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Open in�ation is a cosmological scenario in which the universe is a vacuum bubble nucleated from false vacuum decay and
a period of in�ationary expansion followed in the nucleated bubble. This scenario is currently receiving renewed interest
in the context of the string theory landscape. Since there are a large number of metastable de Sitter vacua in the string
landscape, tunneling from one vacuum to another occurs frequently through the bubble nucleation and open in�ation is
naturally realized. We argue that though the universe appears to be very �at, a small deviation of Ω0 from unity can
make the e�ect of tensor-type perturbations on the large angle CMB anisotropy signi�cant. Thus we are already testing
the string landscape against observations.
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1 Introduction

Open in�ation is attracting a renewed interest in
the context of the string theory landscape [1�4]. Since
there are a large number of metastable de Sitter vacua
in the string landscape, tunneling transitions between
metastable vacua through the bubble nucleation occur
frequently, and one of those transitions from a high
energy false vacuum to a lower energy vacuum might
have lead to our universe. If we assume our universe
has been born out of bubble nucleation, then our uni-
verse must have gone through an era of in�ation after
that transition. Since the geometry inside the bubble
is a spatially homogeneous and isotropic universe with
negative spatial curvature, that is, an open universe,
this gives a natural realization of open in�ation [5�7].

Although the deviation of Ω0 from unity is small
by the observational bound [8], we argue that the ef-
fect of this small deviation on the large angle CMB
anisotropies can be signi�cant for tensor-type pertur-
bation in open in�ation scenario [9].

We consider the situation in which there is a large
hierarchy between the energy scale of the quantum tun-
neling and that of the slow-roll in�ation in the nu-
cleated bubble. If the potential just after tunneling
is steep enough, a rapid-roll phase appears before the
slow-roll in�ation. Then the power spectrum is basi-
cally determined by the Hubble rate during the slow-
roll in�ation. Nevertheless, depending on the model
parameters, the power spectrum can keep the mem-
ory of the previous high energy density false vacuum
in the infrared region, and this e�ect can a�ect the
large angular components of CMB signi�cantly. In
other words, though the deivation of Ω0 is small, say
1− Ω0 = 10−2 ∼ 10−3, there are models in which this
small deviation is large enough to produce measurable
e�ects.

2 Open in�ation

We consider false vacuum decay in a system consist-
ing of a minimally coupled scalar �eld, φ with Einstein
gravity. The action is given by

S =

∫ √
−gd4x

[
1

2κ
R− 1

2
gµν∂µφ∂νφ− V (φ)

]
, (1)

where κ = 8πGN , or the inverse of the Planck mass
squared; κ = M−2

pl . An O(4)-symmetric bubble nucle-
ation is described by the Euclidean solution (instan-
ton) [10,11]. The metric is given by

ds2 = a2
E

(
dη2
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E + sin2 χEdΩ2
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, (2)

and the background scalar �eld is denoted by φ =
φ(ηE). The Euclidean equations are given by(
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φ̈+ 2
ȧE

aE
φ̇− V ′(φ)a2

E = 0 , (5)

where the prime represents di�erentiation with respect
to ηE.

The background geometry and the �eld con�gura-
tion in the Lorentzian regime are obtained by the ana-
lytic continuation of the instanton. The coordinates in
the Lorentzian regime are given by

ηE = ηC = −ηR −
π

2
i = ηL +

π

2
i , (6)

χE = −iχC +
π

2
= −iχR = −iχL , (7)

aE = aC = iaR = iaL . (8)

The Penrose diagram for this open universe is pre-
sented in Fig. 1.
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Figure 1: The Penrose diagram of a universe with bubble nucleation. The region R is an open universe inside the bubble,

which corresponds to our universe.

Figure 2: The evolution inside the bubble for an exponential type potential model.

After tunneling, the scalar �eld starts to roll down
the potential. If the vacuum energy of the false vac-
uum is high, as expected in the string theory land-
scape, there will be a phase during which the scalar
�eld rolls down rapidly. This rapid roll phase will end
when the energy scale becomes su�ciently low and a
slow-roll phase commences which should last just about
50 to 60 e-folds, to make our universe slightly open,
1− Ω0 = 10−2 ∼ 10−3.

To study the �eld dynamics inside the bubble, it is
useful to recall the identity,

d ln ρφ
d ln aR

= −3 (1 + wφ) , (9)

where ρφ = φ̇2/2 +V , pφ = φ̇2/2−V and wφ ≡ pφ/ρφ.
The asymptotic boundary conditions at the nucleation
point are given by

aR(t) = t , φ̇(t) = −V
′(φ∗)

4
t . (10)

Thus, we have

1 + wφ = O
(
φ̇2

V

)
= O

(
ε∗H

2
∗ t

2
)
. (11)

where we have introduced the `slow-roll parameter,'

ε ≡ 1

2κ

(
V ′

V

)2

, (12)

and ε∗ = ε(φ∗) and H
2
∗ ≡ κV (φ∗)/3.

As an example, the evolution of various quantities
inside the bubble for a potential of the form,

κ

3
V (φ) =

(
H2
∗ −H2

R

)
exp
[√

2κε∗ (φ− φ∗)
]

+H2
R , (13)

whereH∗ � HR, is shown in Fig. 2, where the constant
term H2

R is added to realize slow-roll in�ation after the
rapid-roll phase. Namely, ε(φ) ∼ ε∗ for φ � φ∗ and
ε(φ)� ε∗ for φ� φ∗.

As seen from this �gure, during the rapid-roll phase
there is a tracking behavior for ε∗ & 1. In particular,
for ε∗ = O(1), the scalar �eld energy dominates over
the curvature term during the rapid-roll phase. As dis-
cussed later, this makes all the perturbations existed
at the time of nucleation to be e�ectively frozon until
the subsequent slow-roll phase. In short, the memory
of the previous false vacuum remains in the spectrum
of perturbations inside the bubble if ε∗ = O(1).
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3 Tensor spectrum in the landscape

The tensor spectrum in the bubble universe may be
calculated following the method developed in [12, 13].
The important point is that it re�ects both the proper-

ties of the tunneling and the evolution inside the bub-
ble. More speci�cally there are e�ects from the �uctu-
ations of the bubble wall and the evolution during the
rapid-roll phase inside the bubble.

Figure 3: The tensor-type power spectrum for the

exponential-type potential, Eq. (13). For comparison, we also

plot the plain de Sitter vacuum spectrum by the thin gray line.

Figure 4: The CMB angular power spectrum from the tensor

type perturbations for the exponential-type potential, Eq. (13).

The e�ect of the bubble wall �uctuations was dis-
cussed more than a decade ago [14], where it was found
that the infrared part of the spectrum is dominated by
the wall �uctuations if the wall is su�ciently soft, that
is, if the wall tension is small, ∆s = κS1/2H∗ � 1,
where S1 is the wall tension. In other words, models
that would yield too soft tension of the wall are already
excluded from the current observational data.

Here we focus on the e�ect of the evolution in-
side the bubble. The resulting spectrum for the po-
tential (13) is shown in Fig. 3. The solid curves are,
from top to bottom, the spectrum with ε∗ = 0.5, 0.8,
1, 10, 102 and 104. The contribution from the wall
�uctuation mode is assumed to be negligible. As seen
from this �gure, it is clear that the infrared part of
the spectrum is enhanced substantially for ε∗ = O(1).
This means that the memory of the large vacuum �uc-
tuations associated with the high vacuum energy right
after the tunneling is preserved if ε∗ = O(1) and can

a�ect the observable part of the spectrum unless 1−Ω0

is extremely small.

4 CMB temperature anisotropy

We translate the spectrum for tensor-type per-
turbation obtained in the preceding subsection into
CMB temperature anisotropies, following the method
given in Ref. [14]. The large-angle CMB temperature
anisotropies due to tensor-type perturbation can be
simply evaluated by the Sachs-Wolfe formula [15],

∆T

T
(n̂) = −1

2

∫ η0

ηLSS

dη δg′ij
(
η, xi(η)

)
n̂in̂j , (14)

where η0 and ηLSS, respectively, denote the conformal
time at the present epoch and that at the last scatter-
ing surface, n̂i is the unit vector along the observer's
line-of-sight and xi(η) = (η0−η) n̂i represents the pho-
ton trajectory.

The CMB multipole moments for the tensor type
perturbations for the exponential-type potential (13)
are shown in Fig. 4. The parameters are ε∗ = 0.5,
0.8, 1, 10 and 102. Again for simplicity, the e�ect of
the wall �uctuations is neglected. We see that the ten-
sor CMB angular power spectrum for small ` behaves
like (1 − Ω0)`, while it agrees with the scale invariant
in�ationary tensor spectrum for large `. Comparing
it with the amplitude of the tensor perturbation for
the standard slow-roll in�ation, there is signi�cant en-
hancement for small ` if ε∗ ∼ 1. Hence, we conclude

that, if ε is of order unity right after tunneling, the
rapid roll phase a�ects the CMB spectrum at low `
signi�cantly.

5 Summary

We studied an open in�ation in the context of the
string theory landscape. We assumed that our universe
is an open universe with a moderately small 1 − Ω0,
born as a bubble nucleated through false vacuum decay.
We then discussed that the infrared part of the ten-
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sor perturbation can contain the memory of the string
landscape, and hence can constrain the landscape con-
siderabley. In fact, we argued that the current obser-
vational data already constain the string theory land-

scape, and near-future data may be able to make yet
more strong statements on the string theory landscape.
Apparently this is a very exciting topic which should
be studied further.
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Ì. Ñàñàêè

ÑÈÃÍÀÒÓÐÀ ËÀÍÄØÀÔÒÀ Â ÒÅÎÐÈÈ ÑÒÐÓÍ
ÈÇ ÈÍÔËßÖÈÎÍÍÎÃÎ ÏÅÐÈÎÄÀ

Îòêðûòàÿ èíôëÿöèÿ ÿâëÿåòñÿ êîñìîëîãè÷åñêèì ñöåíàðèåì, â êîòîðîì Âñåëåííàÿ ïðåäñòàâëÿåò ñîáîé âàêóóìíûé
ïóçûðü, ïîðîæäàåìûé ðàñïàäîì ôàëüøèâîãî âàêóóìà è çàòåì ïåðèîäà èíôëÿöèîííîãî ðàñøèðåíèÿ â ýòîì ïóçûðå.
Ýòîò ñöåíàðèé â íàñòîÿùåå âðåìÿ ïðèâëåêàåò ïîâûøåííûé èíòåðåñ â êîíòåêñòå ëàíäøàôòà òåîðèè ñòðóí. Ïîñêîëüêó
ñóùåñòâóåò áîëüøîå êîëè÷åñòâî ìåòàñòàáèëüíûõ âàêóóìîâ äå Ñèòòåðà â ñòðóííîì ëàíäøàôòå, ÷àñòî òóííåëèðîâàíèå
èç îäíîãî âàêóóìà â äðóãîé ïðîèñõîäèò ÷åðåç çàðîæäåíèå ïóçûðÿ è, åñòåñòâåííûì îáðàçîì, ðåàëèçóåòñÿ îòêðûòàÿ
èíôëÿöèÿ. Â ðàáîòå ïðèâîäÿòñÿ äîâîäû â ïîëüçó òîãî, ÷òî, õîòÿ Âñåëåííàÿ è ïðåäñòàâëÿåòñÿ ïëîñêîé, ìàëîå
îòêëîíåíèå Ω0 îò åäèíèöû ìîæåò ïîðîäèòü âîçìóùåíèÿ òåíçîðíîãî òèïà íà áîëüøîé óãîë àíèçîòðîïèè ÊÌÔ. Òàê
â íàñòîÿùèé ìîìåíò ïðîèçâîäèòñÿ òåñòèðîâàíèå ñòðóííîãî ëàíäøàôòà ñ íàáëþäàòåëüíûìè äàííûìè.

Êëþ÷åâûå ñëîâà: ñòðóííûé ëàíäøàôò, ðàñïàä ëîæíîãî âàêóóìà, îòêðûòàÿ èíôëÿöèÿ.
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