that although
the tension (3.13) is negative, the system is stable, since the AdS-soliton background is
believed to be stable. [27]

3.2 AdSg44; soliton x S™

It is straightforward to generalize the discussion in the previous subsection to the case
with n > 0. The D = d + n + 1 dimensional theory (2.1) admits an AdSg;; soliton x.S™
background with

r2 L? dr?

ds?p) = = (Muvdatda® + f(r)dr?) + e L2402 (3.14)
with
i
fr)y=1-"4, (3.15)
where y,v = 0,1,--- ,d — 2, and L, L and r, are positive constants. This metric takes
the form (2.3) with
7,,2 L2 ~
- - =172, 3.16
Wi=—17, W 250 W3 (3.16)

The configuration of the dilaton field ® and the metric (2.10) for the D — 1 = d + n
dimensional theory obtained via dimensional reduction along the 7 direction is obtained
from the relations (2.12)—(2.15) as

D—3)ad(r r
e(D=3)ad(r) _ ﬁf(r)’ (3.17)
1
. r2 D3 .2
) = (I/Qf(r)> 72> (3.18)

7“2 ~D-3
e2B() — <L2 f(r)) : (3.19)

2F(r) r? Py
e = ﬁf(r) L* (3.20)
where « is defined in (2.5). Then, near the tip of the cigar r = r;, ® and A behave as
1
b~ —— 1] 21
D -3 og f(r), (3.21)
1
A~ ————1] .22
55— o). (3.22)
with which (2.31) implies
d 1 D -2
—logt(P) = -\ ———  — [ — = 2
a5 st ) =~ 55, 2(D—3)’ (3:23)
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and

H®) xxe VP (3.24)
Substituting this to (2.30), we obtain

. D-2 g
HD) = —Zd%e Vs T (3.25)

3.3 ETW branes in type OA string theory

In this section, we consider AdS soliton backgrounds (AdS;-soliton xS7 and AdS;-soliton
xS%) in M-theory and take the dimensional reduction along the 7 direction. Such backgrounds
are obtained as supergravity solutions corresponding to M2 or M5-branes wrapped on a circle,
along which the anti-periodic boundary condition is imposed on the fermions. This theory is
conjectured to be dual to the type OA string theory, because supersymmetry is completely
broken by this boundary condition [24]. Correspondingly, the tip of the cigar in the AdS-
soliton in M-theory is expected to become ETW brane in type 0A string theory. The tension
of these objects can be calculated by using the results obtained in the previous subsection.

The low energy effective theory of M-theory is described by 11 dimensional supergravity,
in which the massless bosonic fields are the metric and a 3-form gauge field. The action is
given by (2.1) with D =11, n =4, d =6 and A = 0. The electromagnetic dual description
obtained by taking the Hodge dual of the 4-form field strength is D = 11, n =7 and d = 3.
It is known that it admits AdSy-soliton xS7 and AdS7-soliton xS* backgrounds with (2.16)
and (3.14). In both of these backgrounds, (2.5) implies a« = 1/6 and (3.17)—(3.20) become

o) 7“2 3/4
0 = (D)) (3.26)
1
. T2 8 1"2
A = (Lgf(r)> 2k (3.27)
_7
I ’ 3.28
=\ f) ] (3.28)
1
e2F(r) = <T2f(r)> P (3.29)
= . .
The tension (3.25) is
HD) = —zd%e—%q’, (3.30)

with d = 3 and d = 6 for AdSy-soliton xS” and AdS7-soliton xS* backgrounds, respectively.
Note that these results are for the Einstein frame. If we write the brane action (2.35)
in the string frame as
1
327Gy

S brane —

/d%\/—hst tee (P), (3.31)

where hg; is the determinant of the induced metric in the string frame (b3 = e=®/2hy),
the tension is
Tho _
ts(P) = —2d5e 3 (3.32)
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The peculiar dilaton dependence in (3.32) suggests that this ETW brane is a non-
perturbative object in type OA string theory. In fact, in perturbative string theory, the
scattering amplitudes depend on the dilaton as e X®, where y is the Euler characteristic
of the string world-sheet. Since the Euler characteristic x is given by x =2 —2g — b — ¢,
where g, b and ¢ are the number of handles, boundaries and crosscaps of the world-sheet,
respectively, x is at most 2 and it is not possible to realize t(®) ~ e3® found in (3.32) in
the perturbative expansion. This is not a contradiction, because our calculation is based
on M-theory description, which corresponds to the strongly coupled regime in string theory.
Note that the dilaton dependence e~3® has been observed, for example, in the tension of
the S-dual of a D7-brane in type IIB string theory.

4 The O8-D8 brane system

In section 2, we explained how to determine the tension of the ETW brane via bulk EOM
and boundary EOM. In this section, as a consistency check, we apply these methods to
a system with an O8-plane'® and D8-branes in type IIA string theory, and show that it
reproduces the correct value of the tension of these objects.

Let us consider type ITA string theory in R?x I, where I = [0, /] is an interval parametrized
by u, with an O8-plane at each boundary u = 0,¢ and 16 parallel D8-branes localized along
I.'' 'We place N D8-branes at v = 0 and 16 — N D8-branes at u = £. The corresponding
supergravity solution [29-31] in the Einstein frame reads

ds% = gMNddexN,
= H(u)1/877,wdx“dx” + H(u)”3du?

=: ezAanx“dx” + e*Bdu? (4.1)

(M,N = 0,1,---,9; y,v = 0,1,--- ,8) with

¢4 = H(u)'/3, (4.2)
B = H(u)"®, (4.3)
H(u) =a+ 9(;_[]\% (4.4)
and
e = goH(u)"7, (4.5)

where g5 is the string coupling constant, [, is the string length, and a is a constant. Below,
we set g5 = 1 for simplicity.

The interval I can be regarded as S'/Zs, where Zs is the orientifold action. Here, St is
parametrized by u € [—¢, +¢], where u = —¢ and u = +/ are identified, and the Zg acts on u
as u — —u. In this case, u in (4.4) is replaced with |u| and hence the derivatives of A, B

0Here, we consider a negative tension orientifold 8-plane called O8 -plane.
"This system is obtained as the T-dual of type I string theory and is also called as type I’ or type IA
string theory.
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and ® with respective to u have discontinuity at v = 0,¢. Then, substituting (4.3) and (4.5)
into (2.30) and (2.31), the tension ¢(®) for the ETW brane at u = 0 is obtained as
N=8 g,

Tl

H®) = (4.6)

This is the dilaton dependent tension of the O8-plane with N D8-branes at © = 0 in the
Einstein frame appeared in (2.35):

Sos-pg =

—35- GN/d%duFt( ), (4.7)

where the Newton constant G is given by

(27l4)3

G = 3272

(4.8)

Then, the action (4.7) reproduces the correct tension of the O8-plane and D8-branes in
the string frame:

= —(N - 8) Ths / Az e”®\/—hg, (4.9)

where Tpg = 1/((2m)8312) is the tension of the D8-brane and hs; is the determinant of the
induced metric on the ETW brane at u = 0 in the string frame.

We can also confirm that the boundary equations of motion are satisfied. The dilaton
EOM obtained from (2.48) is satisfied as

Oy ® 5) 25 N —85 2g _ 1dt

= ——HH i = 4.10
Jou 4 YT om, 1% T 2de (4.10)
Similarly, using the explicit expression for the extrinsic curvature
1 23 8—N z

K, =-—HH Tn, =——H in,,, 4.11
w16 Pl = o, e S

obtained from (2.39), the boundary EOM for the metric (2.45) can be checked as
Ku—Khy, =— I, H™ %60, =— 1, ei’e Uuu:_zt(q))huu:_sﬂGNTuw (4.12)

5 Conclusion and discussion

In this paper, we have considered the dimensional reduction of the cigar geometries, where
Euclidean time direction shrinks at the tip. The key observation was that the tip of the
cigar became an ETW brane after the dimensional reduction. To derive the tension of the
ETW brane, we used a trick to regard the ET'W brane as the fixed plane on a Z» orbifold.
We also gave another derivation of the tension using boundary EOM, which leads to the
same results. As a check of our calculation, we applied our methods to the O8-D8 brane
system and confirmed that the known value of the tension of the O8-plane with N D8-branes
is reproduced consistently.

— 14 —



In particular, we considered the AdS7-soliton xS* and the AdS-soliton xS7 backgrounds
in M-theory and took the dimensional reduction along the Euclidean time direction 7, which
is regarded as the M-theory direction x''. This theory is conjectured to be type 0A string
theory [24] with the ETW brane corresponding to the tip of the cigar of the AdS-soliton
geometry. We calculated the tension of the ETW brane by the above methods and found

that the tension is proportional to t(®) ~ e3¢

in the string frame in both cases. This
dilaton dependence does not appear in a perturbative expansion series with respect to the
string coupling constant, and hence it should be considered as a non-perturbative object
in string theory.

Although we mainly focused on the AdS-soliton geometries in the examples considered
in section 3, our methods can be applied to other cigar geometries. One interesting geometry
with the cigar structure is the Euclidean Schwarzschild black hole geometry where 7 is the
Euclidean time direction and rj, is the horizon. It would be extremely interesting if the ETW
brane obtained via the dimensional reduction play some role in the black hole thermodynamics.

As another possible application of the dimensional reduction of the cigar geometry, let
us make a few comments on a replica manifold in gravitational path integral [25] which have
been used for the derivation of the Ryu-Takayanagi formula in AdS/CFT [32, 33]. This is an
FEuclidean path integral and the replicated manifold can be described by the cigar geometry.
In general, the n-replicated manifold is related via holographic dual to the Rényi-n entropy
S, in CFT. This geometry is described by the cigar geometry with a cosmic brane with
tension T,, = % [26] at the fixed point of the replica symmetry. At this stage, our set up
and this geometry is quite different since in this case, it contains a co-dimension two cosmic
brane even in the background geometry (even before the dimensional reduction). However, we
can take the n — 0 limit and the replica manifold has a boundary at the position of the fixed
point of the Zy symmetry. In the gravity side, the co-dimension two cosmic brane reduces to
the co-dimension one ETW brane and the tension of the brane is fixed as Ty = — lim,,_.¢ ﬁ,
which has infinitely negative value as in our previous results. Although we naively analytically
continued the tension n — 0 here, we expect that this tension can be reproduced as in our
explicit calculation of dimensional reduction especially in AdSs case. For the CFT side, n — 0
limit of the Rényi entropy is called Hartly entropy Sy = log|.A|, where A is the dimension
of the Hilbert space of the subsystem (See [34] for a recent work on field theory analysis).
This is dual to the area of the cosmic brane and especially ETW brane for n — 0. Therefore,
we do not expect the tension of the brane itself is related with the dimension of the Hilbert
space, but it will be interesting to study in more detail along this direction.
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