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Euclidean vacuum mode functions for a scalar field on open de Sitter space

Misao Sasaki,* Takahiro Tanaka, and Kazuhiro Yamamoto
Department of Physics, Kyoto University, Kyoto 606-01, Japan
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Motivated by recent studies of the one-bubble inflationary universe scenario that predicts a low
density, negative curvature universe, we investigate the Euclidean vacuum mode functions of a scalar
field in a spatially open chart of de Sitter space which is foliated by hyperbolic time slices. When we
consider the possibility of an open inflationary universe, we are faced with the problem of the initial
condition for the quantum fluctuations of the inflaton field, because the inflationary era should not
last too long to lose all i ion of the initial diti In the one-bubble scenario, in which an
open universe is created in an exponentially expanding false vacuum universe triggered by quantum
decay of a false vacuum, it seems natural that the initial state is the de Sitter-invariant Euclidean
vacuum. Here we present explicit expressions for the Euclidean vacuum mode functions in the open
chart for a scalar field with arbitrary mass and curvature coupling. Interestingly, there appear a
set of discrete modes which are not square i ble on a tant-time hyp rface of the open
chart for a scalar field with its effective mass smaller than a critical value that corresponds to the
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massless conformal scalar.

PACS number(s): 04.62.+v, 98.80.Cq

I. INTRODUCTION

Recently there has appeared more than a few obser-
vations which suggest our Universe has a negative cur-
vature, i.e., % ~ 0.1 [1]. Accordingly, papers compar-
ing theoretical predictions of open universe models with
observational data such as that from the Cosmic Back-
ground Explorer (COBE) (2] have been appearing in the
context of inflationary universe models [3], in

owing to the O(4) symmetry of the Euclidean bounce so-
lution which represents the tunneling process [12]. Thus
the horizon problem is automatically solved. Though the
spacetime has the exact O(3,1) invariance in the lowest-
order description, quantum fluctuations around the clas-
sical background may give rise to cosmological density
perturbations to explain the large scale structure of the
Umvexse However if the vacuum energy never becomes

ical models with topological defects [4], or in a general
context by assuming a power-law-type primordial density
perturbation spectrum (5]. However, in the standard in-
flationary universe paradigm, it is generally believed that
an open Friedmann-Robertson-Walker (FRW) universe
with small perturbations is hard to be realized in a con-
sistent manner [6].

One posalble consistent ucenano 1s the creation of an
open from an ex| ding false-
vacuum-dominated universe [7-10]. Originally this idea
was proposed by Gott [11]. In the standard inflation-
ary universe scenario, the horizon problem is solved by
a large amount of expansion of space. A homogeneous
patch initially of a horizon size expands exponentially
and our present horizon size will be inside such a homo-
geneous patch. However in this context, the flatness (or
entropy) problem is solved at the same time when the
horizon problem iz solved. Therefore the spatial cur-
vature at the present time is inevitably decreased by
the expansion of the Universe. This is the problem of
the standard scenario of inflation if we attempt to con-
struct an open universe model with 1 — ¢ ~ 1. On
the other hand, if we consider a bubble nucleation in
the sea of false vacuum which is described by de Sitter
space, the interior of a bubble has the O(3, 1) invariance
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of the cosmic energy density af-
ur nucleation, the Universe will be curvature dominated
from the beginning and never recover to a hot FRW uni-
verse. Thus the entropy problem cannot be solved. To
solve this problem, a secondary inflation in the bubble is
required. The essential difference of this scenario from
the standard scenario is that a horizon size patch whose
size is approximately equal to the curvature scale at the
onset of the secondary inflation may not become much
larger than the prresent hnrnznn scale. In such a case,
we will have a open uni

at present. This implies that memories of the quantum
state of the Universe at the beginning of the secondary
inflation will not be erased but will directly affect the ob-
served large scale temperature and density fluctuations
[8-10].

‘Therefore the quantum state of a field ¢ inside the
nucleated bubble, especially that of the inflaton field
of the secondary inflation, is to be examined. A pio-
neering study of this subject was done by Rubakov [13]
and a formalism which respects the O(4) symmetry of
the tunneling background was developed by Vachaspati
and Vilenkin [14). Meanwhile we developed a formalism
based on the multidi ling wave fi i
[15] and applied it to the O(-i)—symmetnc bubble nucle-
ation without gravitational effects [16] and with gravita-
tional effects [17]. However, all of these previous works
remained in a rather formal level in the sense that tech-
niques to investigate the quantum state which have prac-
tical applicability to a general situation have not been

2979 ©1995 The American Physical Society
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v’ Massive U(1) gauge theory (Proca theory)
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v’ [Frob+Higuchi (2014)] (Poincare4 HEFE)
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