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Open inflation is a cosmological scenario in which the universe is a vacuum bubble nucleated from false vacuum decay and
a period of inflationary 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 inflation is
naturally realized. We argue that though the universe appears to be very flat, a small deviation of Q¢ from unity can
make the effect of tensor-type perturbations on the large angle CMB anisotropy significant. Thus we are already testing

the string landscape against observations.
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1 Introduction

Open inflation 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 inflation 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 inflation [5-7].

Although the deviation of Q¢ 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 significant for tensor-type pertur-
bation in open inflation 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 inflation in the nu-
cleated bubble. If the potential just after tunneling
is steep enough, a rapid-roll phase appears before the
slow-roll inflation. Then the power spectrum is basi-
cally determined by the Hubble rate during the slow-
roll inflation. 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 effect can affect the
large angular components of CMB significantly. In
other words, though the deivation of €y is small, say
1—Qp=10"2 ~ 1073, there are models in which this
small deviation is large enough to produce measurable
effects.

string landscape, false vacuum decay, open inflation.

2 Open inflation

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

1 1
s = [ Vadta| oo R - 300,00, - V)| (1)

where k = 87Gy, or the inverse of the Planck mass
squared; Kk = Mﬁz. An O(4)-symmetric bubble nucle-
ation is described by the Euclidean solution (instan-
ton) [10,11]. The metric is given by
ds® = a% (dn% + dx% + sin? XEdQZ) , (2)
and the background scalar field is denoted by ¢ =
¢(ng). The Euclidean equations are given by
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where the prime represents differentiation with respect
to ne-

The background geometry and the field configura-
tion in the Lorentzian regime are obtained by the ana-
lytic continuation of the instanton. The coordinates in
the Lorentzian regime are given by

(6)

(7)
(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.
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Figure 2: The evolution inside the bubble for an exponential type potential model.

After tunneling, the scalar field 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
field rolls down rapidly. This rapid roll phase will end
when the energy scale becomes sufficiently low and a
slow-roll phase commences which should last just about
50 to 60 e-folds, to make our universe slightly open,
1—-Qy=10"2~1073.

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

dlnpy,

3(1 9
where py = ¢2/2+V, py = ¢*/2 —V and wy = py/ps-
The asymptotic boundary conditions at the nucleation
point are given by

(10)

Thus, we have

14wy = o<¢2) = O (e.HZt%) .

v (11)

where we have introduced the ‘slow-roll parameter,’

1 (v
=5x(v)
and e, = ¢(¢,) and H? = kV (¢.)/3.

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

SV(9) = (H? = H}) exp|V2re. (6 — ¢.)] + HE  (13)

where H, > Hpg, is shown in Fig. 2, where the constant
term HE is added to realize slow-roll inflation after the
rapid-roll phase. Namely, €(¢) ~ €, for ¢ > ¢, and
€(@) K e, for ¢ < ¢,.

As seen from this figure, during the rapid-roll phase
there is a tracking behavior for €, 2 1. In particular,
for e, = O(1), the scalar field 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 effectively 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 €, = O(1).

(12)
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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 reflects both the proper-

10}

1077

1015

Pr(p)/4x(H./2n)*

0.01 0.1 1 10 100

1000

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.

The effect of the bubble wall fluctuations 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 fluctuations if the wall is sufficiently soft, that
is, if the wall tension is small, As = kS;/2H, < 1,
where S7 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 effect 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 e, = 0.5, 0.8,
1, 10, 102 and 10*. The contribution from the wall
fluctuation mode is assumed to be negligible. As seen
from this figure, it is clear that the infrared part of
the spectrum is enhanced substantially for e, = O(1).
This means that the memory of the large vacuum fluc-
tuations associated with the high vacuum energy right
after the tunneling is preserved if e, = O(1) and can

The CMB multipole moments for the tensor type
perturbations for the exponential-type potential (13)
are shown in Fig. 4. The parameters are ¢, = 0.5,
0.8, 1, 10 and 102. Again for simplicity, the effect of
the wall fluctuations is neglected. We see that the ten-
sor CMB angular power spectrum for small £ behaves
like (1 — Qp)*, while it agrees with the scale invariant
inflationary tensor spectrum for large ¢. Comparing
it with the amplitude of the tensor perturbation for
the standard slow-roll inflation, there is significant en-
hancement for small ¢ if ¢, ~ 1. Hence, we conclude

ties of the tunneling and the evolution inside the bub-
ble. More specifically there are effects from the fluctu-
ations of the bubble wall and the evolution during the
rapid-roll phase inside the bubble.
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Figure 4: The CMB angular power spectrum from the tensor
type perturbations for the exponential-type potential, Eq. (13).

affect the observable part of the spectrum unless 1 —Q
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],

1o
T == [ andg, ) w19
LSS

where 19 and 7npsgs, respectively, denote the conformal
time at the present epoch and that at the last scatter-
ing surface, 7’ is the unit vector along the observer’s
line-of-sight and z%(n) = (1o —n) A’ represents the pho-
ton trajectory.

that, if € is of order unity right after tunneling, the
rapid roll phase affects the CMB spectrum at low ¢
significantly.

5 Summary

We studied an open inflation in the context of the
string theory landscape. We assumed that our universe
is an open universe with a moderately small 1 — Q,
born as a bubble nucleated through false vacuum decay.
We then discussed that the infrared part of the ten-
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perturbation can contain the memory of the string scape, and near-future data may be able to make yet

landscape, and hence can constrain the landscape con- more strong statements on the string theory landscape.
siderabley. In fact, we argued that the current obser- Apparently this is a very exciting topic which should
vational data already constain the string theory land- be studied further.

(1]
(2]
(3]
[4]
[5]
[6]
[7]
(8]
9]
[10]
[11]
[12]
[13]
[14]

[15]

References

Kachru S., Kallosh R., Linde A. and Trivedi S. P. Phys. Rev. D 68, 046005 (2003) [arXiv:hep-th/0301240].
Susskind L. arXiv:hep-th/03022109.

Freivogel B. andSusskind L. Phys. Rev. D 70, 126007 (2004) [arXiv:hep-th/0408133].

Freivogel B., Kleban M., Rodriguez Martinez M., Susskind L. JHEP 0603, 039 (2006). [hep-th/0505232].
Bucher M., Goldhaber A. S. and Turok N. Phys. Rev. D 52, 3314 (1995) [arXiv:hep-ph/9411206].

Sasaki M., Tanaka T. and Yamamoto K. Phys. Rev. D 51, 2979 (1995) [arXiv:gr-qc/9412025].
Yamamoto K., Sasaki M. and TanakaT. Astrophys. J. 455, 412 (1995) [arXiv:astro-ph/9501109].

Komatsu E. et al., arXiv:1001.4538 [astro-ph.CO].

Yamauchi D., Linde A., Naruko A., Sasaki M. and Tanaka T., Phys. Rev. D 84, 043513 (2011) [arXiv:1105.2674 [hep-th]].
Coleman S. R., Phys. Rev. D 15, 2929 (1977) [Erratum-ibid. D 16, 1248 (1977)].

Coleman S. R. and De Luccia F., Phys. Rev. D 21, 3305 (1980).

Garriga J., Montes X., Sasaki M. and Tanaka T., Nucl. Phys. B 551, 317 (1999) [arXiv:astro-ph/9811257].
Garriga J., Montes X., Sasaki M. and Tanaka T., Nucl. Phys. B 513, 343 (1998) [arXiv:astro-ph/9706229].
Sasaki M., Tanaka T. and Yakushige Y., Phys. Rev. D 56, 616 (1997) [arXiv:astro-ph/9702174].

Sachs R. K. and Wolfe A. M., Astrophys. J. 147, 73 (1967) [Gen. Rel. Grav. 39, 1929 (2007)].

Received 01.10.2012

M. Cacaxu

CUTHATVYPA JIAHAIITA®TA B TEOPUU CTPYH
N3 NTHOJIAINIMOHHOI'O IIEPUO/JA

OtkpbiTas nHQIANHS ABISETCS KOCMOJIOTHYECKHM CIEHApHEM, B KOTOpOoM Bcesennas mpencrasisier co00# BaKyyMHBIH
Iy3bIPb, MOPOKJAaeMbIll pacnajoM ajbIINBOro BaKyyMa H 3aTeM IEpPUOAa WHMJIAIMOHHOTO PACIIMPEHUS B 3TOM IIy3bIpe.
DTOT crieHApUH B HACTOAINEE BPEMSI IPUBJIEKAEST IOBLIIIEHHBIN HHTEPEC B KOHTEKCTe Janamadra reopun ctpys. Ilockonbpky
CyLIecTByeT GOJIBIIOE KOJIMYECTBO MeTACTAOUIBHBIX BaKyyMOB Jie CUTTepa B CTPYHHOM JIaHAIadTe, 9aCTO TYHHEJINPOBAHUE
U3 OJHOIO BAKYyyMa B APYroil IPOMCXOAMT Uepe3 3aPOXKJEHHUe IIy3bIPs U, eCTECTBEHHBIM 00pa30M, peaudyercs OTKPBITAs
nadsanusa. B pabore mpuBOOSATCA SOBOABI B IOJIB3Y TOTO, UTO, XOTS BCesleHHAsT W HPEACTABISETCS IJIOCKOH, MaJjoe
OTKJIOHEHHUE (g OT eTUHUIBI MOXKET MOPOJIUTh BO3MYIIEHUS TEH30PHOTO TUMA Ha 6oiabmioil yroa anuzorponuu KMO®. Tak
B HaCTOHH_U/HjI MOMEHT HpOI/ISBO,Z(I/ITCH TeCTI/IpOBaHI/Ie CprHHOI‘O JIaH,ZU_Ha(I)Ta C Ha6JHO,Z(aTeIIbeIMI/I JAaHHBIMHA.

KaroueBbie cJioBa: cmpynHbill AaHOUAPM, pacnad A0HCHO20 8GKYYMA, OMEPBIMAS UHPAALUS.
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