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Collapse of vacuum bubbles in a vacuum
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We revisit the dynamics of a false vacuum bubble in a background de Sitter spacetime. We find that
there exists a large parameter space that allows the bubble to collapse into a black hole or to form a
wormhole. This may have interesting implications for the creation of a baby universe in the laboratory,
the string landscape where the bubble nucleation takes place among a plenitude of metastable vacua, and

the inflationary physics.
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I. INTRODUCTION

There has been a long interest in the study of the
dynamics of vacuum bubbles in different background cos-
mology [1-7]. Presumably, these bubbles may be formed
in the course of phase transitions in the early Universe or
arise from inhomogeneities generated by quantum fluctua-
tions during inflation. In fact, Ref. [8] explored the possi-
bility that a baby universe can be created in the laboratory
by producing a small bubble of false vacuum. In these
studies, the bubble is modeled as a spherically symmetrical
region of true or false vacuum which is separated by a
domain wall from the exterior world such as Minkowski,
de Sitter (dS), or Friedmann-Robertson-Walker spacetime.
The motion of the domain wall, which is analyzed under
the general-relativistic thin-wall approximation, character-
izes the global structure of the spacetime. For example,
dependent on initial conditions, an observer in the interior
will describe a inflating bubble universe while an observer
in the exterior will describe the bubble as a black hole.

Recently, the possibility of a string landscape [9] has
opened a new perspective on the vacuum bubble dynamics.
The string landscape is considered as a complicated poten-
tial energy function in a multidimensional moduli space
with a plentitude of local minima separated by barriers of
various heights. One of these minima corresponds to the
vacuum where our Universe exists today and the evolution
of the very early Universe is determined by the route
that the Universe has taken in the landscape. However, a
detailed mapping of the structure of the landscape is still
elusive.

In the string landscape, a local minimum is a metastable
de Sitter vacuum with a certain energy scale, nucleating
bubbles with lower vacuum energies within it. When nu-
cleation is taking place, various regions of the spacetime
are inflating in various de Sitter vacua, resulting in a very
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complicated global spacetime structure with a hierarchy of
vacuum bubbles separated by domain walls. Typically, the
height of the barrier between the vacua is of string scale,
so the nucleation rate in the landscape is expected to be
exponentially suppressed and far below the expansion rate
of the inflating region. Consequently, most parts of the
spacetime undergo eternal inflation, with some regions
occasionally settling to a landscape with a flat potential
that drives slow-roll inflation or to anti—de Sitter vacua
with a negative cosmological constant.

Development in the understanding of false vacuum de-
cay in the string landscape has recently been made. It was
found that under certain conditions the decay rates can be
greatly enhanced even for tall barriers due to resonant
tunneling in the presence of multiple vacua [10-12], due
to stringy effects such as tunneling via the Dirac-Born-
Infeld action [11,13], by an effect that facilitates giant
leaps in the landscape [14], or by having exponential
prefactors [15]. In light of this, it is possible that the
nucleation rate is comparable to the expansion rate of the
de Sitter phase and thus a few or even copious vacuum
bubbles may be nucleated within a Hubble radius. This
may lead to bubble collisions [16] with one of the domain
walls near our horizon, or the formation of black holes
and wormholes that induce new metric perturbation during
slow-roll inflation [17]. Furthermore, sampling the mul-
tiple vacua with shallow barriers by quantum fluctuations
during inflation may populate domain walls that may affect
the subsequent evolution of the Universe [18]. All of these,
though still speculative, may leave important observable
signatures of the string landscape.

In light of this, we reexamine the dynamics of a de Sitter
bubble in a background de Sitter spacetime. The bubble is
assumed as spherically symmetric and separated from the
background by a thin shell. Then we use Israel’s thin-shell
formalism [19] to glue the bubble to the background, as
was done in Refs. [1-4,6,8]. Although most of the global
structure of the spacetime has been categorized, the pa-
rameter space that we are interested in here has not been
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fully explored. Furthermore, the string landscape provides
a nontrivial condition on the spacetime geometry [20];
however, we will not utilize any property of the underlying
landscape on the parameter space but rather scan through
the parameters in a class of geometries.

The paper is organized as follows. In Sec. II, we review
Israel’s thin-shell formalism. In Sec. III, we derive the
equation that governs the motion of the shell and show
that in general the shell has peculiar velocity. In addition,
we briefly review the maximally extended coordinate sys-
tems of the de Sitter spacetime and the Schwarzschild-
de Sitter (SdS) spacetime. The evolution of the bubble is
discussed in Sec. IV and the numerical results are summa-
rized in Sec. V. Section VI is the conclusion. Here we
follow the sign convention and definitions in Ref. [21].

II. THIN-SHELL FORMALISM

To describe the behavior of the shell which divides the
spacetime into two regions M ™ and M, it is simplest
to introduce a Gaussian normal coordinate system in the
neighborhood of the shell. If we denote by X the timelike
(2 + 1)-dimensional spacetime hypersurface in which the
shell lies, we can introduce (2 + 1)-dimensional coordi-
nates x' = (7, x2, x3) on 3, where i runs from 1 to 3. Here 7
is the proper-time variable that would be measured by an
observer comoving with the shell. In the Gaussian normal
coordinate system, a geodesic in a neighborhood of X,
which is orthogonal to X, is taken as the third spatial
coordinate denoted by 7. Thus, the full set of coordinates
is given by x* = (x/, 7). We can take x> = 6 and x> = ¢
in the case of a spherically symmetric shell. Then the
metric can be written as

ds®> =dn®> + gl-jdxidxj. (H

We introduce an unit vector field £#(x) which is normal to
1 = const hypersurfaces and pointing from M~ to M*.
The induced metric on the hypersurface 2 can then be
written as

h,uv = g,uv - f,u,é:u (2)
In the Gaussian normal coordinates,
40 = &,(x) = (0,0,0, 1). 3)

The Gaussian normal coordinate system is suitable for
the Gauss-Codazzi formalism [21] in the neighborhood of
3, with the coordinate 7 orthogonal to the slices near X..
The extrinsic curvature is defined by

K;; = ‘fi;j’ “)
or equivalently

It is evident that K;; is a symmetric three-tensor.
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The Einstein equations are
R,, — 38, ,R =87GT,,, (6)

where R v is the Ricci tensor, R is the Ricci scalar, and
T,, is the matter energy-momentum tensor. In addition,
the energy-momentum conservation law implies

", =0, )

where the semicolon represents the four-dimensional co-
variant derivative. Assuming that the energy-momentum
tensor only has d-function singularity on the shell, one can
rewrite it in terms of Gaussian normal coordinates as

Ty» = S,,(x")8(n) + (regular terms), (8)

where S, is the surface stress-energy tensor of the shell.
Adopting the thin-shell formalism [19], we can rewrite
the Einstein equations and the energy-momentum conser-
vation law as

[Ki] = —87G(Si — 15S), )
S{lj +[1T7] =0, (10)

and
{Ki}Si = [T7] =0, (11)

where {K;;} = %(K; +K;;), [A]=A" —A~ for any
quantity A, and a subscript vertical bar denotes the three-
dimensional covariant derivative.

By the symmetry analysis and the energy-momentum

conservation law [2], we have
SHY = g(r)U*U” — {(7)(h*” — U*U?), (12)

where U* = (1,0, 0,0) is the four-velocity of the shell
in the Gaussian normal coordinates. Here o and { are the
surface energy density and the surface tension of the shell,
respectively. In the case of a spherically symmetric shell,
the induced metric on the shell can be written as

ds’|s = —d7* + r*(1)dQ?, (13)
where r(7) is the proper circumferential radius of the shell.
Equation (10) then reduces to

o=-20-0", (14)
r

where the overdot denotes a derivative with respect to 7.
Using the thin-shell approximation and the underlying
field-theoretical dynamics of the scalar field which com-
prises the shell [1], one can show that { = o. From
Eq. (14), it follows that ¢ = 0. Thus, Eq. (12) reduces to

SHV = —aht, (15)

where o is a constant independent of 7. By combining
Eq. (9) with Eq. (15), one finds
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K;(.fM*) — K;(.'Mf) = —4770'G5.‘]'-. (16)

III. JUNCTION CONDITIONS
For the system under consideration, we have

ro— {—(A1/87TG)gW interior of the shell,

wv —(A,/87G)g,, exterior of the shell, a7

where A; and A, are the cosmological constants of the
shell interior and exterior, respectively. For convenience,
we will consider positive values for both A; and A, in the
following. At the end, we will extend the results for nega-
tive A; and A,.

From the Birkhoff theorem, we can easily write down
the most general O(3)-symmetric solutions to the Einstein
equations for a region of spacetime with a nonvanishing
cosmological constant. They are the dS and SdS space-
times. Thus, the metrics of the interior and exterior space-
time in the static coordinate system are

dsi = —F.(r)d* + FZ'(r)dr* + r*dQ?, (18)
where

Fo(r)= 1— xir? interior spacetime,
- 1 —2MG/r— x3r* exterior spacetime.

19)

Here M is an as yet undetermined parameter, X% =A,/3,
X3 =A,/3, and dQ? = d6> + sin’0d¢p>. The corre-
sponding #-6 components of the extrinsic curvatures of
>, as it is embedded into the de Sitter and Schwarzschild-
de Sitter spacetimes, can be easily calculated in the static
coordinates by a standard recipe [1,2,19]. They are

Kgp =rBas,  K53° = rBsas, (20)
where

Bas = (1 = xir? + i)'/, (21)

Bsas = *(1 = 2MG/r — x3r* + M2 (22)

Substituting Eq. (20) into Eq. (16), we obtain the equation

of motion of the shell,
s XA MG+ x5 — xD) | MPG?
41 K’r

oL @)

where
k=47Go =0 24)
and
x: =107+ x3 = X3 + 2rx2) 12 (25

It is perhaps impossible to analytically solve Eq. (23).
However, the asymptotic behavior of r is easily obtained.
We have
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exp(x27/2k) as r— oo,

r(r) o (LKGT)V 3 (26)

as r— 0.

Now we are going to show that the shell is not static
relative to an observer using the comoving coordinates.
Since the Schwarzschild-de Sitter spacetime approaches
the de Sitter spacetime asymptotically, it serves our pur-
pose by simply using its asymptotic form. For a de Sitter
spacetime, the transformation between the static coordi-
nates (f, r) and the comoving coordinates (7, 7) is well
known, given by [22]

_ 1
f=1t+—In]l1 — ¥’ F=re X|l— )(2r2|’l/2,
2x

(27)

where we have temporarily suppressed the subscript of y
for convenience. From the viewpoint of an exterior ob-
server in the asymptotic region, the proper circumferential
radius r is related to the comoving radius 7 by
r
r=—:, 28

where a(f) = exp(x,7) is the scale factor of the exterior
spacetime. The proper-time rate of change of 7 is

(df) = xar(l = )3+ )2
dTt)sas all = x3r2|

: (29)

where a is now given as a function of 7. Compared with
Eq. (23), we find that in general d7/d7 # 0, i.e., the shell
cannot be evolving with a fixed comoving scale. Similarly,
the proper-time rate of change of 7 is

dr (1= X%rz + #2)1/2 — XarF

(E)Sds B 1 — x3r% '

Using dr/di = (dr/dt)/(di/dr) and Eq. (23), we have
2K X

(Z;)s(is - ail(t—)[l i (W)z]_l/z’ 31)

as r — 0o, On the other hand, from the viewpoint of an
interior observer, we can repeat the above arguments and
obtain

dr 2 27-1/2
(—f) —>a_1(f)|:1 +(72 iy 2) ] . (32
dt)as K°—x1t Xx3

as r— oo. Hence, the necessary condition for a shell
moving with a fixed comoving scale is

&> = |xi — xl. (33)

This means that the surface energy density of the shell
has to compensate the difference of the vacuum energy
densities across the shell. Moreover, the shell cannot be
comoving with respect to both observers simultaneously.
Note that if k = 0, the shell will become null.

(30)
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Before solving the evolution of the bubble, we should
address some issues regarding the topological structure
of the spacetime. First, there is a sign ambiguity in the
expression of the extrinsic curvature (21) and in Eq. (22)
as well. Moreover, in the static coordinate system, there
exist coordinate singularities at the event horizon, which
are indeed caused by a poor choice of coordinates.
Nevertheless, the sign of the extrinsic curvature and the
physical interpretation are manifest when it is expressed in
terms of the Kruskal-like maximally extended coordinates.

The Gibbons-Hawking maximally extended coordinate
system (v, u, 0, @) for the de Sitter spacetime is well
known [1,23], and it is related to the static coordinate
system for r < y~! by

1— 1/2
u= ( )(r) cosh(x?),
1+ xr

1 — 1/2
v= ( )(r) sinh(y7).
1+ xr

The new metric is given by
ds?> = x2(1 + yr)*(=dv? + du®) + r*dQ?, ~ (34)

where 7 is a function of u and v given by

= u* — v-. (35)

The metric (34) can be maximally extended over the entire
u-v plane, subject to the constraint |u?> — v?| < 1. The
coordinate system then covers the entire de Sitter space-
time. In terms of the Gibbons-Hawking maximally ex-
tended coordinate system, we can rewrite S4g as

Bas = —xi ' (1 + x1r)*(uv — vir). (36)

In the case of the Schwarzschild-de Sitter spacetime,
the maximally extended coordinates was first derived by
Bazanski and Ferrari [24]. Unlike the Schwarzschild or
the de Sitter spacetime, the entire Schwarzschild-de Sitter
spacetime cannot be covered by a single coordinate patch.
This arises due to the fact that there exist both black-hole
and cosmological event horizons.

Recall that the Schwarzschild-de Sitter metric is
given by

ds? = —F(r)df* + F-X(ndr?* + r*dQ?, (37)
where

2GM
F(r)=1—-"—— x*r. (38)
r
The location of the horizon in the Schwarzschild-de Sitter
spacetime can be found by solving the equation

F(r)=0. (39)

We define an extremal mass by M., = 1/(+/27 xG), which
turns out to be a relevant mass scale in our analysis. When
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M > M., Eq. (39) has no positive root and hence there
does not exist any horizon. In the case of 0 <M < M,,,,
there are two positive roots, rg and rc (rg < rc), which
satisfy

r%l + rgre + }% = X_2 (40)
and
rurc(ry + re) = 2M 2. (41)

When M = M., two positive roots become identical.
We define the quantities 8y and &¢ for future use by

"n rc
Sy = . Se=- L@
-3y, T Tien @

The coordinate patch which can be maximally extended
to cover the entire neighborhood of the black-hole horizon
is given by

Y= [(r —rg)(r+ryg + rc)’“‘l]l/z COSh(;)

(rC - r)" 26H
_ [(r —rg)(r +rg + rC)X_I]I/Z i h(L)
v (e — 25

where ry < r <rc and x = 8¢/8y. The new metric is
given by

ds? = 4)(25[2_[(rc — )"+ ry + re)? N (—dv? + du?)
+ r?dQ?, (43)
where 7 is a function of u# and v given by

— x—1
(r rH)((: +_r];);|- rc) = yu? — 2 (44)
C

The metric (43) can be maximally extended over the entire
u-v plane, subject to the constraint

u? — 2> —rgre*(rg + re) L (45)

The coordinate system then covers the entire neighborhood
of the black-hole horizon in the Schwarzschild-de Sitter
spacetime.

Similarly, the coordinate patch which can be maximally
extended to cover the entire neighborhood of the cosmo-
logical horizon is given by

u= cosh(=—),
(r = r)*(r + ryg + re)' "0 26¢

[ (rc —r) ]1/2 sinh( t )
v= — ),
(r = re)"*(r + rg + o)~/ 26¢

for ry < r = rc. The new metric is given by

ds? = 4x*8%(r — r)" TV (r + ry + 1)
X (—dv? + du?) + r*dQ?, (46)

where r is a function of u and v given by
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rec — r
(r— rH)l/x(r + g+ rc)lf(l/x) —u

2 -2 47
The metric (46) can be maximally extended over the entire
u-v plane, subject to the constraint

u* — vt >—1. (48)
|

Bsas = {

IV. EVOLUTION OF THE BUBBLE

To discuss the evolution of the bubble and the corre-
sponding spacetime structure, we now introduce the di-
mensionless variables

3 2
3 _T r— X+T
=, = , 50
z 7 T 5 (50)
where
2MG
rg = 2 (51)
+
Equation (23) can be rewritten as [1-4]
dz \?
(ﬁ) + V(z) = E, (52)
where
1\2 v?
V() = —(z - —2) -X (53)
Z Z
4 2
E= oD
QGM)*5
and
24 02— 2
y2 = 2[1 + %] (55)
+

Note that 0 =< y? < 4. The equation of motion is equiva-
lent to that of a classical particle moving in one dimension
subject to the potential V(z). The asymptotic behaviors of
the potential V(z) are V(z) ~ —1/z* for small z, and
V(z) ~ —2z* for large z. One can show that d’V/dz> <0
for all z and V(z) has one maximum at z,,, where

o =H8+ (1= ¥2/222 = (1= ¥*/2)}.  (56)
The maximum value of the potential is given by

3z, — 1
Vz,) = — % 57)

In terms of the new variables, we can also rewrite 845 and
Bsas as

2x50u(re — )" (r + g + re)* T (uv — vin)
—2x38c(r — r) TV + ry + r0)> Y (uv — vir)  for cosmological horizon.
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The coordinate system then covers the entire neighborhood
of the cosmological horizon in the Schwarzschild-de Sitter
spacetime.

In terms of the Bazanski-Ferrari maximally extended
coordinate system discussed above, we can rewrite

Bsas as

for black hole horizon, (49)

pam ([ ()]

rok/ z X3
and
GM\ 1 K2+ ,\/2 — ,\/2
Bsas = (2—)—2[1 - (—21 2>z3]. (59)
rok/ z X

If k2 < x} — x3, then Bys will change sign at z = zgs,
where

2 1/3
4SS 2) . (60)

ZdS=<—
X —x3 -«

If k* > x3 — x3, then Bggs will change sign at z = zggg,
where

2
X5 173
Z =\ . 61
545 (K2 X% X%) ( )

In case of both B35 and Bgyg changing sign, since

Z 212 1/3
s (1 + %) =1, (62)
2sds X1~ Xy~ K

it follows that z45 = zgqs and the equality holds for k = 0.
The location of the horizon in the Schwarzschild-
de Sitter spacetime is determined by the equation,

2GM
1 ———— x5’ =0, (63)
r

and in terms of the dimensionless variables, it can be
written as

p () (),
Xi/lz U xi
1 24,2 .2 12
=V(z) + 7[1 — (Lzlb)f] . (64)
z X+
This curve is tangent to V(z) at z = zgqs. Similarly,
the location of the horizon in the inner de Sitter spacetime
is given by the equation, 1 — y7r? = 0, which can be
written as
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4%y
- (e

— V(o) + %[1 - (W)f]z. (65)

This curve is tangent to V(z) at z = z4g.

V. NUMERICAL RESULTS

The system has four mass scales: x;, x2, «, and M,
which are treated as free parameters in the present consid-
eration. In the context of string landscape, y; and y, are
given by the cosmological constants of the local minima,
and « can be calculated as long as the profile of the
potential barrier between the minima is known. The initial
conditions of the nucleated bubble determine the value of
M. So far, we have assumed positive cosmological con-
stants. For negative ones, the derivations in the previous
section still hold after making the change: y> — —x%. A
general discussion of the system has been given in Ref. [3],
but there lacks details about the parameter space that we
are concerned here. In Ref. [6], the authors considered
X1 > X2 >0 only. In Ref. [4], only a small « was consid-
ered in the context of quantum fluctuations during infla-
tion. In the following, we will follow the methodology in
Ref. [4] that is suited to our purposes.

The plots of the curves of V(z) in Eq. (53) and the event
horizons in Egs. (64) and (65) are shown in Fig. 1 and 2,
for a representative case using y; = 3.0, y, = 2.9, and
x = 0.7375, in units of an arbitrary mass scale. Also drawn
are four horizontal lines each of which denotes the value
of E corresponding to the Schwarzschild mass M given in

0.0

. -10.0
a
=~
-20.0
0.5 1 15 2i5 315 415
<
FIG. 1. The graph of V(z) (solid line), de-Sitter (dashed line),

and Schwarzschild-de-Sitter (dotted line) horizon lines for
X1 =3.0, x, =29, and k = 0.7375 (in unit of a mass scale)
are shown. Long-dashed horizontal lines denote the values of E
corresponding to M., M .x, Msgs, and Mg, respectively.
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-1.0 T
r ‘~\\\\\ Mexl
\\\ Mmax
2.0+ NN .
N
—~
i
>~ - __ N Mgy
-3.0 - 1
-4.0 . .
0.5 1.0 1.5 2.0
Z

FIG. 2. A blow-up graph of the upper-left region around the
peak of the potential in Fig. 1 is shown.

. - S _—
R1 R6
7 v
) D
e
R2a
A
N l )

R4a

Rab '
R5a
R5b R10

FIG. 3. Penrose diagrams representing the motion of the bub-
ble wall in the interior de Sitter spacetime (left) and the exterior
Schwarzschild-de Sitter spacetime (right) are shown. The dia-
grams having the same exterior but different interior geometries
are classified in the same category with an additional suffix.
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Eq. (54). M., is the extremal mass, M, = V(z,,),
Mggs = V(zsqs), and Mys = V(zgs)-

Figure 3 shows the global geometry of the spacetime
represented by Penrose diagrams. In each category, the
left side is the de Sitter spacetime and the right side is
the Schwarzschild-de Sitter spacetime. The dashed or
solid curves with arrows denote the trajectories of the
bubble wall as seen by the observers on both sides. The
Schwarzschild-de Sitter spacetime in the first three cate-
gories on the left column does not have event horizons.
For examples, the dashed line in the diagram labeled
by R6, R7a, R7b, R9a, R9b, or R10 denotes the formation
of a black hole. The dashed line in the diagram labeled
by R5a, R5b, R8a, or R8b denotes the formation of a
wormbhole.

‘ T
0.40 R1 \ R2a E
VS
1 \\
R3 } !’, AN Rb5a
0.30 Fereeen, — | ij'l ST 4
e | {1 SN
N | i‘,‘\ \*::\ -
= | {1 R7a Ny
O \ \;,‘ R84
S 020+ Ak 1
N Yol R9a
iV
il
R6 i‘.;l'
i
0.10 | |' 4
1
0.00 1 |
0.0 1.0 2.0 3.0

X/%;

FIG. 4. The phase-space diagram of the bubble wall dynamics
under the constraint 2 = |y3 — x3| is shown. The boundaries
separating different phases are M., (solid line), M,,,, (dotted
line), and Mg4g (dashed line).

0.40 - R2a 4
R5a __..=EF '\ /" %%e..  Rb5a
o ST
Wi \\ R4a f1 ST
"\ N ™
030 FRéa W/ Réd
AN
~ t R7a 1} i‘l R7a
3 W
)
S o020f wh 1
N i
R9a || " R9a
(]
13
0.10 - [H] 4
[H]
|}
000 1 1 1 1
0.9997 0.9998 0.9999 1.0000 1.0001 1.0002 1.0003
X%

FIG. 5. The same as Fig. 4 but for k> = 10*|x? — x3I.
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‘ T
R1 | R2b
0.40 F | 1
| R4b T R5b
| / ~
0.30 } e
. -/
X |
S y
S 0.20 + R3 } f R10 1
I
]
0.10} i ]
If
If
i
0.00 1 .
0.0 1.0 2.0 3.0

XX

FIG. 6. The same as Fig. 4 but for > = 1074 y? — x3|. The
boundaries separating different phases are M., (solid line),
overlapping with M, and Mgy, and Myg (dotted line).

We then identify the domain of the dimensionless pa-
rameter space (2MG x,, x1/x») that falls into the same
category, for three representative values of  given by k> =
Ixi = x3l, k2 = 10*1x7 — x3l, and & = 10~*|x{ — x3l.
Given a set of values of 2MG x», x1/x2), both V(z) and E
are fixed and the motion of the bubble wall is determined.
The phase-space diagrams are drawn in Figs. 4-6, respec-
tively, in which the boundaries separating different phases
correspond to the masses defined in Fig. 1.

VI. CONCLUSION

The global structure of the spacetime describing a vac-
uum bubble in a background vacuum has been studied
using the general-relativistic thin-wall formalism. In this
work, the dynamics of the bubble wall is controlled by the
cosmological constants on both sides and the surface en-
ergy density of the domain wall. We have scanned through
the three parameters in a class of geometries and found that
there exists a large parameter space that allows the bubble
to collapse into a black hole or to form a wormhole.

Recent observations indicate that our Universe may be
coasting to a de Sitter space. The parameter space that we
have considered includes the environment for the creation
of a baby universe in the de Sitter background. Also, our
results would be useful to the study of the bubble dynamics
in the string landscape. To investigate the formation rate of
black holes and wormholes in the string landscape is an
interesting problem. We speculate that while slow-roll
inflation is taking place along a flat plateau in the string
landscape, black holes or wormholes are being produced
by bubble nucleation with lower vacuum energies. If the
formation rate is significant compared to the expansion rate
of the inflation, this may have relevant effects on metric
perturbation and may leave an observable signature of the
string landscape scenario.

043512-7



KIN-WANG NG AND SHANG-YUNG WANG

ACKNOWLEDGMENTS

The authors would like to express their thanks to H.-C.
Kao, M. Kleban, S.-Y. Lin, Y. Sekino, and L. Susskind for
helpful discussions. This work was support in part by the

(1]
(2]
(3]

[4]
(5]

(6]

(71

(8]

(9]

PHYSICAL REVIEW D 83, 043512 (2011)

National Science Council, Taiwan, ROC under Grants

No.

NSC 98-2112-M-001-009-MY3 (K.W.N.) and

No. NSC 99-2112-M-032-001-MY3 (S. Y. W.).

S.K. Blau, E.I. Guendelman, and A.H. Guth, Phys. Rev.
D 35, 1747 (1987).

V. A. Berezin, V. A. Kuzmin, and I. I. Tkachev, Phys. Rev.
D 36, 2919 (1987).

A. Aurilia, M. Palmer, and E. Spallucci, Phys. Rev. D 40,
2511 (1989).

Y. Nambu, Phys. Lett. B 323, 13 (1994).

R. V. Konoplich, S.G. Rubin, A.S. Sakharov, and M. Yu.
Khlopov, Phys. At. Nucl. 62, 1593 (1999).

A. Aguirre and M. C. Johnson, Phys. Rev. D 72, 103525
(2005).

W. Fischler, S. Paban, M. Zanic, and C. Krishnan, J. High
Energy Phys. 05 (2008) 041; D. Simon, J. Adamek, A.
Rakic, and J. C. Niemeyer, J. Cosmol. Astropart. Phys. 11
(2009) 008.

E. Farhi and A. H. Guth, Phys. Lett. B 183, 149 (1987); E.
Farhi, A.H. Guth, and J. Guven, Nucl. Phys. B339, 417
(1990).

S. Kachru, R. Kallosh, A. Linde, and S.P. Trivedi, Phys.
Rev. D 68, 046005 (2003); L. Susskind, arXiv:hep-th/
0302219; S. Kachru, R. Kallosh, A. Linde, J.
Maldacena, L. McAllister, and S.P. Trivedi, J. Cosmol.
Astropart. Phys. 10 (2003) 013.

S.H. Tye, arXiv:hep-th/0611148; S. H. Tye and D. Wohns,
arXiv:0910.1088.

S. Sarangi, G. Shiu, and B. Shlaer, Int. J. Mod. Phys. A 24,
741 (2009).

[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
(20]
[21]

[22]

(23]

[24]

043512-8

D. Podolsky, J. Majumder, and N. Jokela, J. Cosmol.
Astropart. Phys. 05 (2008) 024.

A.R. Brown, S. Sarangi, B. Shlaer, and A. Weltman, Phys.
Rev. Lett. 99, 161601 (2007).

A.R. Brown and A. Dahlen, Phys. Rev. D 82, 083519
(2010).

J.L. Feng, J. March-Russell, S. Sethi, and F. Wilczek,
Nucl. Phys. B602, 307 (2001).

S. Chang, M. Kleban, and T. S. Levi, J. Cosmol. Astropart.
Phys. 04 (2009) 025.

H.-T. Cho, K.-W. Ng, and [.-C. Wang, arXiv:0905.2041
[Classical Quantum Gravity (to be published)].

H. Davoudiasl, S. Sarangi, and G. Shiu, Phys. Rev. Lett.
99, 161302 (2007).

W. Israel, Nuovo Cimento B 44, 1 (1966); 48, 463
(1967).

B. Freivogel, G.T. Horowitz, and S. Shenker, J. High
Energy Phys. 05 (2007) 090.

C. W. Minser, K. Thorne, and J. A. Wheeler, Gravitation
(Freeman, San Francisco, 1973).

N.D. Birrell and P.C.W. Davies, Quantum Fields in
Curved Space (Cambridge University Press, Cambridge,
1982).

G. W. Gibbons and S. W. Hawking, Phys. Rev. D 15, 2738
(1977).

S.L. Bazanski and V. Ferrari, Nuovo Cimento B 91, 126
(1986).


http://dx.doi.org/10.1103/PhysRevD.35.1747
http://dx.doi.org/10.1103/PhysRevD.35.1747
http://dx.doi.org/10.1103/PhysRevD.36.2919
http://dx.doi.org/10.1103/PhysRevD.36.2919
http://dx.doi.org/10.1103/PhysRevD.40.2511
http://dx.doi.org/10.1103/PhysRevD.40.2511
http://dx.doi.org/10.1016/0370-2693(94)00034-4
http://dx.doi.org/10.1103/PhysRevD.72.103525
http://dx.doi.org/10.1103/PhysRevD.72.103525
http://dx.doi.org/10.1088/1126-6708/2008/05/041
http://dx.doi.org/10.1088/1126-6708/2008/05/041
http://dx.doi.org/10.1088/1475-7516/2009/11/008
http://dx.doi.org/10.1088/1475-7516/2009/11/008
http://dx.doi.org/10.1016/0370-2693(87)90429-1
http://dx.doi.org/10.1016/0550-3213(90)90357-J
http://dx.doi.org/10.1016/0550-3213(90)90357-J
http://dx.doi.org/10.1103/PhysRevD.68.046005
http://dx.doi.org/10.1103/PhysRevD.68.046005
http://arXiv.org/abs/hep-th/0302219
http://arXiv.org/abs/hep-th/0302219
http://dx.doi.org/10.1088/1475-7516/2003/10/013
http://dx.doi.org/10.1088/1475-7516/2003/10/013
http://arXiv.org/abs/hep-th/0611148
http://arXiv.org/abs/0910.1088
http://dx.doi.org/10.1142/S0217751X09042529
http://dx.doi.org/10.1142/S0217751X09042529
http://dx.doi.org/10.1088/1475-7516/2008/05/024
http://dx.doi.org/10.1088/1475-7516/2008/05/024
http://dx.doi.org/10.1103/PhysRevLett.99.161601
http://dx.doi.org/10.1103/PhysRevLett.99.161601
http://dx.doi.org/10.1103/PhysRevD.82.083519
http://dx.doi.org/10.1103/PhysRevD.82.083519
http://dx.doi.org/10.1016/S0550-3213(01)00097-9
http://dx.doi.org/10.1088/1475-7516/2009/04/025
http://dx.doi.org/10.1088/1475-7516/2009/04/025
http://arXiv.org/abs/0905.2041
http://dx.doi.org/10.1103/PhysRevLett.99.161302
http://dx.doi.org/10.1103/PhysRevLett.99.161302
http://dx.doi.org/10.1007/BF02710419
http://dx.doi.org/10.1007/BF02712210
http://dx.doi.org/10.1007/BF02712210
http://dx.doi.org/10.1088/1126-6708/2007/05/090
http://dx.doi.org/10.1088/1126-6708/2007/05/090
http://dx.doi.org/10.1103/PhysRevD.15.2738
http://dx.doi.org/10.1103/PhysRevD.15.2738
http://dx.doi.org/10.1007/BF02722226
http://dx.doi.org/10.1007/BF02722226

