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Can the Universe create itself?

J. Richard Gott III and Li-Xin Li
Department of Astrophysical Sciences, Princeton University, Princeton, New Jersey 08544

~Received 30 December 1997; published 29 May 1998!

The question of first-cause has troubled philosophers and cosmologists alike. Now that it is apparent that our
universe began in a big bang explosion, the question of what happened before the big bang arises. Inflation
seems like a very promising answer, but as Borde and Vilenkin have shown, the inflationary state preceding the
big bang could not have been infinite in duration—it must have had a beginning also. Where did it come from?
Ultimately, the difficult question seems to be how to make something out of nothing. This paper explores the
idea that this is the wrong question—thatthat is not how the Universe got here. Instead, we explore the idea
of whether there is anything in the laws of physics that would prevent the Universe from creating itself.
Because spacetimes can be curved and multiply connected, general relativity allows for the possibility of
closed timelike curves~CTCs!. Thus, tracing backwards in time through the original inflationary state we may
eventually encounter a region of CTCs—givingno first-cause. This region of CTCs may well be over by now
~being bounded toward the future by a Cauchy horizon!. We illustrate that such models—with CTCs—arenot
necessarily inconsistent by demonstrating self-consistent vacuums for Misner space and a multiply connected
de Sitter space in which the renormalized energy-momentum tensor does not diverge as one approaches the
Cauchy horizon and solves Einstein’s equations. Some specific scenarios~out of many possible ones! for this
type of model are described. For example, a metastable vacuum inflates producing an infinite number of
~big-bang-type! bubble universes. In many of these, either by natural causes or by action of advanced civili-
zations, a number of bubbles of metastable vacuum are created at late times by high energy events. These
bubbles will usually collapse and form black holes, but occasionally one will tunnel to create an expanding
metastable vacuum~a baby universe! on the other side of the black hole’s Einstein-Rosen bridge as proposed
by Farhi, Guth, and Guven. One of the expanding metastable-vacuum baby universes produced in this way
simply turns out to be the original inflating metastable vacuum we began with. We show that a Universe with
CTCs can be stable against vacuum polarization. And it can be classically stable and self-consistent if and only
if the potentials in this Universe are retarded—which gives a natural explanation of the arrow of time in our
universe. Interestingly, the laws of physics may allow the Universe to be its own mother.
@S0556-2821~98!00614-6#

PACS number~s!: 98.80.Cq, 04.20.Gz, 04.62.1v
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I. INTRODUCTION

The question of first-cause has been troubling to philo
phers and scientists alike for over two thousand years. A
totle found this sufficiently troubling that he proposed avo
ing it by having the Universe exist eternally in both the p
and future. That way, it was always present and one wo
not have to ask what caused it to come into being. This t
of model has been attractive to modern scientists as w
When Einstein developed general relativity and applied i
cosmology, his first cosmological model was the Einst
static universe, which had a staticS3 spatial geometry which
lasted forever, having no beginning and no end@1#.

As we shall discuss, since the big bang model’s succ
models with a finite beginning have taken precedence, e
when inflation and quantum tunneling are included. So
problem of first-cause reasserts itself. The big question
pears to be how to create the universe out of nothing. In
paper we shall explore the idea that this is the wrong qu
tion. A remarkable property of general relativity is that
allows solutions that have closed timelike curves~CTCs! @2–
8# ~for review see@9,10#!. Often, the beginning of the uni
verse, as in Vilenkin’s tunneling model@11# and Hartle and
Hawking’s no-boundary model@12#, is pictured as being like
the south pole of the Earth and it is usually said that ask
0556-2821/98/58~2!/023501~43!/$15.00 58 0235
-
s-
-
t
ld
e
ll.
o
n

s,
en
e
p-
is
s-

g

what happened before that is like asking what is south of
south pole@13#. But, suppose the early universe contains
region of CTCs. Then, asking what was the earliest po
might be like asking what is the easternmost point on
Earth. You can keep going east around and around
Earth—there is no eastern-most point. In such a model ev
event in the early universe would have events that prece
it. This period of CTCs could well have ended by now, bei
bounded by a Cauchy horizon. Some initial calculations
vacuum polarization in spacetimes with CTCs indicated t
the renormalized energy-momentum tensor diverged at
Cauchy horizon separating the region with CTCs from
region without closed causal curves, or at the polarized
persurfaces nested inside the Cauchy horizon@14–18#. Some
of these results motivated Hawking@19,20# to propose the
chronology protection conjecture which states that the la
of physics do not allow the appearance of CTCs. But, a nu
ber of people have challenged the chronology protect
conjecture by giving counter-examples@16,9,21–30#. In par-
ticular, Li and Gott@30# have recently found that there is
self-consistent vacuum in Misner space for which the ren
malized energy-momentum tensor of vacuum polarization
zero everywhere.~Cassidy@31# has independently given a
existence proof that there should be a quantum state f
conformally coupled scalar field in Misner space, for whi
© 1998 The American Physical Society01-1
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the renormalized energy-momentum tensor is zero ev
where, but he has not shown what state it should be. Li
Gott @30# have found that it is the ‘‘adapted’’ Rindle
vacuum.! In this paper we give some examples to show h
it is possible in principle to find self-consistent vacuum sta
where the renormalized energy-momentum tensor does
blow up as one approaches the Cauchy horizon. To prod
such a region of CTCs, the universe must, at some later t
be able to reproduce conditions as they were earlier, so th
multiply connected solution is possible. Interestingly, infl
tion is well suited to this. A little piece of inflationary stat
expands to produce a large volume of inflationary state, li
pieces of which resemble the starting piece. Also there is
possibility of forming baby universes at late times whe
new pieces of inflating states are formed. Farhi, Guth,
Guven@32#, Harrison@33#, Smolin @34,35#, and Garriga and
Vilenkin @36# have considered such models. If one of tho
later inflating pieces simply turns out to be the inflating pie
that one started out with, then the Universe can be its o
mother. Since an infinite number of baby universes are
ated, as long as the probability of a particular multiple co
nection forming is not exactly zero, then such a connect
might be expected, eventually. Then the Universe neit
tunneled from nothing, nor arose from a singularity; it cr
ated itself~Fig. 1!.

Before discussing this approach to the first-cause pr
lem, let us review just how troublesome this problem h
been. As we have noted, Einstein@1# initially tried to avoid it
by siding with Aristotle in proposing a model which had a
infinite past and future. The Einstein static universe appe
to be the geometry Einstein founda priori most aesthetically
appealing, thus presumably he started with this preferred
ometry and substituted it into the field equations to determ
the energy-momentum tensor required to produce it.
found a source term that looks like dust~stars! plus a term
that was proportional to the metric which he called the c
mological constant. The cosmological constant, becaus

FIG. 1. A self-creating Universe scenario. Four inflating ba
universes are shown—A, B, C, and D—from left to right. Univers
A and D have not created any baby universes so far. Universe C
created universe D. Universe B has created three universes:
verse A, universe C and itself. The toroidal—shaped region at
bottom is a region of CTCs~closed timelike curves!. The region is
bounded to the future by a Cauchy horizon, after which, there
no CTCs. Universes A, C, and D, for example, are formed after
Cauchy horizon when the epoch of CTCs is already over.
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its homogeneous large negative pressure, exerts a repu
gravitational effect offsetting the attraction of the stars
each other; allowing a static model which could exist~ignor-
ing instabilities, which he failed to consider! to the infinite
past and future. If one did not require a static model, th
would be no need for the cosmological constant. Friedm
@37# calculated models without it, of positive, negative
zero curvature, all of which were dynamical. When Hubb
@38# discovered the expansion of the universe, Einstein p
nounced the cosmological constant the biggest blunder o
life.

But now there was a problem: all three Friedmann mod
(k50, k51, andk521) that were expanding at the prese
epoch had a beginning in the finite past~see e.g.@39,40#!. In
the Friedmann models the universe began in a singul
dense state at a finite time in the past. The equations c
not be pushed beyond that finite beginning singularity. F
thermore, if today’s Hubble constant isH0, then all of the
Friedmann models had ages less thantH5H0

21. The universe
thus began in a big bang explosion only a short time ago
time which could be measured in billions of years. The u
verse was not infinitely old. Gamow@41,42# and his col-
leagues Alpher and Herman@43# calculated the evolution o
such a big bang cosmology, concluding correctly that in
early phases it should have been very dense and very
and that the thermal radiation present in the early unive
should still be visible today as microwave radiation with
temperature of approximately 5 K. Penzias and Wilson’s d
covery of the radiation with a temperature of 2.7 K@44#
cinched the case for the big bang model. The Cosmic Ba
ground Explorer~COBE! results which have shown a bea
tifully thermal spectrum@45,46# and small fluctuations in the
temperaturedT/T.1025 @47#, fluctuations that are of ap
proximately the right magnitude to grow into the galaxi
and clusters of galaxies that we see at the present ep
have served to make the big bang model even more cer
With the big bang model in ascendancy, attention focused
the initial singularity. Hawking and Penrose proved a nu
ber of singularity theorems@48,49,40# showing that, with
some reasonable constraints on the energy-momentum
sor, if Einstein’s equations are correct and the expansion
the universe is as observed today, there is no way to avoi
initial singularity in the model; that is, initial singularitie
would form even in models that were not exactly uniform
So the initial singularity was taken to be the first-cause of
Universe. This of course prompted questions of what cau
the singularity and what happened before the singularity. T
standard answer to what happened before the big bang
gularity has been that time was created at the singula
along with space, and that there was no time before the
bang. Asking what happened before the big bang was c
sidered to be like asking what is south of the south pole.
particularly troublesome was the question of what caused
initial singularity to have its almost perfect uniformity—fo
otherwise the microwave background radiation would be
vastly different temperatures in different directions on t
sky. Yet the initial singularity could not be exactly uniform
for then we would have a perfect Friedmann model with
fluctuations which would form no galaxies. It needed to

s
as
ni-
e

re
e

1-2



le
p
t

su
ac

th
vi
tly
ld
b
n
u
a

nd
t

d
ike
o

ity
se
er
ni
d
th
en

re
th
th
r

en
ch

y
u

e

t

rn
ct
s

se
Th
w
o

o

rl

c

r-
ith

t
ic-
isted

ob-

red
nite
in-
ed
the
ing
m

e
di-

e at
nd
ch

ine
or

get
he
of
al

d
big
-
ly
this
-

ded
to-

turn
ed

re-
is
lec-
ged
es
hat
n-

lf-
e

py.
ni-
ard
er-
w-
e-
e

CAN THE UNIVERSE CREATE ITSELF? PHYSICAL REVIEW D58 023501
almost, but not quite perfectly uniform—a remarkab
situation—how did it get that way? These seemed to be s
cial initial conditions with no explanation for how they go
that way.

Another problem was that singularities in physics are u
ally smeared by quantum effects. As we extrapolated b
toward the initial singularity~of infinite density!, we would
first reach a surface where the density was equal to
Planck density and at this epoch classical general relati
would break down. We could not extrapolate confiden
back to infinite density, we could only say that we wou
eventually reach a place where quantum effects should
come important and where classical general relativity
longer applied. Since we do not have a theory of quant
gravity or a theory-of-everything we could honestly say th
the singularity theorems only told us that we would fi
regions in the early universe where the density exceeded
grand unified theory~GUT! or Planck densities beyon
which we did not know what happened—rather much l
the Terra Incognita of old maps. We could not then say h
our universe formed.

So, questions about how the initial big bang singular
was formed and what preceded it remained. The clo
Friedmann model, popular because it is compact and th
fore needs no boundary conditions, re-collapses in a fi
time in the future to form a big crunch singularity at the en
Singularity theorems tell us that in a collapsing universe
final big crunch singularity cannot be avoided. Classical g
eral relativity tells us that a closed universe begins with
singularity and ends with a singularity, with nothing befo
and nothing after. Nevertheless, many people speculated
there could be more than one connected cycle—after all,
singularities only indicated a breakdown of classical gene
relativity and the quantum Terra Incognita at the Planck d
sity might allow a cosmology collapsing toward a big crun
to bounce and make another big bang@50–52#. In support of
this is the fact that de Sitter space~representing the geometr
of a false vacuum—an inflationary state as proposed by G
@54#—with a large cosmological constant! looks like a spa-
tially closedS3 universe whose radius as a function of prop
time is a(t)5r 0 cosh(t/r0), wherer 05(3/L)1/2 is the radius
of the de Sitter space andL is the cosmological constan
~throughout the paper we use unitsG5c5\5kB51),
which is a collapsing cosmology which bounces and tu
into an expanding one. Thus if quantum gravitational effe
make the geometry look like de Sitter space once the den
reaches the Planck density as some have suggested@55–57#,
then a big crunch singularity might be avoided as the clo
universe bounced and began a big bang all over again.
bouncing model avoids the first-cause problem. The ans
to what caused our universe in this model is ‘‘the collapse
the previous universe,’’ and so on. An infinite number
expansion and contraction cycles make up the Universe~note
the capital U—in this paper this denotes the ensemble
causally connected universes! which consists of an infinite
number of closed big bang models laid out in time like pea
on a string. The Universe~the infinite string of pearls! has
always been in existence and will always be in existen
even though our cycle, our standard closed big bang cosm
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ogy ~our pearl! has a finite duration. So we are back to A
istotle, with an eternal Universe, and close to Einstein w
just an oscillating~rather than static! closed Universe tha
has infinite duration to the past and future. Thus in this p
ture there is no first-cause because the Universe has ex
infinitely far back in the past.

The oscillating universe was thought to have some pr
lems with entropy@53#. Entropy is steadily increasing with
time, and so each cycle would seem to be more disorde
than the one that preceded it. Since our universe has a fi
entropy per baryon it was argued, there could not be an
finite number of cycles preceding us. Likewise it was argu
that each cycle of the universe should be larger than
preceding one, so if there were an infinite number preced
us, our universe would have to look indistinguishable fro
flat ~i.e., closed but having an infinite radius of curvatur!.
The real challenge in this model is to produce initial con
tions for our universe~our pearl! that were as uniform and
low entropy as observed. COBE tells us that our univers
early times was uniform to one part in a hundred thousa
@47#. At late times we expect the universe at the big crun
to be very non-uniform as black hole singularities comb
to form the big crunch. In the early universe the Weyl tens
is zero, whereas at the big crunch it would be large@58,59#.
How does the chaotic high-entropy state at the big crunch
recycled into the low-entropy, nearly uniform, state of t
next big bang? If it does not, then after an infinite number
cycles, why are we not in a universe with chaotic initi
conditions?

Entropy and the direction of time may be intimately tie
up with this difference between the big bang and the
crunch. Maxwell’s equations~and the field equations of gen
eral relativity! are time-symmetric, so why do we see on
retarded potentials? Wheeler and Feynman addressed
with their absorber theory@60#. They supposed that an elec
tron shaken today produces half-advanced-half-retar
fields. The half-advanced fields propagate back in time
ward the early universe where they are absorbed~towards the
past the universe is a perfect absorber! by shaking charged
particles in the early universe. These charged particles in
emit half-advanced-half-retarded fields; their half-retard
fields propagate toward the future where they:~a! perfectly
cancel the half-advanced fields of the original electron,~b!
add to its retarded fields to produce the electron’s full
tarded field, and~c! produce a force on the electron which
equal to the classical radiative reaction force. Thus, the e
tron only experiences forces due to fields from other char
particles. This is a particularly ingenious solution. It requir
only that the early universe is opaque—which it is—and t
the initial conditions are low-entropy; that is, there is a ca
cellation of half-advanced fields from the future by ha
retarded fields from the past, leaving no ‘‘signals’’ in th
early universe from later events—a state of low-entro
~Note that this argument works equally well in an open u
verse where the universe may not be optically thick tow
the future—all that is required is that the universe be a p
fect absorber in the past, i.e., toward the state of lo
entropy.! Wheeler and Feynman noted that entropy is tim
symmetric like Maxwell’s equations. If you find an ice cub
1-3
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J. RICHARD GOTT III AND LI-XIN LI PHYSICAL REVIEW D 58 023501
on the stove, and then come back and re-observe it a mi
later, you will likely find it half-melted. Usually an ice cub
gets on a stove by someone just putting it there~initial con-
ditions!, but suppose we had a truly isolated system so
the ice cube we found was just a statistical fluctuation. Th
if we asked what we would see if we had observed o
minutebeforeour first observation, we will also be likely to
see a half-melted ice cube, for finding a still larger ice cu
one minute before would be unlikely because it would re
resent an even more unlikely statistical fluctuation than
original ice cube. In anisolated system, an~improbable!
state of low-entropy is likely to be both followed and pr
ceded by states of higher-entropy in a time-symmetric fa
ion. Given that the early universe represents a state of h
order, it is thus not surprising to find entropy increasing af
that. Thus, according to Wheeler and Feynman@60#, the fact
that the retarded potential arrow of time and the entro
arrow of time point in the same direction is simply a refle
tion of the low-entropy nature of the big bang. The b
crunch is high-entropy, so time follows from past to futu
between the big bang and the big crunch.

Thus, in an oscillating universe scenario, we might exp
entropy to go in the opposite direction with respect to tim
in the previous cycle of oscillation. In that previous univer
there would be only advanced potentials and observers t
would sense a direction of time opposite to ours~and would
have a reversed definition of matter and anti-matter beca
of CPT invariance!. Thus the cycle previous to us would
according toour definition of time, have advanced potentia
and would end with a uniform low-entropy big crunch a
begin with a chaotic high-entropy big bang~see Gott@61# for
further discussion!. Thus, an infinite string of oscillating uni
verses could have alternating high and low-entropy singul
ties, with the direction of the entropy~and causality—via
electromagnetic potentials! time-reversing on each succee
ing cycle. Every observer using the entropy direction of tim
would see in his ‘‘past’’ a low-entropy singularity~which he
would call a big bang! and in his ‘‘future’’ a high-entropy
singularity~which he could call a big crunch!. Then the mys-
tery is why the low-entropy big bangs exist—they now lo
improbable. An oscillating universe with chaotic bangs a
crunches and half-advanced-half-retarded potentials thro
out would seem more likely. At this point anthropic arg
ments@62# could be brought in to say that only low-entrop
big bangs might produce intelligent observers and that, w
an infinite number of universes in the string, eventually th
would be—by chance—a sufficiently low-entropy big ba
to produce intelligent observers. Still, the uniformity of th
early universe that we observe seems to be more than
required to produce intelligent observers, so we might w
der whether a random intelligent observer in such a Unive
would be expected to see initial conditions in his/her b
bang as uniform as ours.~Among intelligent observers, th
Copernican principle tells us that you should not expect to
special. Out of all the places for intelligent observers to
there are by definition only a few special places and m
nonspecial places, so you should expect to be in one of
many nonspecial places@63#.!
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II. INFLATION AS A SOLUTION

Guth’s proposal of inflation@54# offered an explanation o
why the initial conditions in the big bang should be appro
mately, but not exactly uniform.~For review of inflation see
@64,65#.! In the standard big bang cosmology this was alwa
a puzzle because antipodal points on the sky on the last s
tering surface at 11z.1000 had not had time to be in com
munication with each other. When we see two regions wh
are at the same temperature, the usual explanation is
they have at some time in the past been in causal comm
cation and have reached thermal equilibrium with each oth
But there is not enough time to do this in the standard
bang model where the expansion of the scale factor at e
times isa(t)}t1/2. Grand unified theories~GUT! of particle
physics suggest that at early times there might have be
non-zero cosmological constantL, which then decayed to
the zero cosmological constant we see today. This me
that the early universe approximates de Sitter space wi
radius r 05(3/L)1/2 whose expansion rate at late times a
proachesa(t)5r 0exp(t/r0). Regions that start off very clos
together, and have time to thermally equilibrate, end up v
far apart. When they become separated by a distancer 0, they
effectively pass out of causal contact—if inflation were
continue forever, they would be beyond each other’s ev
horizons. But eventually the epoch of inflation ends, the
ergy density of the cosmological constant is dumped i
thermal radiation, and the expansion then continues asa(t)
}t1/2 as in a radiation-dominated big bang cosmology.
the regions slow their expansion from each other, eno
time elapses so that they are able to interchange pho
once again and they come back into effective causal con
As Bill Press once said, they say ‘‘hello,’’ ‘‘goodbye,’’ an
‘‘hello again.’’ When they say ‘‘hello again’’ they appea
just like regions in a standard big bang cosmology that
saying ‘‘hello’’ for the first time~i.e., are just coming within
the particle horizon! except that with inflation these region
are already in thermal equilibrium with each other, beca
they have seen each other in the past. Inflation also giv
natural explanation for why the observed radius of curvat
of the universe is so large (a>cH0

21.3000h21 Mpc; here
H05100h km s21 Mpc21 is the Hubble constant!. During
the big bang phase, as the universe expands, the radius o
universea expands by the same factor as the characteri
wavelengthl of the microwave background photons, s
a/l5const>e67. How should we explain this large observe
dimensionless number? Inflation makes this easy. The
ergy density during the inflationary epoch isL/8p. Let l be
the characteristic wavelength of thermal radiation wh
would have that density. Even ifa started out of the same
order asl, by the end of the inflationary epocha>le67,
providing that the inflationary epoch lasts at least as long
67r 0, or 67 e-folding times. At the end of the inflationary
epoch when the inflationary vacuum of densityL/8p decays
and is converted into an equivalent amount of thermal rad
tion, the wavelength of that radiation will bel and the ratio
of a/l is fixed at a constant value which is a dimensionle
constant>e67, retained as the universe continues to expa
in the radiation and matter-dominated epochs. Thus, eve
1-4
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CAN THE UNIVERSE CREATE ITSELF? PHYSICAL REVIEW D58 023501
short run of inflation, of 67e-folding times or more, is suf-
ficient to explain why the universe is as large as it is o
served to be.

Another success of inflation is that the observ
Zeldovich-Peebles-Yu-Harrison fluctuation spectrum w
index n51 @66–68# has been naturally predicted as the
sult of random quantum fluctuations@69–72#. The inflation-
ary power spectrum with cold dark matter~CDM! has been
amazingly successful in explaining the qualitative features
observed galaxy clustering~cf. @73–82#!. The amount of
large scale power seen in the observations suggests an
tionary CDM power spectrum with 0.2,Vh,0.3 @83–88#.

III. OPEN BUBBLE UNIVERSES

Gott @89# has shown how an open inflationary mod
might be produced. The initial inflationary state appro
mates de Sitter space, which can be pictured by embeddi
as the surfaceW21X21Y21Z22V25r 0

2 in a five-
dimensional Minkowski space with metri
ds252dV21dW21dX21dY21dZ2 @40,90#. Slice de Sit-
ter space along surfaces ofV5const, then the slices ar
three-spheres of positive curvatureW21X21Y21Z25a2

where a25r 0
21V2. If t measures the proper time, thenV

5r 0 sinh(t/r0) anda(t)5r 0 cosh(t/r0). This is a closed uni-
verse that contracts then re-expands—at late times expan
exponentially as a function of proper time. If slices ofV
1X5constant are chosen, the slices have a flat geom
and the expansion is exponential witha(t)5r 0exp(t/r0). If
the slices are vertical (W5const.r 0), then the intersection
with the surface isH3, a hyperboloidX21Y21Z22V25
2a2 living in a Minkowski space, wherea25W22r 0

2. This
is a negatively curved surface with a radius of curvaturea.
Let t be the proper time from the event E (W5r 0 , X50,
Y50, Z50, V50) in the de Sitter space. Then the ent
future of E can be described as an openk521 cosmology
where a(t)5r 0 sinh(t/r0). At early times, t!r 0, near E,
a(t)}t, and the model resembles a Milne cosmology@91#,
but at late times the model expands exponentially with ti
as expected for inflation. This is a negatively curved~open!
Friedmann model with a cosmological constant and noth
else. Note that the entire negatively curved hyperbol
(H3), which extends to infinity, is nevertheless causally co
nected because all points on it have the event E in their
light cone. Thus, the universe should have a microw
background that is isotropic, except for small quantum fl
tuations. At a proper timet1 after the event E, the cosmo
logical constant would decay leaving us with a hot big ba
open (k521) cosmology with a radius of curvature ofa
5r 0 sinh(t1 /r0) at the end of the inflationary epoch. Ift1
567r 0, then V is a few tenths today; ift1@67r 0, then V
.1 today@89#.

Gott @89# noted that this solution looks just like the inte
rior of a Coleman bubble@92#. Coleman and de Luccia@93#
showed that if a metastable symmetric vacuum~with the
Higgs field f50), with positive cosmological constantL
were to decay by tunneling directly through a barrier to rea
the current vacuum with a zero cosmological const
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~where the Higgs fieldf5f0), then it would do this by
forming a bubble of low-density vacuum of radiuss around
an event E. The pressure inside the bubble is zero while
pressure outside is negative~equal to2L/8p), so the bubble
wall accelerates outward, forming in spacetime a hyper
loid of one sheet~a slice of de Sitter space withW5const
,r 0). This bubble wall surrounds and is asymptotic to t
future light cone of E. If the tunneling is direct, the spa
inside the bubble is Minkowski space~like a slice W
5const,r 0 in the embedding space, which is flat!. The in-
side of the future light cone of E thus looks like a Miln
cosmology withV50 and a(t)5t. Gott @89# noted that
what was needed to produce a realistic open model withV of
a few tenths today was to have the inflation continue ins
the bubble for about 67e-folding times. Thus, our universe
was one of the bubbles and this solved the problem of Gu
inflation that in general one expected the bubbles not to p
colate@94,95#. But, from inside one of the bubbles, our vie
could be isotropic@89#.

It was not long before a concrete mechanism to prod
such continued inflation inside the bubble was proposed
couple of weeks after Gott’s paper appeared Linde’s@96#
proposal of new inflation appeared, followed shortly by A
brecht and Steinhardt@97#. They proposed that the Higg
vacuum potentialV(f) had a local minimum atf50 where
V(0)5L/8p. Then there was a barrier atf5f1, followed
by a long flat plateau fromf1 to f0 where it drops precipi-
tately to zero atf0. The relation of this to the open bubbl
universe’s geometry is outlined by Gott@98# ~see Fig. 1 and
Fig. 2 in @98#!. The de Sitter space outside the bubble w
hasf50. Between the bubble wall, at a spacelike separa
s from the event E, and the end of the inflation at the h
perboloidH3 which is the set of points at a future timelik
separation oft1 from E, the Higgs field is betweenf1 and
f0, andt1 is the time it takes the field~after tunneling! to
roll along the long plateau@where V(f) is approximately
equal toL/8p and the geometry is approximately de Sitte#.
After that epoch,f5f0 where the energy density has be
dumped into thermal radiation and the vacuum density
zero ~i.e., a standard open big bang model!. In order that
inflation proceeds and the bubbles do not percolate, it is
quired that the probability of forming a bubble in de Sitt
space per four volumer 0

4 is e,ecr where 5.831029,ecr

,0.24 @95#. In order that there be a greater than 5% chan
that no bubble should have collided with our bubble by no
so as to be visible in our past light cone,e,0.01 forV50.4,
L50, h50.63 today@88#, but this is no problem since we
expect tunneling probabilities through a barrier to be ex
nentially small. This model has an event horizon, which
the future light cone of an event E8 (W52r 0 , X50, Y
50, Z50, V50) which is antipodal to E. Light from event
within the future light cone of E8 never reaches events insid
the future light cone of E. So we are surrounded by an ev
horizon. This produces Hawking radiation; and, ifr 0 is of
order the Planck length, then the Gibbons-Hawking therm
state@100# ~which looks like a cosmological constant due
the trace anomaly@101#! should be dynamically importan
@89#.
1-5
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J. RICHARD GOTT III AND LI-XIN LI PHYSICAL REVIEW D 58 023501
If we observeV,1 and VL50, then k521 and we
need inflation more than ever—we still need it to explain
isotropy of the microwave background radiation and
would now have a large butfinite radius of curvature to
explain, which 67e-folds of inflation could naturally pro-
duce. When Gott told this to Linde in 1982, Linde said, y
if we found thatV,1, he would still have to believe in
inflation but he would have a headache in the morni
Why? Because one has to produce a particular amoun
inflation, approximately 67e-folds. If there were 670e-folds
or 670 million e-folds, then V currently would be only
slightly less than 1. So there would be what is called a ‘‘fi
tuning of parameters’’ needed to produce the observed
sults.

The single-bubble open inflationary model@89# discussed
above has recently come back into fashion because of a n
ber of important developments. On the theoretical side, R
and Peebles@102,103# have shown how to calculate quantu
fluctuations in the H3 hyperbolic geometry witha(t)
5r 0 sinh(t/r0) during the inflationary epoch inside th
bubble in the single bubble model. This allows predictions
fluctuations in the microwave background. Bucher, Go
haber, and Turok@104,105# have extended these calcul
tions, as well as Yamamoto, Sasaki and Tanaka@106#. Im-
portantly, they have explained@104,105# that the fine tuning
in these models is only ‘‘logarithmic’’ and, therefore, not
serious. Linde and Mezhlumian@107,108# have shown how
there are reasonable potentials which could produce s
bubble universes with different values ofV. In a standard
chaotic inflationary potentialV(f) @109#, one could simply
build in a bump, so that one would randomly walk to the t
of the curve via quantum fluctuations and then roll down
one lodged behind the bump in a metastable local minim
One would then tunnel through the bump, forming bubb
that would roll down to the bottom in a timet1. One could
have a two-dimensional potentialV(f,s)5 1

2 g2f2s2

1V(s), where g is a constant and there is a metasta
trough ats50 with altitudeV(f,0)5L/8p with a barrier
on both sides, but one could tunnel through the barrier
reachs.0 whereV(f,s) has a true minimum, and at fixe
s, is proportional tof2 @107,108#. Then individual regions
could tunnel across the barrier at different values off, and
hence have different roll-down timest1 and thus different
values ofV. With a myriad of open universes being create
anthropic arguments@62# come into play and if shorter roll
down times were more probable than large ones, we m
not be surprised to find ourselves in a model which hadV of
a few tenths, since ifV is too small, no galaxies will form
@110#.

A second reason for the renaissance of these open i
tionary models is the observational data. A number of rec
estimates ofh ~the present Hubble constant in units
100 km s21 Mpc21) have been made~i.e., h50.6560.06
@111#, 0.68<h<0.77 @112#, 0.55<h<0.61 @113#, and
h50.6460.06 @114#!. Ages of globular cluster stars have
2s lower limit of about 11.6 billion years@115#, we require
h,0.56 if V51, but a more acceptableh,0.65 if V50.4,
VL50. Models with lowV but V1VL51 are also accept
able. Also, studies of large scale structure have shown
02350
e

,

.
of

e-

m-
ra

f
-

ch

l
.

s

e

o

,

ht

a-
nt

at

with the inflationary CDM power spectrum, the standardV
51, h50.5 model simply does not have enough power
large scales. A variety of observational samples and meth
have suggested this: counts in cells, angular covariance f
tion on the sky, power spectrum analysis of 3D samples,
finally topological analysis, all showing that 0.2,Vh,0.3
@82–88#. If h.0.55 this impliesV,0.55, which also agree
with what one would deduce from the age argument as w
as the measured masses in groups and clusters of gal
@116#. With the COBE normalization there is also the pro
lem that with V51, (dM /M )8h21Mpc51.121.5 and this
would require galaxies to be anti-biased@since for galaxies
(dM /M )8h21Mpc51# and would also lead to an excess
large-separation gravitational lenses over those obse
@117#. These things have forced even enthusiasts ofk50
models to move to models withV,1 and a cosmologica
constant so thatV1VL51 andk50 @118#. They then have
to explain the small ratio of the cosmological constant to
Planck density (102120). Currently we do not have such
natural explanation for a small yet finiteL as inflation natu-
rally provides for explaining why the radius of curvatu
should be a big number in thek521 case.

Turner @119# and Fukugita, Futamase, and Kasai@120#
showed that a flatVL51 model produces about 10 times
many gravitational lenses as a flat model withV51, and
Kochanek@121# was able to set a 95% confidence low
limit of 0.34,V in flat models whereV1VL51, and a
90% confidence lower limit 0.15,V in open models with
VL50. Thus, extreme-L dominated models are ruled out b
producing too many gravitational lenses.

Data on cosmic microwave background fluctuations
spherical harmonic modes froml 52 to l 5500 will provide
a strong test of these models. WithVBh250.0125, theV
51, VL50 model power spectrum reaches its peak value
l 5200; anV50.3, VL50.7 model reaches its peak valu
also at l 5200 @122#; while an V50.4, VL50 model
reaches its peak value atl 5350 @123#. This should be de-
cided by the Microwave Anisotropy Probe~MAP! and
PLANCK satellites which will measure this range with hig
accuracy@124#.

For the rest of this paper we shall usually assume sin
bubble open inflationary models for our big bang unive
~while recognizing that chaotic inflationary models@64# and
models with multiple epochs of inflation are also possible
is interesting to note that Penrose also prefers an open
verse from the point of view of the complex-holomorph
ideology of his twister theory@125#!. If the inflation within
the bubble is of order 67e-folds, then we can haveV of a
few tenths; but if it is longer than that, we will usually seeV
near 1 today. In any case, we will be assuming an ini
metastable vacuum which decays by forming bubb
through barrier penetration. The bubble formation rate
unit four volume r 0

4 is thus expected to be exponential
small so the bubbles do not percolate. Inflation is thus ete
to the future@128–131#. Borde and Vilenkin have proved
that if the Universe were infinitely old~i.e., if the de Sitter
space were complete! then the bubbles would percolate im
mediately and inflation would never get started~see
1-6
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CAN THE UNIVERSE CREATE ITSELF? PHYSICAL REVIEW D58 023501
@126,127# and references cited therein!. Recall that a com-
plete de Sitter space may be covered with anS3 coordinate
system ~a k51 cosmology! whose radius varies asa(t)
5r 0 cosh(t/r0) so that for early times (t,0) the universe
would be contracting and bubbles would quickly collide p
venting the inflation from ever reachingt50. Thus Borde
and Vilenkin have proved that in the inflationary scenario
universe must have a beginning. If it starts with a thre
sphere of radiusr 0 at time t50, and after that expands lik
a(t)5r 0 cosh(t/r0), the bubbles do not percolate~given that
the bubble formation rate per four volumer 0

4 is e!1) and
the inflation continues eternally tot5` producing an infinite
number of open bubble universes. Since the number
bubbles forming increases exponentially with time witho
limit, our universe is expected to form at a finite but arb
trarily large time after the beginning of the inflationary sta
In this picture our universe~our bubble! is only 12 billion
years old, but the Universe as a whole~the entire bubble
forming inflationary state! is of a finite but arbitrarily old
age.

IV. VILENKIN’S TUNNELING UNIVERSE
AND HARTLE-HAWKING’S NO-BOUNDARY

PROPOSAL

But how to produce that initial sphericalS3 universe?
Vilenkin @11# suggested that it could be formed from qua
tum tunneling. Consider the embedding diagram for de Si
space: de Sitter space can be embedded as the surfacW2

1X21Y21Z22V25r 0
2 in a five-dimensional Minkowski

space with metric ds252dV21dW21dX21dY21dZ2.
This can be seen as anS3 cosmology with radiusa(t)
5r 0 cosh(t/r0) where V5r 0 sinh(t/r0) and a25W21X2

1Y21Z2 gives the geometry ofS3. This solution represent
a classical trajectory with a turning point ata5r 0. But just
as it reaches this turning point it could tunnel toa50 where
the trajectory may be shown as a hemisphere of the Euc
ean four-sphereW21X21Y21Z21V25r 0

2 embedded in a
flat Euclidean space with the metricds25dV21dW21dX2

1dY21dZ2 and a(tE)5r 0 cos(tE /r0) where a25W21X2

1Y21Z2 andV5r 0 sin(tE /r0). The time-reversed version o
this process would show tunneling from a point at (V5
2r 0 , W50, X50, Y50, Z50) to a three sphere atV50 of
radius r 0 which then expands with proper time likea(t)
5r 0 cosh(t/r0) giving a normal de Sitter space—thus Vile
kin’s universe created from nothing is obtained@11#.

Hawking has noted that in this case, in Hartle and Haw
ing’s formulation, the point (V52r 0 , W50, X50, Y50,
Z50) is not special, the curvature does not blow up there
is like other points in the Euclidean hemispherical sect
@13#. However, this point is still the earliest point in Euclid
ean time since it is at the center of the hemisphere spec
by the Euclidean boundary atV50. So the beginning poin
in the Vilenkin model is indeed like the south pole of th
Earth @13#.

Vilenkin’s tunneling universe was based on an analo
between quantum creation of universes and tunneling in
dinary quantum mechanics@11#. In ordinary quantum me-
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chanics, a particle bounded in a well surrounded by a bar
has a finite probability to tunnel through the barrier to t
outside if the height of the barrier is finite~as in thea-decay
of radioactive nuclei@132–134#!. The wave function outside
the barrier is an outgoing wave, the wave function in the w
is the superposition of an outgoing wave and an ingo
wave which is the reflection of the outgoing wave by t
barrier. Because of the conservation of current, there is a
outgoing current in the well. The probability for the partic
staying in the well is much greater than the probability f
the particle running out of the barrier. The energy of t
particle in the wellcannotbe zero, otherwise the uncertain
principle is violated. Thus there is always a finite zero-poi
energy. The Vilenkin universe was supposed to be crea
from ‘‘nothing,’’ where according to Vilenkin ‘‘nothing’’
means ‘‘a state with no classical spacetime’’@135#. Thus this
is essentially different from tunneling in ordinary quantu
mechanics since in ordinary quantum mechanics tunne
always takes place from one classically allowed region
another classically allowed region where the current and
probability are conserved. But creation from ‘‘nothing’’ i
supposed to take place from a classically forbidden~Euclid-
ean! region to a classically allowed~Lorentzian! region, so
the conservation of current is obviously violated. Vilenk
obtained his tunneling universe by choosing a so-ca
‘‘tunneling boundary condition’’ for the Wheeler-DeWit
equation@135,136#. His ‘‘tunneling from nothing’’ boundary
condition demands that when the universe is big (a2L/3
.1 whereL is the cosmological constant anda is the scale
factor of the universe! there is only an outgoing wave in th
superspace@135,136#. If the probability and current are con
served~in fact there does exist a conserved current for
Wheeler-DeWitt equation@137#, and a classically allowed
solution with a50 and zero ‘‘energy’’!, there must be a
finite probability for the universe being in the state befo
tunneling ~i.e., a50) and this probability is much bigge
than the probability for tunneling. This implies that the
must be ‘‘something’’ instead of ‘‘nothing’’ before tunnel
ing. This becomes more clear if matter fields are included
considering the creation of universes. In the case of a c
mological constantL and a conformally coupled scalar fiel
f ~conformal fields are interesting not only for their simpli
ity but also because electromagnetic fields are conform
invariant! as the source terms in Einstein’s equations, in
mini-superspace model~where the configurations are th
scale factora of the S3 Robertson-Walker metric and a ho
mogeneous conformally coupled scalar fieldf) the Wheeler-
DeWitt equation separates@12,138#

1

2S 2
d2

dx2 1x2DF~x!5EF~x!, ~1!

1

2F2
1

ap

d

daS ap
d

daD1S a22
L

3
a4D GC~a!5EC~a!, ~2!

whereC(a)F(x) is the wave function of the universe@x
[(4p/3)1/2fa#, E is the ‘‘energy level’’ of the conformally
coupled scalar field~we use quotes because for radiation t
conserved quantity isE54pra4/3 instead of the energy
4pra3/3 wherer is the energy density!, andp is a constant
1-7
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J. RICHARD GOTT III AND LI-XIN LI PHYSICAL REVIEW D 58 023501
determining the operator ordering. Equation~1! is just the
Schrödinger equation of a harmonic oscillator with unit ma
and unit frequency and energyE, the eigenvalues ofE are
n1 1

2 wheren50,1,2, . . . . Equation~2! is equivalent to the
Schrödinger equation for a unit mass particle with total e
ergy E5n1 1

2 in the one-dimensional potential

U~a!5
1

2S a22
L

3
a4D . ~3!

It is clear that in the case ofn, 1
2 (3/@4L#21), there exist

one classically forbidden regiona1,a,a2 and two classi-
cally allowed regions 0<a,a1 and a.a2 where a1,2

2

[(3/2L)@17A12 4
3 (2n11)L# ~Fig. 2!. BecauseU(a) is

regular ata50, we expect that the wave functionC(a) is
also regular ata50. If L!1 and the conformally coupled
scalar field is in the ground state withn50, we havea1
.1, a2.(3/L)1/2 and the potential in region 0<a,a1 is
U(a). 1

2 a2 like a harmonic oscillator. The quantum beha

FIG. 2. The potential function in the Wheeler-DeWitt equati
in the minisuperspace model. The horizontal axis is the scale fa
of the universe. If the conformally coupled scalar field is in t
ground state, it has a ‘‘zero-point-energy’’ 1/2. If this ‘‘zero-poin
energy’’ is considered, the quantum behavior of the universe is
a particle of unit mass with total energy 1/2 moving in the poten
U(a). Regions 0,a,a1 anda.a2 are classically allowed; region
a1,a,a2 is classically forbidden. The left dark disk is a tin
radiation-dominated closed oscillating universe, which oscilla
between big bangs and big crunches. The smoothness of the p
tial at a50 may indicate that any big bang and big crunch sing
larities are removed by quantum theory. This tiny oscillating u
verse has a small but non-zero probability to tunnel through
barrier out to become a de Sitter–type inflating universe, whic
represented by the dark disk on the right. The circle inside
barrier is a Euclidean bouncing space. If the ‘‘zero-point-energ
1/2 were neglected~as Hartle and Hawking did!, the left classically
allowed region would shrink to a point. The grey disk represen
contracting and re-expanding de Sitter universe. If the ‘‘zero-po
energy’’ is neglected, the Universe could start out at the metast
minimum as a point witha50, tunneling through the barrier out t
become a de Sitter universe. In this paper we argue that we hav
reason to neglect the ‘‘zero-point-energy’’ so that it is the ti
oscillating universe initial state that applies.
02350
-

ior of the universe in region 0<a,a1 is like a quantum
harmonic oscillator. This may describe a quantum oscillat
~Lorentzian! universe without big bang or big crunch sing
larities, which has a finite~but small! probability @.exp
(21/L)# to tunnel through the barrier to form a de Sitter
type inflating universe. The existence of this tiny oscillati
universe is due to the existence of a finite ‘‘zero-poin
energy’’ ~1/2! of a conformally coupled scalar field and th
‘‘zero-point-energy’’ is required by the uncertainty principl
Since a conformally coupled scalar field has an equation
state like that of radiation, the Friedmann equation fork5
11 is

S da

dt D
2

5
C

a2 1
L

3
a221, ~4!

where C58pra4/35const andr is the energy density o
the conformally coupled scalar field. Equation~4! is equiva-
lent to the energy-conservation equation for a classical
mass particle with zero total energy moving in the poten

V~a!5
1

2S 12
L

3
a22

C

a2D . ~5!

The difference betweenU(a) andV(a) is caused by the fac
that in the integral of action the volume element contain
factor a3 which is also varied when one makes the variati
to obtain the dynamical equations. The potentialV(a) is sin-
gular ata50 and neara50 we haveV(a).2C/2a2. For
L!1 andn50 ~we takeC52E52n11), the classical uni-
verse in region 0<a,a1 is radiation dominated. This uni
verse expands from a big bang singularity, reaches a m
mum radius, then re-collapses to a big crunch singularitya
50 is a singularity in the classical picture. But from th
above discussion, the Wheeler-DeWitt equation gives a re
lar wave function ata50. In such a case neara50 the
quantum behavior of the universe is different from classi
behavior. This implies that, neara50, classical general rela
tivity breaks down and quantum gravity may remove sing
larities. This case is like that of a hydrogen atom where
classical instability~according to classical electrodynamic
an electron around a hydrogen nucleus will fall into t
nucleus due to electromagnetic radiation! is cured by quan-
tum mechanics. Anyway, it isnot nothing ata50. There is a
small classically allowed, oscillating, radiation dominate
closed, quantum~by ‘‘quantum’’ we mean that its quantum
behavior deviates significantly from its classical behavi!
Friedmann universe neara50, which has a small probability
to tunnel through the barrier to form an inflationary univers
~If L.0.75 there is no classically forbidden region and th
no tunneling.!

So in this model the universe did not come from a po
~nothing! but from a tiny classically allowed, oscillating
quantum Friedmann universe whose radius is of order
Planck magnitude. But where did this oscillating univer
come from? Because it has a finite probability to tunn
~each time it reaches maximum radius! to a de Sitter space, i
has a finite ‘‘half-life’’ for decay into the de Sitter phase an
cannot last forever. It could, of course, originate by tunnel
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CAN THE UNIVERSE CREATE ITSELF? PHYSICAL REVIEW D58 023501
from a collapsing de Sitter phase~the time-reversed versio
of the creation of a de Sitter state from the oscillating sta!,
but then we are back where we started. In fact, starting w
a collapsing de Sitter phase one is more likely to obtain
expanding de Sitter phase by simply re-expanding at
classical turning point rather than tunneling into and then
of the tiny oscillating universe state. An alternative might
to have the original tiny oscillating universe created via
quantum fluctuation~since it has just the ‘‘zero-point
energy’’! but here we are basically returning to the idea
Tryon @139# that you could get an entire Friedmann univer
of any size directly via quantum fluctuation. But quantu
fluctuation of what? You have to have laws of physics an
potential etc.

Hartle and Hawking@12# made their no-boundary pro
posal and obtained a model of the universe similar to Vil
kin’s tunneling universe. The no-boundary proposal is
pressed in terms of a Euclidean path integral of the w
function of the universe

C~hab ,f1 ,]M !5(
M

E DgabDf

3exp@2I ~gab ,f,M !#, ~6!

where the summation is over compact manifoldsM with the
prescribed boundary]M ~being a compact three-manifol
representing the shape of the universe at a given epoch! as
the only boundary;gab is the Euclidean metric on the man
fold M with induced three-metrichab on ]M , f is the matter
field with induced valuef1 on ]M ; I is the Euclidean action

FIG. 3. ~a! The solution of the Euclidean Einstein’s equatio
representing the tunneling regime~open circle! in Fig. 2. This is a
solution to the Euclidean Einstein’s equations with a positive c
mological constant and a conformally coupled scalar field in
ground state. This is a Euclidean space bouncing between the
with maximum radiusa2 and the state with~non-zero! minimum
radius a1. One ‘‘copy’’ of this Euclidean bouncing solution i
shown in this diagram, which has two boundaries with minimu
radiusa1. ~b! This is the case when the ‘‘zero-point-energy’’ of th
conformally coupled scalar field is neglected, as Hartle and Ha
ing did. In this case the minimum radius is zero, and thus one c
of the bouncing Euclidean solution is a four-sphere. This fo
sphere has no-boundary, which is the basis of Hawking’s quan
cosmology. But we argue that since the ‘‘zero-point-energy’’ of t
conformally coupled scalar field cannot be neglected, the true s
tion should be that given by diagram~3a!, which does not enforce
Hartle and Hawking’s no-boundary proposal.
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obtained from the Lorentzian actionS via Wick rotation: I
52 iS(t→2 i t). In the mini-superspace model the config
ration space is taken to include thek511 Robertson-
Walker metric and a homogeneous matter field. In the W
approximation the wave function is~up to a normalization
factor!

C.(
M

BMexp@2I cl~gab ,f,M !#, ~7!

where I cl is the Euclidean action for the solutions of th
Euclidean field equations~Einstein’s equations and matte
field equations!. The factorBM is the determinant of smal
fluctuations around solutions of the field equations@12#. If
the matter field is a conformally coupled scalar fieldf
[(3/4p)1/2x/a ~which is the case that Hartle and Hawkin
@12# discussed!, ra4 is conserved wherer is the energy den-
sity of f satisfying the field equations. Then the Friedma
equation is given by Eq.~4!. The corresponding Euclidea
equation is obtained from Eq.~4! via t→2 i t

S da

dt D 2

512
L

3
a22

C

a2 . ~8!

The solution to Eq.~8! is ~for the case4
3 LC,1)

a~t!5H21F1

2
1

1

2
~124H2C!1/2

3cos~2Ht!G1/2

, ~9!

whereH5(L/3)1/2. This is a Euclidean bouncing space wi

a maximum radiusamax5H21@ 1
211

2(124H2C)1/2#1/2 and a

minimum radiusamin5H21@ 1
221

2(124H2C)1/2#1/2 ~Fig. 3!. If
C50, we have amax5H21, amin50, and a(t)
5H21 cos(Ht), one copy of this bouncing space is a fou
sphere with the Euclidean de Sitter metricds25dt2

1H22 cos2(Ht)@dx21sin2 x(du21sin2 udf2)#—which is just
a four-sphere embedded in a five-dimensional Euclid
space (V,W,X,Y,Z) with metric ds25dV21dW21dX2

1dY21dZ2—this is the solution that Hartle and Hawkin
used@12#. But, as we have argued above, according to Ha
and Hawking@12# and Hawking@138#, the Wheeler-DeWitt
equation forF(x) @Eq. ~1!# gives rise to a ‘‘zero-point-
energy’’ for the conformally coupled scalar field:C0
52E(n50)51 ~the state withC50 violates the uncertainty
principle!. One copy of this bouncing Euclidean space isnot
a compact four-dimensional manifold with no boundarie
but has two boundaries witha5amin ~see Fig. 3!. If H!1
~i.e. L!1), we haveamax.H21, amin.1.

Penrose@125# has criticized Hawking’s no-boundary pro
posal and the model obtained by gluing a de Sitter space
a four-sphere hemisphere by pointing out that there are o
very few spaces for which one can glue a Euclidean an
Lorentzian solution together since it is required that th
have both a Euclidean and a Lorentzian solution, but
generic case is certainly very far from that. Here ‘‘with
zero-point-energy’’ we have both a Euclidean solution an
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J. RICHARD GOTT III AND LI-XIN LI PHYSICAL REVIEW D 58 023501
Lorentzian solution, and they can be glued together. But
Euclidean solution is not closed in any way; that is, it do
not enforce the no-boundary proposal. Hartle and Hawk
argued that there should be a constante0 in E which arises
from the renormalization of the matter field, i.e.,E should be
n1 1

2 1e0 @12#. But there isno reason thate0 should be
2 1

2 to exactly cancel the ‘‘zero-point-energy’’1
2 . ~As in the

case of a quantum harmonic oscillator, we have no reaso
neglect the zero-point-energy.! In fact, sincee0 comes from
the renormalization of the matter field~without quantization
of gravity!, it should be much less than the Planck mag
tude, i.e.,e0!1, and thuse0 is negligible compared with12 .
In fact in @138# Hawking has droppede0.

In @12# Hartle and Hawking have realized that for excit
states (n.0), there are two kinds of classical solutions: o
represents universes which expand from zero volume
reach a maximum radius, and then re-collapse~like our tiny
oscillating universe!; the other represents the de Sitter-ty
state of continual expansion. There are probabilities fo
universe to tunnel from one state to the other. Here we ar
that for the ground state (n50), there are also two suc
kinds of Lorentzian universes. One is a tiny quantum os
lating universe~having a maximum radius with Planck ma
nitude!. Here ‘‘quantum’’ just means that the classical d
scription fails~so singularities might be removed!. The other
is a big de Sitter-type universe. These two universes can
joined to one another through a Euclidean section, wh
describes quantum tunneling from a tiny oscillating unive
to an inflating universe~or from a contracting de Sitter-typ
universe to a tiny oscillating universe!. During the tunneling,
the radius of the universe makes a jump~from the Planck
length toH21 or vice versa!.

As Hartle and Hawking@12# calculated the wave function
of the universe for the ground state, they argued that, for
conformally coupled scalar field case, the path integral o
a andx5(4p/3)1/2fa separates since ‘‘not only the actio
separates into a sum of a gravitational part and a matter
but the boundary condition on thea(h) andx(h) summed
over do not depend on one another’’ whereh is the confor-
mal time. The critical point for the variable’s separation
the path integral is that ‘‘the ground state boundary con
tions imply that geometries in the sum are conformal to h
of a Euclidean-Einstein static universe; i.e., the range ofh is
(2`,0). The boundary conditions at infiniteh are thatx(h)
anda(h) vanish. The boundary conditions ath50 are that
a(0) andx(0) match the arguments of the wave functiona0
and x0’’ @12#. But this holds only for some specific case
such as de Sitter space. Our solution~9! does not obey Hartle
and Hawking’s assumption thath ranges from2` to 0. For
a generalk511 ~Euclidean! Robertson-Walker metric,h
5*(dt/a) is a functional ofa, and the action of matter~an
integral overh) is a functional ofa. Therefore, the action
cannotbe separated into a sum of a gravitational part an
matter part as Hartle and Hawking did. The failure of Har
and Hawking’s path integral calculation is also manifested
the fact that de Sitter space isnot a solution of the Friedmann
equation if the ‘‘zero-point-energy’’ of the conformall
coupled scalar field is considered, whereas the semiclas
approximation implies that the principal contribution to t
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path integral of the wave function comes from the config
rations which solve Einstein’s equations. One may hope
overcome this difficulty by introducing a scalar field with
flat potentialV(f) ~as in the inflation case!. But this does not
apply to the quantum cosmology case since asa→0 the
universe always becomes radiation-dominated unless the
ergy density of radiation is exactly zero~but the uncertainty
principle does not allow this case to occur!.

V. CTCs AND THE CHRONOLOGY PROTECTION
CONJECTURE

From the arguments in the last section, we find that
Universe doesnot seem to be created from nothing. On th
other hand, if the Universe is created fromsomething, that
something could have beenitself. Thus it is possible that the
Universe is its own mother. In such a case, if we trace
history of the Universe backward, inevitably we will enter
region of CTCs. Therefore CTCs may play an important r
in the creation of the Universe. It is interesting to note th
Hawking and Penrose’s singularity theorems do not appl
the Universe has had CTCs. And, it has been shown that,
compact Lorentzian spacetime undergoes topology chan
there must be CTCs in this spacetime@140,19,20#. @Basically
there are two type of spacetimes with CTCs: for the fi
type, there are CTCs everywhere~Gödel space belongs to
this type!; for the second type, the CTCs are confined with
some regions and there exists at least one region where
are no closed causal~timelike or null! curves, and the region
with CTCs are separated from the regions without clos
causal curves by Cauchy horizons~Misner space belongs to
this type!. In this paper, with the word ‘‘spacetimes wit
CTCs’’ we always refer to the second type unless otherw
specified.#

While in classical general relativity there exist many s
lutions with CTCs, some calculations of vacuum polarizati
of quantum fields in spacetimes with CTCs indicated that
energy-momentum tensor~in this paper when we deal with
quantum fields, with the word ‘‘the energy-momentum te
sor’’ we always refer to ‘‘the renormalized energy
momentum tensor’’ because ‘‘the unrenormalized ener
momentum tensor’’ has no physical meaning! diverges as
one approaches the Cauchy horizon separating the re
with CTCs from the region without closed causal curve
This means that spacetimes with CTCs may be unsta
against vacuum polarization since when the ener
momentum tensor is fed back to the semiclassical Einste
equations~i.e. Einstein’s equations with quantum correctio
to the energy-momentum tensor of matter fields! the back-
reaction may distort the spacetime geometry so strongly
a singularity may form and CTCs may be destroyed. Ba
on some of these calculations, Hawking@19,20# has pro-
posed the chronology protection conjecture which states
the laws of physics do not allow the appearance of CTCs~It
should be mentioned that the chronology protection con
ture doesnot provide any restriction on spacetimes wi
CTCs but no Cauchy horizons since there isno any indica-
tion that this type of spacetime is unstable against vacu
polarization. In the next section we will show a simple e
1-10
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CAN THE UNIVERSE CREATE ITSELF? PHYSICAL REVIEW D58 023501
ample of a spacetime with CTCs but no Cauchy horizo
where the energy-momentum tensor is finite everywhere!

But, on the other hand, Li, Xu, and Liu@22# have pointed
out that even if the energy-momentum tensor of vacuum
larization diverges at the Cauchy horizon, it doesnot mean
that CTCs must be prevented by physical laws because~1!
Einstein’s equations are local equations and the ene
momentum tensor may diverge only at the Cauchy hori
~or at the polarized hypersurfaces! and be well-behaved else
where within the region with CTCs;~2! the divergence of the
energy-momentum tensor at the Cauchy horizon doesnot
mean that the Cauchy horizon must be destroyed by
back-reaction of vacuum polarization,but instead means tha
near the Cauchy horizon the usual quantum field theory o
prescribed classical spacetime background cannot be
and the quantum effect of gravity must be considered.~This
is like the case that Hawking and Penrose’s singularity th
rems donot mean that the big bang cosmology is wrong b
mean that near the big bang singularity quantum gravity
fects become important@13#.! When Hawking proposed hi
chronology protection conjecture, Hawking@20# and Kim
and Thorne@16# had a controversy over whether quantu
gravity can save CTCs. Kim and Thorne claimed that qu
tum gravitational effects would cut the divergence off wh
an observer’s proper time from crossing the Cauchy hori
was the Planck time, and this would only give such a sm
perturbation on the metric that the Cauchy horizon could
be destroyed. But, Hawking@20# noted that one would ex
pect the quantum gravitational cut-off to occur when the
variant distance from the Cauchy horizon was of order
Planck length, and this would give a very strong perturbat
on the metric so that the Cauchy horizon would be destroy
Since there does not exist a self-consistent quantum theo
gravity at present, we cannot judge who~Hawking or Kim
and Thorne! is right. But in any case, these arguments imp
that in the case of a spacetime with CTCs where the ene
momentum tensor of vacuum polarization diverges at
Cauchy horizon, quantum gravity effects should become
portant near the Cauchy horizon. Li, Xu, and Liu@22# have
argued that if the effects of quantum gravity are consider
in a spacetime with CTCs the region with CTCs and
region without closed causal curves may be separated
quantum barrier~e.g. a region where components of the m
ric have complex values! instead of a Cauchy horizon gen
erated by closed null geodesics. By quantum processe
time traveler may tunnel from the region without clos
causal curves to the region with CTCs~or vice versa!, and
the spacetime itself can also tunnel from one side to the o
side of the quantum barrier@22#. In classical general relativ
ity, a region with CTCs and a region without closed cau
curves must be separated by a Cauchy horizon~compactly
generated or non-compactly generated! which usually con-
tains closed null geodesics if it is compactly generated@20#.
But if quantum gravity effects are considered~e.g. in quan-
tum cosmology!, they can be separated by a complex ge
metric region~as a quantum barrier! instead of a Cauchy
horizon@22#. ~In the path integral approach to quantum co
mology, complex geometries arerequired in order to make
the path integral convergent and to overcome the difficu
02350
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that in general situations a Euclidean spacecannot be di-
rectly joined to a Lorentzian space@141#.! And, using a
simple example of a space with a region with CTCs se
rated from a region without closed causal curves by a co
plex geometric region, Li, Xu, and Liu@22# have shown that
in such a space the energy-momentum tensor of vacuum
larization is finite everywhere and the chronology protect
conjecture has been challenged.

Without appeal to quantum gravity, counter-examples
the chronology protection conjecture also exist. By introdu
ing a spherical reflecting boundary between two mouths o
wormhole, Li @23# has shown that with some boundary co
ditions for geodesics~e.g. the reflection boundary condition!
closed null geodesics@usually the ‘‘archcriminal’’ for the
divergence of the energy-momentum tensor as the Cau
horizon is approached~see e.g.@16#!# may be removed from
the Cauchy horizon separating the region with CTCs and
region without closed causal curves. In such a case
spacetime contains neither closed nullgeodesicsnor closed
timelike geodesics, though it contains both closed timelik
non-geodesiccurves and closed nullnon-geodesiccurves. Li
@23# has shown that in this spacetime the energy-momen
tensor is finite everywhere. Following Li@23#, Low @24# has
given another example of spacetime with CTCs but with
closed causalgeodesics.

Recently, with a very general argument, Li@26# has
shown that the appearance of an absorber in a spacetime
CTCs may make the spacetime stable against vacuum p
ization. Li @26# has given some examples to show that th
exist many collision processes in high energy physics
which the total cross-sections increase~or tend to a constant!
as the frequency of the incident waves increases. Base
these examples, Li@26# has argued that material will becom
opaque for waves~particles! with extremely high frequency
or energy, since in such cases the absorption caused by
ous types of scattering processes becomes very impor
Based on calculation of the renormalized energy-momen
tensor and the fluctuation in the metric, Li@26# has argued
that if an absorbing material with appropriate density is
troduced, vacuum polarization may be smoothed out near
Cauchy horizon so that the metric perturbation caused
vacuum fluctuations will be very small and a spacetime w
CTCs can be stable against vacuum polarization.

Boulware@21# and Tanaka and Hiscock@25# have found
that for sufficiently massive fields in Gott space@8,142# and
Grant space@18# respectively, the energy-momentum tens
remains regular on the Cauchy horizon. Krasnikov@27# has
found some two-dimensional spacetimes with CTCs
which the energy-momentum tensor of vacuum polarizat
is bounded on the Cauchy horizon. Sushkov@28# has found
that for an automorphic complex scalar field in Misner spa
there is a vacuum state for which the energy-momentum
sor is zero everywhere. More recently, Cassidy@31# and Li
and Gott @30# have independently found that for the re
conformally coupled scalar field in Misner space there ex
a quantum state for which the energy-momentum tenso
zero everywhere. Li and Gott@30# have found that this quan
tum state is the ‘‘adapted’’ Rindler vacuum~i.e. the usual
Rindler vacuum with multiple images! and it is a self-
1-11



s

r
th
ac
fo

nt
he
o

le
a
w
R
n

n
n

ro

th
ill
e
ac

r
e

c
re

dy
th
-

he

an
’s

n
an

s
a
a

th
ar

zon.

t the
ur-

e
e

-
t
ac-

nt is
for

, as

ntal
gy-
en-
one
c
ner-
im-

en-

ach
eld
for

o-

in a
d

ver-

t
r to
ere

ms

ly
nsor
te
oes
ed
set

ti-

on-
eory

J. RICHARD GOTT III AND LI-XIN LI PHYSICAL REVIEW D 58 023501
consistent vacuum state because it solves the semiclas
Einstein’s equations exactly. Li and Gott@30# have also
found that for this ‘‘adapted’’ Rindler vacuum in Misne
space, an inertial particle detector perceives nothing. In
paper, we find that for a multiply connected de Sitter sp
there also exists a self-consistent vacuum state for a con
mally coupled scalar field~see Sec. IX!.

Thorne @9# has noted that, even if Hawking’s argume
that a quantum gravitational cut-off would occur when t
geometric invariant distance from the Cauchy horizon is
order the Planck length is correct, by using two wormho
the metric fluctuations near the Cauchy horizon can be m
arbitrarily small so a spacetime with CTCs created from t
wormholes can be stable against vacuum polarization.
cently Visser@29# has generalized this result to the Roma
ring case.

The above arguments indicate that the back-reaction
vacuum polarization maynot destroy the Cauchy horizon i
spacetimes with CTCs, and thus such spacetimes ca
stable against vacuum polarization.

In a recent paper, Cassidy and Hawking@143# have ad-
mitted that ‘‘back-reaction does not enforce chronology p
tection.’’ On the other hand, Cassidy and Hawking@143#
have argued that the ‘‘number of states’’ may enforce
chronology protection conjecture since ‘‘this quantity w
always tend to zero as one tries to introduce CTCs.’’ Th
arguments are based on the fact that for the particular sp
time with CTCs they constructed@which is the product of a
multiply connected~via a boost! three-dimensional de Sitte
space andS1# the entropy of a massless scalar field diverg
to minus infinity when the spacetime develops CTCs@143#.
However, whether this conclusion holds for general spa
times with CTCs remains an open question and further
search is required. And, from ordinary statistical thermo
namics we know that entropy is always positive, so
physical meaning of anegativeentropy is unclear. The num
ber of states in phase space is given byN5DpDq/(2p\)s

where Dq5Dq1Dq2 . . . Dqs , Dp5Dp1Dp2 . . . Dps , qi
( i 51,2, . . . ,s) is a canonical coordinate,pi is a canonical
momentum, ands is the number of degrees of freedom. T
uncertainty principle demands thatDpiDqi>2p\ and thus
we should always haveN>1. Thus the ‘‘fact’’ that the num-
ber of states tends to zero as one tries to develop CTCs~i.e.
as one approaches the Cauchy horizon! may simply imply
that near the Cauchy horizon quantum effects of gravity c
not be neglected, which is consistent with Li, Xu, and Liu
argument@22#. The entropy is defined bykBlnN whereN is
the number of states andkB is the Boltzmann constant. Whe
N is small, quantization of the entropy becomes import
~remember that the number of statesN is always an integer!.
The entropy cannotcontinuouslytend to negative infinity; it
should jump from kBln3 to kBln2, jump from kBln2 to zero
~but in Cassidy and Hawking’s arguments@143# we have not
seen such a jump!, then the uncertainty principle demand
that the entropy should stand on the zero value as one
proaches the Cauchy horizon. On the other hand, ordin
continuous thermodynamics holds only for the case withN
@1. Thus, as one approaches the Cauchy horizon the
modynamic limit has already been violated and ordin
02350
ical

is
e
r-

f
s
de
o
e-
-

of

be

-

e

ir
e-

s

e-
-

-
e

-

t

p-
ry

er-
y

thermodynamics should be revised near the Cauchy hori
In other words, Cassidy and Hawking’s results@143# cannot
be extended to the Cauchy horizon. Based on the fact tha
effective action density diverges at the polarized hypers
faces of spacetimes with CTCs@31#, Cassidy and Hawking
@143# have argued that the effective action ‘‘would provid
new insight into issues of chronology protection.’’ But w
should note that the effective action is only atool for com-
puting some physical quantities~such as the energy
momentum tensor! and the effective action itself has no
much physical meaning. The divergence of the effective
tion may imply that the effective action is not a goodtool as
the polarized hypersurfaces are approached. Our argume
supported by the fact that there exist many examples
which the energy-momentum tensor is finite everywhere
mentioned above.

Recently, Kay, Radzikowski, and Wald@144# have proved
two theorems which demonstrate that some fundame
quantities such as Hadamard functions and ener
momentum tensors must be ill-defined on a compactly g
erated Cauchy horizon in a spacetime with CTCs, as
extends theusualquantum field theory in a global hyperboli
spacetime to an acausal spacetime with a compactly ge
ated Cauchy horizon. Basically speaking, their theorems
ply that theusual quantum field theory cannot bedirectly
extended to a spacetime with CTCs@144#. Their theorems
tell us that serious difficulties arise when attempting todefine
quantum field theory on a spacetime with a compactly g
erated Cauchy horizon@144#. The ordinary quantum field
theory must be significantly changed or some new appro
must be introduced when one tries to do quantum fi
theory on a spacetime with CTCs. A candidate procedure
overcoming this difficulty is the Euclidean quantization pr
posed by Hawking@145,146#. Quantum field theory is well-
defined in a Euclidean space because there are no CTCs
Euclidean space@147#. In fact, even in simply connecte
Minkowski spacetime, quantum field theory isnot well-
defined since the path integral does not converge. To o
come this difficulty, the technique of Wick-rotation~which is
essentially equivalent to Euclidean quantization! is used.
Kay, Radzikowski, and Wald@144# have also argued tha
their results may be interpreted as indicating that in orde
create CTCs it would be necessary to enter a regime wh
quantum effects of gravity will be dominant~see also the
discussions of Visser@148,149#!; this is also consistent with
Li, Xu, and Liu’s arguments@22#. Cramer and Kay@150,151#
have shown that Kay, Radzikowski, and Wald’s theore
@144# also apply to Misner space~for Sushkov’s automorphic
field case@28# and Krasnikov’s two-dimensional case@27#,
respectively! where the Cauchy horizon is not compact
generated, in the sense that the energy-momentum te
must be ill-defined on the Cauchy horizon itself. But we no
that this only happens in a set of measure zero which d
not make much sense in physics for if the renormaliz
energy-momentum tensor is zero everywhere except on a
of measure zero where it is formally ill-defined, then con
nuity would seem to require setting it to zero there also@30#.

Perhaps a conclusion on the chronology protection c
jecture can only be reached after we have a quantum th
1-12
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CAN THE UNIVERSE CREATE ITSELF? PHYSICAL REVIEW D58 023501
of gravity. However, we can conclude that the back-react
of vacuum polarization doesnot enforce the chronology pro
tection conjecture, a point Hawking himself also adm
@143#. ~Originally the back-reaction of vacuum polarizatio
was supposed to be the strongest candidate for chrono
protection@19,20#.!

VI. MULTIPLY CONNECTED MINKOWSKI SPACETIMES
WITH CTCs

A simple spacetime with CTCs is obtained fro
Minkowski spacetime by identifying points that are relat
by time translation. Minkowski spacetime is (R4,hab). In
Cartesian coordinates (t,x,y,z) the Lorentzian metrichab is
given by

ds252dt21dx21dy21dz2. ~10!

Now we identify points (t,x,y,z) with points (t
1nt0 ,x,y,z) where t0 is a positive constant andn is any
integer. Then we obtain a spacetime with topologyS13R3

and the Lorentzian metric. Such a spacetime is closed in
time direction and has no Cauchy horizon. All events in t
spacetime are threaded by CTCs.~This is the only acausa
spacetime without a Cauchy horizon considered in this
per.! Minkowski spacetime (R4,hab) is the covering space
of this spacetime.
b
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Usually there is no well-defined quantum field theory in
spacetime with CTCs.~Kay-Radzikowski-Wald’s theorems
@144# enforce this claim, though they do not apply directly
an acausal spacetime without a Cauchy horizon.! However,
in the case where a covering space exists, we can do it in
covering space with the method of images. In fact in m
cases where the energy-momentum tensor in spacetimes
CTCs has been calculated, this method has been used~for the
theoretical basis for the method of images see Ref.@15# and
references cited therein!. The method of images is sufficien
for our purposes in this paper~computing the energy-
momentum tensor and the response function of particle
tectors!. Thus in this paper we use this method to deal w
quantum field theory in spacetimes with CTCs.

For any point (t,x,y,z) in (S13R3,hab), there are an
infinite number of images of points (t1nt0 ,x,y,z) in the
covering space (R4,hab). For the Minkowski vacuumu0M&
of a conformally coupled scalar field~by ‘‘conformally
coupled’’ we mean that the mass of the scalar field is z
and the coupling between the scalar fieldf and the gravita-
tional field is given by1

6 Rf2 where R is the Ricci scalar
curvature! in the Minkowski spacetime, the Hadamard fun
tion is
ski
f

GM
~1!~X,X8!5

1

2p2

1

2~ t2t8!21~x2x8!21~y2y8!21~z2z8!2 , ~11!

hereX5(t,x,y,z) andX85(t8,x8,y8,z8). With the method of images, the Hadamard function of the ‘‘adapted’’ Minkow
vacuum~which is the Minkowski vacuum with multiple images! in the spacetime (S13R3,hab) is given by the summation o
the Hadamard function in Eq.~11! for all images

G~1!~X,X8!5
1

2p2 (
n52`

`
1

2~ t2t81nt0!21~x2x8!21~y2y8!21~z2z8!2 . ~12!

The regularized Hadamard function is usually taken to be

Greg
~1!~X,X8!5G~1!~X,X8!2GM

~1!~X,X8!5
1

2p2(
nÞ0

1

2~ t2t81nt0!21~x2x8!21~y2y8!21~z2z8!2 . ~13!
and
Cs
rge.
The renormalized energy-momentum tensor is given
@152,153#

^Tab& ren5
1

2
lim

X8→X

S 2

3
¹a¹b82

1

3
¹a¹b2

1

6
hab¹c¹

c8DGreg
~1! .

~14!

Inserting Eq.~13! into Eq. ~14! we get
y

^Tm
n& ren5

p2

90t0
4S 23 0 0 0

0 1 0 0

0 0 1 0

0 0 0 1

D . ~15!

We find that this energy-momentum tensor is constant
finite everywhere and has the form of radiation. Thus CT
do not mean that the energy-momentum tensor must dive

Now let us consider a particle detector@153,154# moving
1-13
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J. RICHARD GOTT III AND LI-XIN LI PHYSICAL REVIEW D 58 023501
in this spacetime. The particle detector is coupled to the fi
f by the interaction Lagrangiancm(t)f@X(t)#, wherec is
a small coupling constant,m is the detector’s monopole mo
ment,t is the proper time of the detector’s world line, an
X(t) is the trajectory of the particle detector@153#. Suppose
initially the detector is in its ground state with energyE0 and
the fieldf is in some quantum stateu&. Then the transition
probability for the detector to all possible excited states w
energyE.E0 and the fieldf to all possible quantum state
is given by@153#

P5c2 (
E.E0

u^Eum~0!uE0&u2F~DE!, ~16!

whereDE5E2E0.0 andF(DE) is the response function
o
nd

e

t
th

m

02350
ld

h

F~DE!5E
2`

`

dtE
2`

`

dt8e2 iDE~t2t8!

3G1
„X~t!,X~t8!…, ~17!

which is independent of the details of the particle detec
and is determined by the positive frequency Wightman fu
tion G1(X,X8)[^uf(X)f(X8)u& @while the Hadamard func-
tion is defined by G(1)(X,X8)[^uf(X)f(X8)
1f(X8)f(X)u&#. The response function represents the b
of particles that the detector effectively experiences@153#.
The remaining factor in Eq.~16! represents the selectivity o
the detector to the field and depends on the internal struc
of the detector @153#. The Wightman function for the
Minkowski vacuum is
n
me
GM
1~X,X8!5

1

4p2

1

2~ t2t82 i e!21~x2x8!21~y2y8!21~z2z8!2 , ~18!

wheree is an infinitesimal positive real number which is introduced to indicate thatG1 is the boundary value of a functio
which is analytic in the lower-half of the complexDt[t2t8 plane. For the adapted Minkowski vacuum in our spaceti
(S13R3,hab), the Wightman function is

G1~X,X8!5
1

4p2 (
n52`

`
1

2~ t2t81nt02 i e!21~x2x8!21~y2y8!21~z2z8!2 . ~19!

Assume that the detector moves along the geodesicx5bt (b,1), y5z50, then the proper time ist5t/z with z
51/A12b2. On the geodesic, the Wightman function is reduced to

G1~t,t8!5
1

4p2 (
n52`

`
1

2~ t2t81nt02 i e!21b2~ t2t8!2

52
1

4p2z2 (
n52`

`
1

~t2t81nt0 /z2 i e/z!22b2~t2t8!2 . ~20!

Inserting Eq.~20! into Eq. ~17!, we obtain

F~DE!52
1

4p2z2 (
n52`

` E
2`

`

dTE
2`

`

dDte2 iDEDt
1

~Dt1nt0 /z2 i e/z!22b2~Dt!2 , ~21!
a-
es
where Dt5t2t8 and T5(t1t8)/2. The integration over
Dt is taken along a contour closed in the lower-half plane
complexDt. Inspecting the poles of the integrand, we fi
that all poles are in the upper-half plane of complexDt
~remember thatb,1). Therefore according to the residu
theorem we have

F~DE!50. ~22!

Such a particle detector perceives no particles, though
renormalized energy-momentum tensor of the field has
form of radiation.

Another simple space with CTCs constructed fro
Minkowski space is Misner space@6#. In Cartesian coordi-
f

he
e

nates (t,x,y,z) in Minkowski spacetime, a boost transform
tion in the (t,x) plane~we can always adjust the coordinat
so that the boost is in this plane! takes point (t,x,y,z) to
point (t coshb1x sinhb,x coshb1t sinhb,y,z) where b is
the boost parameter. In Rindler coordinates (h,j,y,z), de-
fined by

t5jsinhh, ~23!

x5jcoshh,

y5y,

z5z,
1-14
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the Minkowski metric can then be written in the Rindl
form

ds252j2dh21dj21dy21dz2. ~24!

The Rindler coordinates (h,j,y,z) only cover the right quad-
rant of Minkowski space~i.e. the region R defined byx
.utu). By a reflection (t,x,y,z)→(2t,2x,y,z) @or
(h,j,y,z)→(h,2j,y,z)#, the Rindler coordinates and th
Rindler metric can be extended to the left quadrant~L, de-
fined byx,2utu). By the transformation

h→ j̃2 i
p

2
, j→6 i h̃, y→y, z→z, ~25!

the Rindler coordinates can be extended to the future qu
rant ~F, defined byt.uxu) and the past quadrant~P, defined
by t,2uxu). In region L the Rindler metric has the sam
form as the metric in region R, which is given by Eq.~24!.
But in F and P the Rindler metric is extended to be

ds252dh̃21h̃2dj̃21dy21dz2. ~26!

Misner space is obtained by identifying (t,x,y,z) with
(t coshnb1x sinhnb,x coshnb1t sinhnb,y,z). Under such
an identification, point (h,j,y,z) in R ~or L! is identified
with points (h1nb,j,y,z) in R ~or L!, point (h̃,j̃,y,z) in F
~or P! is identified with points (h̃,j̃1nb,y,z) in F ~or P!.
Clearly there are CTCs in R and L but there are no clo
causal curves in F and P, and these regions are separat
the Cauchy horizonsx56t, generated by closed null geod
sics.

Misner space is not a manifold at the intersection
x5t andx52t. However, as Hawking and Ellis@40# have
pointed out, if we consider the bundle of linear frames o
Minkowski space, the corresponding induced bundle of
ear frames over Misner space is a Hausdorff manifold
therefore well-behaved everywhere.

The energy-momentum tensor of a conformally coup
scalar field in Misner space has been studied in@14,30#. His-
cock and Konkowski @14# have calculated the energy
momentum tensor of the adapted Minkowski vacuum.
Rindler coordinates their results can be written as

^Tm
n&M,ren5

A

12p2j4S 23 0 0 0

0 1 0 0

0 0 1 0

0 0 0 1

D , ~27!

where the constantA is

A5 (
n51

`
21coshnb

~coshnb21!2 . ~28!

Equation~27! holds only in region R@because Rindler coor
dinates defined by Eq.~23! only cover R#, but it can be
analytically extended to other regions by writing^Tm

n&M,ren in
Cartesian coordinates or by the transformations mentio
02350
d-

d
by

f

r
-
d

d

n

d

above. Obviously for any finiteb, ^Tm
n&M,ren diverges as one

approaches the Cauchy horizon (j→0). This divergence is
coordinate independent since^Tmn&M,ren̂ Tmn&M,ren also di-
verges asj→0. This indicates that though the Minkowsk
vacuum is a good and self-consistent vacuum for simply c
nected Minkowski space, the adapted Minkowski vacuum
not self-consistent for Misner space~i.e. it does not solve
Einstein’s equations given the Misner space geometry!. This
result has led Hawking@19,20# to conjecture that the laws o
physics do not allow the appearance of CTCs~i.e., his chro-
nology protection conjecture!.

Li and Gott@30# have studied the adapted Rindler vacuu
in Misner space. The Hadamard function for the Rind
vacuum is@155#

GR
~1!~X,X8!5

1

2p2

g

jj8 sinh g @2~h2h8!21g2#
,

~29!

where X5(h,j,y,z), X85(h8,j8,y8,z8), and g is defined
by

coshg5
j21j821~y2y8!21~z2z8!2

2jj8
. ~30!

The Hadamard function for the adapted Rindler vacuum
Misner space is

G~1!~X,X8!5
1

2p2 (
n52`

`
g

jj8sinhg@2~h2h81nb!21g2#
.

~31!

ThoughGR
(1) and G(1) given by Eq.~29! and Eq.~31! are

defined only in region R, they can be analytically extended
regions L, F, and P in Minkowski and Misner space. T
regularized Hadamard function for the adapted Rind
vacuum is Greg

(1)(X,X8)5G(1)(X,X8)2GM
(1)(X,X8), where

GM
(1) is the Hadamard function for the Minkowski vacuu

given by Eq.~11!. Inserting this together with Eq.~31! and
Eq. ~11! into Eq. ~14!, we obtain the energy-momentum te
sor for a conformally coupled scalar field in the adapted R
dler vacuum@30#

^Tm
n&R,ren5

1

1440p2j4F S 2p

b D 4

21G

3S 23 0 0 0

0 1 0 0

0 0 1 0

0 0 0 1

D , ~32!

which is expressed in Rindler coordinates and thus ho
only in region R but can be analytically extended to oth
regions with the method mentioned above for the case of
adapted Minkowski vacuum. We@30# have found that unless
b52p, ^Tm

n&R,ren blows up as one approaches the Cauc
horizon (j→0) ~as also doeŝTmn&R,ren̂ Tmn&R,ren). But, if
b52p, we have
1-15
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^Tm
n&R,ren50, ~33!

which is regular as one approaches the Cauchy horizon
can be regularly extended to the whole Misner space, wh
it is also zero. In such a case, the vacuum Einstein’s eq
tions without cosmological constant are automatically sa
fied. Thus this is an example of a spacetime with CTCs at
semiclassical quantum gravity level. We@30# have called this
vacuum theself-consistent vacuumfor Misner space, and
b52p is theself-consistent condition. ~Cassidy@31# has also
independently proven that for a conformally coupled sca
field in Misner space there should exist a quantum state
which the energy-momentum tensor is zero everywhere.
he has not shown what quantum state it should be. We@30#
have shown that it is the adapted Rindler vacuum.!

Another way to deal with quantum fields in spacetim
with CTCs is to do the quantum field theory in the Euclide
section and then analytically extend the results to the Lor
zian section@147#. For Misner space the Euclidean section
obtained by takingh andb to be2 i h̄ and2 i b̄. The result-
ant space is the Euclidean space with metricds25j2dh̄2

1dj21dy21dz2 and (h̄,j,y,z) and (h̄1nb̄,j,y,z) are
identified where (h̄,j,y,z) are cylindrical polar coordinate
with h̄ the angular polar coordinate andj the radial polar
coordinate. The geometry at the hypersurfacej50 is conical
singular unlessb̄52p. When extending that case to th
Lorentzian section, we getb52p which is just the self-
consistent condition. This may be the geometrical expla
tion of the self-consistent condition. By doing quantum fie
theory in the Euclidean space, then analytically extending
results to the Lorentzian section, we obtain the renormali
energy-momentum tensor in region R~or L! of the Misner
space. Then we can extend the renormalized ene
ti

n
te
se
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momentum tensor in R~or L! to regions F~or P!. The results
are the same as that obtained with the method of image

Let us consider a particle detector moving in Misn
space with the adapted Rindler vacuum. Suppose the dete
moves along a geodesic withx5a, y5bt, andz50 (a and
b are constants anda is positive!, which goes through the P
R, and F regions. The proper time of the detector ist5t/z
with z51/A12b2. On this geodesic, the Hadamard functio
in Eq. ~31! is reduced to

G~1!~ t,t8!5
1

2p2

g

sinh gA~a22t2!~a22t82!

3 (
n52`

`
1

2~h2h81nb!21g2 , ~34!

whereg is given by

coshg5
2a22t22t821b2~ t2t8!2

2A~a22t2!~a22t82!
, ~35!

andh2h8 is given by

sinh~h2h8!5
a~ t2t8!

A~a22t2!~a22t82!
. ~36!

Though this Hadamard function is originally defined only
R, it can be analytically extended to F, P, and L. The Wig
man function is equal to 1/2 of the Hadamard function w
t replaced byt2 i e/2 andt8 replaced byt81 i e/2, wheree is
an infinitesimal positive real number. Then the respon
function is @30#
F~E!5
1

4p2 (
n52`

`

E
2`

`

dTE
2`

`

dDt

3
g1e2 iEDt

sinh g1AFa22z2S T1
Dt

2
2

i e

2z
D 2GFa22z2S T2

Dt

2
1

i e

2z
D 2G $2@~h2h8!11nb#21g12%

, ~37!
he
n

lly
e
e-
nt-

tter
where T[(t1t8)/2, Dt[t2t8; g1 and (h2h8)1 are
given by Eqs.~35! and~36! with t replaced byt2 i e/2 andt8
replaced byt81 i e/2. The integral overDt can be worked
out by the residue theorem where we choose the integra
contour to close in the lower-half complex-Dt plane. The
result is zero since there are no poles in the lower-half pla
Therefore such a detector cannot be excited and so it de
nothing @30#. We @30# have also calculated the respon
functions for detectors on world lines with constantj, y, and
z and world lines with constantj̃, y, andz—both are zero.
on

e.
cts

VII. VACUUM POLARIZATION IN VILENKIN’S
TUNNELING UNIVERSE

In order to compare our model for the creation of t
universe with Vilenkin’s tunneling universe, in this sectio
we calculate the vacuum fluctuation of a conforma
coupled scalar field in Vilenkin’s tunneling universe. Th
geometry of Vilenkin’s tunneling universe has been d
scribed in Sec. IV. Such a universe is described by a Lore
zian de Sitter space joined to a Euclidean de Si
1-16
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space @11#. The Lorentzian section has the topolog
R13S3 and the metric

ds252dt21r 0
2 cosh2

t

r 0
@dx21sin2 x~du21sin2 udf2!#.

~38!

The Euclidean section has the topologyS4 and the metric

ds25dt21r 0
2 cos2

t

r 0
@dx21sin2 x~du21sin2 udf2!#.

~39!

The Lorentzian section and the Euclidean section are joi
at the boundaryS defined byt50. S is a three-sphere with
the minimum radius in de Sitter space and the maxim
radius in the Euclidean four-sphere. The boundary condi
for a conformally coupled scalar fieldf is @156,157#

]f

]t U
S

50, ~40!

which is a kind of Neumann boundary condition and in
cates that the boundaryS is like a kind of reflecting bound-
ary. The Green functions~including both the Hadamard
function and the Wightman function! should also satisfy this
boundary condition

]G~t,x,u,f;t8,x8,u8,f8!

]t U
S

50. ~41!

The vacuum state of a conformally coupled scalar field
de Sitter space is usually taken to be that obtained from
Minkowski vacuum by the conformal transformation acco
ing to which de Sitter space is conformally flat.~The quan-
tum state so obtained is usually called the conformal vacu
@153#.! Such a vacuum is de Sitter invariant and we call it t
conformal Minkowski vacuum. The Hadamard function f
this de Sitter vacuum~i.e. the conformal Minkowski
vacuum! is @158#

GCM
~1! ~X,X8!5

1

4p2r 0
2

1

12Z~X,X8!
, ~42!

whereX5(t,x,u,f), X85(t8,x8,u8,f8), and Z(X,X8) is
defined by

Z~X,X8!52sinh
t

r 0
sinh

t8

r 0

1cosh
t

r 0
cosh

t8

r 0
$cosx cosx8

1sin x sin x8@cosu cosu8

1sin u sin u8 cos~f2f8!#%. ~43!

In Vilenkin’s tunneling universe, the Hadamard function s
isfying the boundary condition~41! is given by
02350
d

n

n
e

-

m

-

G~1!~X,X8!5GCM
~1! ~X,X8!1GCM

~1! ~X2,X8!

5
1

4p2r 0
2F 1

12Z~X,X8!

1
1

12Z~X2,X8!G , ~44!

whereX25(2t,x,u,f) is the image ofX5(t,x,u,f) with
respect to the reflecting boundaryS.

There are various schemes for obtaining the renormali
energy-momentum tensor for de Sitter space~e.g.@158,159#!.
They all are equivalent to subtracting from the Hadam
function a reference termGref

(1) to obtain a regularized Had
amard function and then calculating the renormaliz
energy-momentum tensor by@152,153#

^Tab& ren5
1

2
lim

X8→X

D ab8~X,X8!Greg
~1!~X,X8!. ~45!

For the conformally coupled scalar field, the differential o
eratorD ab8 is

D ab85
2

3
¹a¹b82

1

6
gab8gcd8¹

c¹d8

2
1

3
¹a8¹b81

1

3
gab8¹d8¹

d8

1
1

6S Rab2
1

2
RgabD , ~46!

wheregab8, gcd8 are geodesic parallel displacement bive
tors @160#. @It is easy to show that ifRab50 Eq.~45! and Eq.
~46! are reduced to Eq.~14!.# The regularized Hadamar
function for the adapted conformal Minkowski vacuum
Vilenkin’s tunneling universe is

Greg
~1!~X,X8!5G~1!~X,X8!2Gref

~1!~X,X8!

5@GCM
~1! ~X,X8!2Gref

~1!#

1GCM
~1! ~X2,X8!. ~47!

~In this paper the exact form ofGref
(1) is not important for us.!

Substituting Eqs.~42!–~44! and Eq.~47! into Eq. ~45!, we
find that limX8→XD ab8GCM

(1) (X2,X8)50, which shows that
the boundary condition~40! does not produce any renorma
ized energy-momentum tensor; but the action ofD ab8 on
GCM

(1) (X,X8)2Gref
(1) should give the energy-momentum tens

for the conformal Minkowski vacuum in an eternal de Sitt
space@158,159#

1

2
lim

X8→X

D ab8@GCM
~1! ~X,X8!2Gref

~1!#52
1

960p2r 0
4 gab .

~48!
1-17



al
in

s
q

d

e

th
l d

a

m-

and
y, a
i-
ame
lar

ted

tz-

ied-
his
rgy-

e-
ad-
he
n-

-
tum
hich

ith

rd

J. RICHARD GOTT III AND LI-XIN LI PHYSICAL REVIEW D 58 023501
Therefore, the energy-momentum tensor of a conform
coupled scalar field in the adapted Minkowski vacuum
Vilenkin’s tunneling universe is

^Tab& ren52
1

960p2r 0
4 gab , ~49!

which is the same as that for an eternal de Sitter space.
Now consider a particle detector moving along a geode

with x,u,f5const. The response function is given by E
~17! but with the integration overt andt8 ranging from 0 to
`. The Wightman function is obtained from the correspon
ing Hadamard function by the relation

G1~t,x,u,f;t8,x8,u8,f8!5
1

2
G~1!~t2 i e/2,x,u,f;t8

1 i e/2,x8,u8,f8!, ~50!

wheree is an infinitesimal positive real number. Along th
world line of the detector, we have

Z~t,t8!52sinh
t

r 0
sinh

t8

r 08
1cosh

t

r 0
cosh

t8

r 08
5cosh

t2t8

r 0
,

~51!

Z~2t,t8!51sinh
t

r 0
sinh

t8

r 08
1cosh

t

r 0
cosh

t8

r 08
5cosh

t1t8

r 0
,

~52!

and

G1~X,X8!5
1

8p2r 0
2S 1

12cosh
t2t82 i e

r 0

1
1

12cosh
t1t8

r 0

D .

~53!

Then the response function is

F~DE!5
1

8p2E
0

`

dTE
2`

`

dDte2 iDEr0Dt

3F 1

12cosh~Dt2 i e!
1

1

12cosh 2TG , ~54!

whereDt5(t2t8)/r 0 andT5(t1t8)/2r 0. It is easy to cal-
culate the contour integral overDt. We find that the integra-
tion of the second term is zero and therefore, the result is
same as that for an inertial particle detector in an eterna
Sitter space@100,153#. Thus we have

dF
dT

5
r 0

2p

DE

e2pr 0DE21
, ~55!

which is just the response function for a detector in therm
radiation with the Gibbons-Hawking temperature@100#

TG-H5
1

2pr 0
. ~56!
02350
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@The factorr 0 over 2p in Eq. ~55! is due to the fact that by
definition T5(t1t8)/2r 0 is dimensionless.# Therefore such
a detector perceives a thermal bath of radiation with the te
peratureTG-H .

Though the boundary between the Lorentzian section
the Euclidean section behaves as a reflecting boundar
particle detector cannot distinguish Vilenkin’s tunneling un
verse from an eternal de Sitter space, and they have the s
energy-momentum tensor for the conformally coupled sca
field.

VIII. A TIME-NONORIENTABLE de SITTER SPACE

A time-nonorientable de Sitter space can be construc
from de Sitter space by identifying antipodal points@161,40#.
Under such an identification, pointX5(t,x,u,f) is identi-
fied with 2X5(2t,p2x,p2u,p1f). Friedman and
Higuchi @162,163# have described this space as a ‘‘Loren
ian universe from nothing’’~without any Euclidean section!,
although one could also describe it as always existing. Fr
man and Higuchi have studied quantum field theory in t
space but have not calculated the renormalized ene
momentum tensor@162#.

de Sitter space is the covering space of this tim
nonorientable model. Using the method of images, the H
amard function of a conformally coupled scalar field in t
time-nonorientable de Sitter space with the ‘‘adapted’’ co
formal Minkowski vacuum can be constructed as

G~1!~X,X8!5GCM
~1! ~X,X8!1GCM

~1! ~2X,X8!

5
1

4p2r 0
2F 1

12Z~X,X8!
1

1

12Z~2X,X8!G
5

1

4p2r 0
2F 1

12Z~X,X8!
1

1

11Z~X,X8!G .
~57!

The regularized Hadamard function is

Greg
~1!~X,X8!5G~1!~X,X8!2Gref

~1!~X,X8!

5@GCM
~1! ~X,X8!2Gref

~1!~X,X8!#1GCM
~1! ~2X,X8!.

~58!

Inserting Eq.~57! and Eq.~58! into Eq.~45!, we find that the
contribution ofGCM

(1) (2X,X8) to the energy-momentum ten
sor is zero. Therefore the renormalized energy-momen
tensor is the same as that in an eternal de Sitter space, w
is given by Eq.~49!.

Suppose a particle detector moves along a world line w
x,u,f5const. The response function is given by Eq.~17!.
The Wightman function is obtained from the Hadama
function through Eq.~50!. On the world line of the particle
detector, we have
1-18
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G1~t,t8!5
1

8p2r 0
2S 1

12cosh
t2t82 i e

r 0

1
1

11cosh
t2t82 i e

r 0

D . ~59!

Inserting this into Eq.~17! we get

dF
dT

5
r 0

2p

DE

epr 0DE21
, ~60!

which represents a thermal spectrum with a temperat
equal to twice the Gibbons-Hawking temperature. Therefo
a particle detector moving along such a geodesic in this tim
nonorientable spacetime perceives thermal radiation w
temperatureT52TG-H .

FIG. 4. Penrose diagrams of our multiply connected de Sit
space mapped onto its universal covering space~de Sitter space!.
Under a boost transformation, points with the same symb
~squares, disks, triangles, or double-triangles! are identified. Our
multiply connected de Sitter space is divided into four regionsR,
L, F, andP, which are separated by Cauchy horizonsCH. The
shaded regions represent fundamental cells of the multiply c
nected de Sitter space.@Figures 4~a! and 4~b! represent two differ-
ent choices of the fundamental cells, but they are equivalent.# The
fundamental cellsR andL have a finite four-volume, whereas the
fundamental cellsF andP ~which extend infinitely to the future and
the past, respectively! have an infinite four-volume. In 4~a! the left
and right boundaries ofF are identified, likewise forP; the upper
and lower boundaries ofR are identified, likewise forL. In 4~b!
regionF1R is partially bounded by two null surfaces, the lowe
one is the future light cone of an event E, and the upper one is
future light cone of an event E8 which is identified with E under the
action of a boost. These two future light cones are identified cre
ing a periodic boundary condition for the causally connected reg
F1R. R and F are separated by a Cauchy horizonCH. Self-
consistency~non-divergence ofTabTab as CH is approached! re-
quires retarded potentials inR and F. RegionP1L is partially
bounded by the past light cone of an event F and the past light c
of an event F8 which is identified with F under the action of a boos
These two surfaces are identified creating a periodic boundary c
dition for P1L, where self-consistency asCH separatingP from L
is approached requires advanced potentials.
02350
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For this time-nonorientable de Sitter space, the area of
event horizon is one half that of an eternal de Sitter spa
This together withT52TG-H tells us that the first thermody
namic law of event horizonsdMc5TdA is preserved, where
Mc is the mass within the horizon, andA is the area of the
horizon @100#.

IX. A MULTIPLY CONNECTED de SITTER SPACE
WITH CTCs

A. Construction of a multiply connected de Sitter space

de Sitter space is a solution of the vacuum Einstei
equations with a positive cosmological constantL, which is
one of the maximally symmetric spacetimes~the others be-
ing Minkowski space and anti–de Sitter space! @39,40#. de
Sitter space can be represented by a timelike hyperbolic
persurface

W21X21Y21Z22V25r 0
2 , ~61!

embedded in a five-dimensional Minkowski spa
(V,W,X,Y,Z) with the metric

ds252dV21dW21dX21dY21dZ2, ~62!

where r 05(3/L)1/2 @40,90#. de Sitter space has ten killin
vectors—four of them are boosts, and the other six are r
tions. The global coordinates (t,x,u,f) have been describe
in previous sections. Static coordinates (t,r ,u,f) on de Sit-
ter space are defined by

V5~r 0
22r 2!1/2sinh

t

r 0
,

W5~r 0
22r 2!1/2cosh

t

r 0
,

X5r sin u cosf, ~63!

Y5r sin u sin f,

Z5r cosu,

where2`,t,`, 0<r ,r 0, 0,u,p, and 0<f,2p. In
these coordinates the de Sitter metric is written as

ds252S 12
r 2

r 0
2Ddt21S 12

r 2

r 0
2D 21

dr2

1r 2~du21sin u2df2!. ~64!

We divide de Sitter spacedS into four regions

R[$pPdSuW.uVu%, ~65!

L[$pPdSuW,2uVu%, ~66!

F[$pPdSuV.uWu%, ~67!
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P[$pPdSuV,2uWu%, ~68!

which are separated by horizons whereW56V and X2

1Y21Z25r 0
2 . ~See Fig. 4.! It is obvious that the static co

ordinates defined by Eq.~63! only cover regionR. However,
similar to the Rindler coordinates, these static coordina
can be extended to regionF by the complex transformation

t→ l 2 i
p

2
r 0 , r→ t̃ , u→u, f→f, ~69!

where2`, l ,` and t̃ .2r 0. In regionF, with the coordi-
nates (t̃ ,l ,u,f), the de Sitter metric can be written as

ds252S t̃ 2

r 0
2

21D 21

d t̃ 21S t̃ 2

r 0
2

21D dl2

1 t̃ 2~du21sin2udf2!. ~70!

Transforming the coordinatet̃ to the proper timet by

t̃ 5r 0 cosh
t

r 0
, ~71!

the de Sitter metric inF is written as

ds252dt21sinh2
t

r 0
dl21r 0

2 cosh2
t

r 0
~du21sin2 udf2!.

~72!

~See Fig. 4.! The coordinates (t,l ,u,f) are related to
(V,W,X,Y,Z) by

V5r 0 sinh
t

r 0
cosh

l

r 0
,

W5r 0 sinh
t

r 0
sinh

l

r 0
,

X5r 0 cosh
t

r 0
sin u cosf, ~73!

Y5r 0 cosh
t

r 0
sin u sin f,

Z5r 0 cosh
t

r 0
cosu.

The universe with metric~72! is a type of Kantowski-Sach
universe@164#. Any hypersurface oft5const has topology
R13S2 and has four killing vectors. Similarly, the static c
ordinates can also be extended toP andL.
02350
s

Another coordinate system which will be used in this p
per is the steady-state coordinate system (t,x,y,z), defined
by

t5r 0ln
W1V

r 0
,

x5
r 0X

W1V
,

~74!

y5
r 0Y

W1V
,

z5
r 0Z

W1V
.

These coordinates cover regionsR1F and the horizon at
W5V.0. With these steady-state coordinates, the de S
metric can be written in the steady-state form

ds252dt21e2t/r 0~dx21dy21dz2!. ~75!

Introducing the conformal time

h̄52r 0e2t/r 052
r 0

2

W1V
, ~76!

and spherical coordinates (r,u,f) defined by x
5r sinu cosf, y5r sinu sinf, andz5r cosu, the de Sit-
ter metric can be written as

ds25
r 0

2

h̄2
@2dh̄21dr21r2~du21sin2 udf2!#. ~77!

The de Sitter metric is invariant under the action of the
Sitter group. Because the boost group in de Sitter space
sub-group of the de Sitter group, the de Sitter metric is a
invariant under the action of the boost group. A boost tra
formation in the (V,W) plane in the embedding five
dimensional Minkowski space induces a boost transform
tion in the de Sitter space. Under such a transformat
point (V,W,X,Y,Z) is taken to (V coshb
1W sinhb,W coshb1V sinhb,X,Y,Z). In static coordinates
in R, point (t,r ,u,f) is taken to (t1b,r ,u,f) where b

5br0. In coordinates (t̃ ,l ,u,f) in F, point (t̃ ,l ,u,f) is
taken to (t̃ ,l 1b,u,f). Similar to Misner space, our multiply
connected de Sitter space is constructed by identifying po
(V,W,X,Y,Z) with (V coshnb1W sinhnb,W coshnb
1V sinhnb,X,Y,Z) on de Sitter spacedS. In regionsR,
points (t,r ,u,f) are identified with (t1nb,r ,u,f); in re-
gionF, points (t̃ ,l ,u,f) are identified with (t̃ ,l 1nb,u,f).
We denote the multiply connected de Sitter space so
tained bydS/B, whereB denotes the boost group. Under th
identification generated by the boost transformation, clea
dS/B has CTCs in regionsR andL, but has no closed causa
curves in regionsF andP. The boundaries atW56V and
X21Y21Z25r 0

2 are the Cauchy horizons which separate
1-20
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causal regionsF andP from the acausal regionsR andL
and are generated by closed null geodesics~Fig. 4!.

Similar to the case of Misner space,dS/B is not a mani-
fold at the two-sphere defined byW5V50 and X21Y2

1Z25r 0
2. However, as in Hawking and Ellis’s arguments f

Misner space@40#, the quotient of the bundle of linear frame
over de Sitter space by the boost group is a Hausdorff m
fold and thus is well-behaved everywhere. It may not b
serious problem in physics thatdS/B is not a manifold at the
two-sphere mentioned above since this is a set of mea
zero.

B. Conformal relation between our multiply connected
de Sitter space and Misner space

It is well known that de Sitter space is conformally fla
The de Sitter metric is related to the Minkowski metric
the conformal transformation

gab5V2hab . ~78!

It is easy to show this relation by writing the steady-state
Sitter metric using conformal time@see Eq.~77!#. However,
in this paper it is more convenient to show this conform
relation by writing the de Sitter metric in the static form a
the Minkowski metric in the Rindler form, and using th
transformation@165#

h5
t

r 0
,

j5
A12r 2/r 0

2

12r cosu/r 0
,

y5
r sin u cosf/r 0

12r cosu/r 0
,

z5
r sin u sin f/r 0

12r cosu/r 0
, ~79!

then the conformal factorV2 is

V25r 0
2~12r cosu/r 0!2. ~80!

The conformal relations given by Eq.~79! and Eq.~80! de-
fine aconformal mapbetween the static de Sitter space a
the Rindler space. The horizon atr 5r 0 in the static de Sitter
space coordinates corresponds to the horizonj50 in Rindler
space, and the world liner 50 in de Sitter space correspond
to the world line withj51 andy5z50 in Rindler space.
This conformal relation can also be extended to regionF in
de Sitter space and region F in Minkowski space, where
have
02350
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h̃56
A t̃ 2/r 0

221

12 t̃ cosu/r 0

,

j̃5
l

r 0
,

y5
t̃ sin u cosf/r 0

12 t̃ cosu/r 0

,

z5
t̃ sin u sin f/r 0

12 t̃ cosu/r 0

, ~81!

and

V25r 0
2~12 t̃ cosu/r 0!2. ~82!

Equation~81! and Eq.~82! give a locally conformal map in
the sense that inF in de Sitter space, the map given by E
~81! and Eq.~82! with a ‘‘1 ’’ sign only coversu0,u,p,
whereu05Arccos(r 0 / t̃ ); the map given by Eq.~81! and Eq.
~82! with a ‘‘2 ’’ sign only covers 0,u,u0. ~Remember
that in F in Rindler space we haveh̃.0.! This conformal
map is singular atu5u0. However, since the hypersurface
t̃ 5const andh̃5const are homogeneous, in a neighborho
of any point in region F, we can always adjust coordina
(u,f) so that Eq.~81! and Eq. ~82! hold, except for the
points lying in region O defined byh̃2>11y21z2 ~i.e. t2

2x22y22z2>1) in F; because ast̃→` we have h̃2/
(11y21z2)→1. This means that there always exists
locally conformal map betweenF and F-O~defined byt2

2x22y22z2,1 in F!, and future infinity (t̃→`) in F cor-
responds to the hyperbolah̃2511y21z2 ~i.e. t22x22y2

2z251) in F.
With the above conformal transformation, Misner space

naturally transformed to the multiply connected de Sit
spacedS/B with

b5br0 . ~83!

For a conformally coupled scalar field in a conforma
flat spacetime, the Green functionG(X,X8) of the conformal
vacuum is related to the corresponding Green funct
Ḡ(X,X8) in the flat spacetime by@153#

G~X,X8!5V21~X!Ḡ~X,X8!V21~X8!, ~84!

the renormalized energy-momentum tensors are related
@153#

^Ta
b& ren5V24^T̄a

b& ren1
1

16p2

3F1

9
a1

~1!Ha
b12a3

~3!Ha
bG , ~85!

where
1-21
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~1!Hab52¹a¹bR22gab¹
c¹cR2

1

2
R2gab12RRab ,

~86!

~3!Hab5Ra
cRcb2

2

3
RRab2

1

2
RcdR

cdgab1
1

4
R2gab ,

~87!

and for a scalar fielda15 1
120 anda352 1

360 @153#. @The sign
before 1/16p2 is positive here because we are using sig
ture (2,1,1,1).# For de Sitter space we haveRab

5Lgab , R54L, and thus (1)Hab50, (3)Hab5 1
3 L2gab

5(3/r 0
4)gab . Inserting them into Eq.~85!, we have

^Ta
b& ren5V24^T̄a

b& ren2
1

960p2r 0
4 da

b . ~88!

Since the renormalized energy-momentum tensor
Minkowski space in the Minkowski vacuum is zero, we ha

^T̄a
b& ren50, and thus for a conformally coupled scalar fie

in the conformal Minkowski vacuum in a simply connect
de Sitter spacedS

^Tab& ren52
1

960p2r 0
4 gab , ~89!

which is just the expected result@see Eq.~49!#.
If we insert the energy-momentum tensor in Eq.~89! into

the semiclassical Einstein’s equations

Gab1Lgab58p^Tab& ren, ~90!

and recall that for de Sitter space we haveGab5Rab

2 1
2 Rgab52(3/r 0

2)gab , we find that the semiclassical Ein
stein’s equations are satisfied if and only if

L2
3

r 0
2 1

1

120pr 0
4 50. ~91!

If L50, the solutions to Eq.~91! are r 05(360p)21/2 and
r 05` @89#. Gott @89# has called the vacuum state in de Sit
space withr 05(360p)21/2 the self-consistent vacuum sta
~it has a Gibbons-Hawking thermal temperatureTG-H
51/2pr 0) @100#. In this self-consistent case,̂Tab& ren5
2gab/960p2r 0

4 itself is the source term producing the d
Sitter geometry@89#. This may give rise to inflation at the
Planck scale@89#. ~In a recent paper of Panagiotakopoul
and Tetradis@167#, inflation at the Planck scale has be
suggested to lead to homogeneous initial conditions fo
second stage inflation at the GUT scale.! The second solution
r 05` corresponds to Minkowski space. These perhaps s
ply a possible reason that the effective cosmological cons
is either of order unity in Planck units or exactly zero. Tha
interesting because we observeLeff50 today and a highLeff
is needed for inflation. IfL5” 0, we find that the solutions to
Eq. ~91! are

r 0
25

3

2LS 16A12
L

270p D . ~92!
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A de Sitter space withr 0 given by Eq.~92! automatically
satisfies the semiclassical Einstein’s equations~90!. Such a
de Sitter space and its corresponding vacuum are thus
consistent.

C. Renormalized energy-momentum tensor
in multiply connected de Sitter space

From Eq. ~88! we find that if we know the energy
momentum tensor of a conformally coupled scalar field
some vacuum state in Misner space, we can get the ene
momentum tensor in the corresponding conformal vacuum
the multiply connected de Sitter space.

Two fundamental vacuums in Minkowski space are t
Minkowski vacuum and the Rindler vacuum@153,166#. The
energy-momentum tensor of the conformally coupled sca
field in the adapted Minkowski vacuum in Misner space h
been worked out by Hiscock and Konkowski@14#; their re-
sults are given by Eq.~27!. Inserting Eq.~27! into Eq. ~88!,
and using Eqs.~79!–~83!, we obtain the energy-momentum
tensor of a conformally coupled scalar field in the adap
conformal Minkowski vacuum in our multiply connected d
Sitter spacedS/B. In static coordinates (t,r ,u,f), it is writ-
ten as

^Tm
n&CM,ren5

Ã

12p2r 0
4~12r 2/r 0

2!2S 23 0 0 0

0 1 0 0

0 0 1 0

0 0 0 1

D
2

1

960p2r 0
4 dm

n , ~93!

where

Ã5 (
n51

` 21cosh
nb

r 0

S cosh
nb

r 0
21D 2 . ~94!

This result is defined in regionR, but it can be extended to
regionF through the transformation in Eq.~69!, and can also
be extended to regionL andP through similar transforma-
tions. Similar to Misner space, this energy-momentum ten
diverges at the Cauchy horizon asr→r 0 for any finiteb; and
the divergence is coordinate independent sin
^Tmn&CM,ren̂ Tmn&CM,ren also diverges there. Though the co
formal Minkowski vacuum is a good vacuum for simply co
nected de Sitter space@158,159#, it ~in the adapted version! is
not self-consistent for the multiply connected de Sitter sp
dS/B. ~That is, it does not solve the semiclassical Einstei
equations.!

In the case of an eternal Schwarzschild black hole, th
are the Boulware vacuum@168# and the Hartle-Hawking
vacuum@169#. The globally defined Hartle-Hawking vacuum
bears essentially the same relationship to the Boulw
vacuum as the Minkowski vacuum does to the Rind
vacuum @170#. For the Boulware vacuum, the energ
1-22
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momentum tensor diverges at the event horizon of
Schwarzschild black hole, which means that this state isnot
a good vacuum for the Schwarzschild black hole becau
when one inserts this energy-momentum tensor back
Einstein’s equations, the back-reaction will seriously al
the Schwarzschild geometry near the event horizon. For
Hartle-Hawking vacuum, however, the energy-moment
tensor is finite everywhere and a static observer outside
horizon sees Hawking radiation@171#. People usually regard
the Hartle-Hawking vacuum as the reasonable vacuum s
for an eternal Schwarzschild black hole because, when
energy-momentum tensor is fed back into Einstein’s eq
tions, the Schwarzschild geometry is only altered sligh
@172#. Therefore, in the case of Misner space, Li and G
@30# have tried to find a vacuum which is also self-consist
and found that the adapted Rindler vacuum is such a vac
if b52p.

Here we also try to find a self-consistent vacuum for o
multiply connected de Sitter space. Let us consider
adapted conformal Rindler vacuum indS/B. The energy-
momentum tensor of a conformally coupled scalar field
the adapted Rindler vacuum in Misner space is given by
~32!. Inserting Eq.~32! into Eq. ~88! and using Eqs.~79!–
~83!, we obtain the energy-momentum tensor for the adap
conformal Rindler vacuum of a conformally coupled sca
field in our multiply connected de Sitter space

^Tm
n&CR,ren5

1

1440p2r 0
4~12r 2/r 0

2!2

3F S 2pr 0

b D 4

21G S 23 0 0 0

0 1 0 0

0 0 1 0

0 0 0 1

D
2

1

960p2r 0
4 dm

n , ~95!

where the coordinate system is the static coordinate sys
(t,r ,u,f). Similarly, this result can also be analytically e
tended to the wholedS/B, though the static coordinates on
cover regionR. We find that, if

b52pr 0 , ~96!

this energy-momentum tensor is regular on the whole sp
@Equation~96! corresponds tob52p via Eq. ~83!.# Other-
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wise both ^Tm
n&CR,ren and ^Tmn&CR,ren̂ Tmn&CR,ren diverge as

the Cauchy horizon is approached. For the caseb52pr 0,
the energy-momentum tensor is

^Tab&CR,ren52
1

960p2r 0
4 gab , ~97!

which is the same as the energy-momentum tensor for
conformal Minkowski vacuum in the simply connected
Sitter space.

The Euclidean section of our multiply connected de Sit
space is a four-sphereS4 embedded in a five dimensional fla
Euclidean space with those points related by an azimu
rotation with angleb/r 0 being identified. There are conica
singularities unlessb/r 052p. This may be regarded as
geometrical explanation of the self-consistent condition
Eq. ~96!.

Similarly, our multiply connected de Sitter space solv
the semiclassical Einstein’s equations with a cosmolog
constantL and the energy-momentum tensor in Eq.~97!
~and thus it is self-consistent! if r 0

25(3/2L)@1
6A12(L/270p)# ~if L50, we have the two solutions
r 0

251/360p and r 05` @89#!.

D. Particle detectors in the multiply connected de Sitter space

It is well known that in the simply connected de Sitt
space, an inertial particle detector perceives thermal radia
with the Gibbons-Hawking temperature@Eq. ~56!# if the con-
formally coupled scalar field is in the conformal Minkows
vacuum @100,153#. Now we want to find what a particle
detector perceives in the adapted conformal Rindler vacu
in our multiply connected de Sitter space.

The response function of the particle detector is still giv
by Eq. ~17!. The Wightman function is obtained from th
corresponding Hadamard function by Eq.~50!. The Had-
amard function for the conformally coupled scalar field
multiply connected de Sitter space is related to that in Mis
space via Eq.~84! @with G(X,X8) replaced byG(1)(X,X8)#.
The Hadamard function for the adapted Rindler vacuum
Misner space is given by Eq.~31!. Inserting Eq.~31! @as
ḠR

(1)# into Eq. ~84! and using Eqs.~79!–~83!, we obtain the
Hadamard function for the adapted conformal Rind
vacuum of the conformally coupled scalar field in our mu
tiply connected de Sitter space
GCR
~1!~X,X8!5

1

2p2 (
n52`

` g

sinh gA~12r 2/r 0
2!~12r 82/r 0

2! @2~ t2t81nb!21r 0
2g2#

, ~98!

whereX5(t,r ,u,f), X85(t8,r 8,u8,f8), andg is written in (t,r ,u,f) as

coshg5
1

A~12r 2/r 0
2!~12r 82/r 0

2!
H 12

rr 8

r 0
2 @cosu cosu81sin u sin u8 cos~f2f8!#J . ~99!
1-23
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The Wightman function is obtained from Eq.~98! via Eq.
~50!. The Hadamard function given by Eq.~98! and the
Wightman function obtained from that are defined in reg
R in the multiply connected de Sitter space, but they can
analytically extended to regionF via the transformation in
Eq. ~69!. However, it should be noted that as we make
continuation fromR to F, A(12r 2/r 0

2)(12r 82/r 0
2) should

be continued to be2A( t̃ 2/r 0
221)( t̃ 82/r 0

221) instead of

1A( t̃ 2/r 0
221)( t̃ 82/r 0

221). This is because if we tak
A12z25 iAz221, we should also takeA12z825 iAz8221
~instead of2 iAz8221) (z andz8 should be continued alon
the same path!, thus

A~12z2!~12z82!5~ iAz221!~ iAz8221!

52A~z221!~z8221!.

Using similar transformations, the results can also be con
ued to regionsP andL ~we do not write them out becaus
we do not use them here!.

We consider particle detectors moving along three kin
of world lines in our multiply connected de Sitter space:

(1) A particle detector moving along a world line wit
r ,u,f5constants inR. In such a case, on the world line o
the particle detector,g is zero and the Hadamard function
reduced to
02350
e

e

n-

s

GCR
~1!~t,t8!52

1

2p2~12r 2/r 0
2!

(
n52`

` 1

~ t2t81nb!2

52
1

2p2 (
n52`

` 1

~t2t81nbA12r 2/r 0
2!2

,

~100!

wheret5tA12r 2/r 0
2 is the proper time of the particle de

tector. The corresponding Wightman function obtained fro
Eq. ~50! is

GCR
1 ~t,t8!52

1

4p2 (
n52`

` 1

~t2t81nbA12r 2/r 0
22 i e!2

,

~101!

wheree is an infinitesimal positive real number. Inserting
into Eq. ~17!, obviously the integration overDt5t2t8 is
zero since all poles of the integrand are in the upper-h
plane of complexDt while the integration contour is close
in the lower-half plane. Therefore the response funct
F(DE) is zero and no particles are detected. All of the
world lines are accelerated, except for the one atr 50.

(2) A particle detector moving along a geodesic w
l ,u,f5const in regionF. In this region the Hadamard func
tion is
GCR
~1!~X,X8!52

1

2p2 (
n52`

` g̃

sinhg̃A~ t̃ 2/r 0
221!~ t̃ 82/r 0

221! @2~ l 2 l 81nb!21r 0
2g̃2#

, ~102!

whereg̃ is given by

coshg̃5
1

A~ t̃ 2/r 0
221!~ t̃ 82/r 0

221!
H 211

t̃ t̃ 8

r 0
2

@cosu cosu81sin u sin u8 cos~f2f8!#J . ~103!

@Equation~102! and Eq.~103! are obtained from Eq.~98! and Eq.~99! via the transformation in Eq.~69! respectively.# On the
world line of the particle detector, the Hadamard function is reduced to

GCR
~1!~ t̃ , t̃ 8!52

1

2p2 (
n52`

` g̃

sinh g̃A~ t̃ 2/r 0
221!~ t̃ 82/r 0

221! ~2n2b21r 0
2g̃2!

, ~104!

and coshg̃ is reduced to

coshg̃5
t̃ t̃ 8/r 0

221

A~ t̃ 2/r 0
221!~ t̃ 82/r 0

221!
. ~105!

Using the proper timet defined by Eq.~71!, on the world line of the particle detector coshg̃ andGCR
(1) can be written as
1-24
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coshg̃5
cosh 2T1coshDt22

cosh 2T2coshDt
, ~106!

and

GCR
~1!~T,Dt!5

1

p2r 0
2 (

n52`

`
g̃

sinh g̃~cosh 2T2coshDt!~n2b22g̃2!
, ~107!

where t.0, t8.0, Dt5(t2t8)/r 0, T5(t1t8)/2r 0, and b5b/r 0. The Wightman function is equal to one half of th
Hadamard function withDt replaced byDt2 i e @Eq. ~50!#. Thus the response function is

F~DE!5 (
n52`

`

Fn~DE!, ~108!

where

Fn~DE!5
1

2p2E
0

`

dTE
2`

`

dDte2 iDEr0DtF g̃

sinh g̃ ~cosh 2T2coshDt!~n2b22g2!
G

Dt→Dt2 i e

. ~109!
it

ts

-

-

r

Now we consider the poles in the complexDt plane of the
integrand in the integral ofFn(DE). The poles are given by
the equation

g̃56nb. ~110!

~It is easy to check that cosh 2T5coshDt does not give any
poles.! From Eq.~110! and Eq.~106!, we have~we neglect
the term i e, and at the end of the calculation we return
back to the expressions!

cosh 2T1coshDt225coshnb ~cosh 2T2coshDt!.
~111!

Solutions to Eq.~111! are

Dt5Dtn1 i2mp[Dtnm , ~112!

where

Dtn56Arccosh
~coshnb21!cosh 2T12

coshnb11

562ArcsinhS sinh T tanh
nb

2 D , ~113!

where Arccoshz is the principal value of arccoshz, and here
it is real ~similarly for Arcsinhz). We need to check if all
Dtnm are roots of Eq.~110!, because the number of roo
might increase as we go from Eq.~110! to Eq. ~111!. @For
example, for any integerm, xm5621 imp solves the equa
tion cosh(2x)5cosh 4; but, onlyx0512 solves the equation
2x54.# Dtn is obviously a root of Eq.~110!. The question
is: asDt goes fromDtn to Dtn1 i2mp, does Eq.~106! give
the sameg̃ which is a real value@6nb; see Eq.~110!#?
~Remember that arccoshz is a multi-valued complex func
tion.! To answer this question, letDt5Dtn1 iu ~whereu is
real!. Then from Eq.~106! we have
02350
g̃5arccosh
cosh 2T1coshDt22

cosh 2T2coshDt

5 ln

sinh T1sinh
Dt

2

sinh T2sinh
Dt

2

5 ln

sinh T1sinh
Dtn

2
cos

u

2
1 icosh

Dtn

2
sin

u

2

sinh T2sinh
Dtn

2
cos

u

2
2 icosh

Dtn

2
sin

u

2

[ ln
z1

z2
, ~114!

where we have used arccoshz5 ln(z1Az221). The real
components ofz1 andz2 are respectively

R~z1!5sinh T1sinh
Dtn

2
cos

u

2
, ~115!

R~z2!5sinh T2sinh
Dtn

2
cos

u

2
. ~116!

By Eq. ~113!, we find thatR(z1) and R(z2) are always
positive for any realu. This means that asDt goes fromDtn
to Dtn1 i2mp, the arguments~the argument of a complex
numberz5uzueia is a) of z1 andz2 do not change, neithe
does the argument ofz1 /z2. The value ofg̃ remains in the
same branch of lnz as u varies. Thus, for allDtnm5Dtn
1 i2mp, we haveg̃56nb and Eq.~110! is satisfied. There-
fore all Dtnm in Eq. ~112! are poles.

The residues of the integrand in Eq.~109! at polesDtnm
are ~herei e is returned to the expressions!
1-25
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Res~Dt5 i2mp1 i e, n50!5
iEr 0

4p2e2mpDEr0, ~117!

Res~Dt5Dtn1 i2mp1 i e, n5” 0!

52
1

4p2

e2mpDEr02 iDEr0Dtn

~coshnb11!sinh Dtn
. ~118!

Then by the residue theorem~the contour for the integral is
closed in the lower-half plane of complexDt) we have

dF0

dT
5

r 0

2p

DE

e2pDEr021
, ~119!

and

dFnÞ0

dT
5

sin~DEr0uDtnu!
p~coshnb11!sinhuDtnu

3
1

e2pDEr021
. ~120!
The sin(DEr0uDtnu) factor in Eq. ~120! indicates that then
Þ0 terms’ contribution can be both positive~absorption by
the detector! and negative~emission from the detector!. We
see that the contribution of then50 term is just the Hawking
radiation with the Gibbons-Hawking temperatureTG-H
51/2pr 0 in the simply connected de Sitter space. The con
tribution of then5” 0 terms is a kind of ‘‘gray-body’’ Hawk-
ing radiation: the temperature isTG-H , but its density or flux
decreases as the universe expands (uDtnu increases as the
universe expands!. The sum of alln5” 0 contributions is

(
nÞ0

dFn

dT
5

1

p2

1

e2pr 0DE21

3 (
nÞ0

sin~DEr0uDtnu!
~coshnb11!sinhuDtnu

. ~121!

In the case ofb52p ~the self-consistent case!, we have
coshnb.exp(unub)/2@1 (n5” 0) and thusDtn.62T. Then

(
nÞ0

dF n

dT
.

1

2p

A

e2pr 0DE21

3
sin~2DEr0T!

sinh 2T
, ~122!

where A54(n51
` (cosh 2np11)21.0.015. As T→`, the

contribution of all n5” 0 terms decreases exponentially to

de

02350
-

zero. Thus, at events far from the Cauchy horizon inF, the
particle detector perceives pure Hawking radiation given
then50 term. AsT→0 ~near the Cauchy horizon!, we have

(
nÞ0

dFn

dT
.

Ar0

2p

DE

e2pr 0DE21
. ~123!

This is a ‘‘gray-body’’ Hawking radiation withA.1.5%.
Near the Cauchy horizon the total radiation is the sum o
pure Hawking radiation~given by then50 term! and a
‘‘gray-body’’ Hawking radiation~given by alln5” 0 terms!.
The total intensity of the radiation near the Cauchy horiz
is a factor of.101.5% that of regular Hawking radiation
but its spectrum is the same as the usual Hawking radiat

(3) A particle detector moving along a co-moving wor
line in the steady-state coordinate system. Suppose the de
tector moves along the geodesicr,u,f5constants~such a
world line is a timelike geodesic passing throughR and into
F) wherer[(x21y21z2)1/2 and the proper timet are re-
lated to the static radiusr by

r 52r 0r/h̄5ret/r 0. ~124!

The Cauchy horizon is atr 5r 0, or r52h̄5r 0e2t/r 0. On
the world line of the detector the Hadamard function is

GCR
~1!~T,Dt!5

1

2p2r 0
2

g

2Lsinh
Dt

2

3 (
n52`

`
1

g22S t2t8

r 0
1nbD 2 , ~125!

where Dt5(t2t8)/r 0, T5(t1t8)/2r 0, L5reT/r 0
[r (T)/r 0, g is given by

coshg5
12L2

A11L422L2 coshDt
, ~126!

and t2t8 is related toT andDt by

cosh
t2t8

r 0
5

coshDt2L2

A11L422L2 coshDt
. ~127!

By analytical continuation, Eqs.~125!–~127! hold in the
whole region covered by the steady-state coordinates in
Sitter space. The Wightman functionG1 is equal to one half
of G(1) with Dt replaced byDt2 i e @Eq. ~50!#. The re-
sponse function isF(DE)5(n52`

` Fn(DE) where
Fn~DE!5
1

4p2E
2`

`

dTE
2`

`

dDte2 iDEr0DtH g

2Lsinh
Dt

2 Fg22S t2t8

r 0
1nbD 2GJ

Dt→Dt2 i e

. ~128!
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The poles of the integrand in the complex-Dt plane are
given by

t2t8

r 0
1nb56g. ~129!

This together with Eq.~126! and Eq.~127! leads to

~coshDt2L2!coshnb1sinh Dt sinh nb512L2.
~130!

The roots of Eq.~130! are

Dt5Dtn
61 i2mp[Dtnm

6 , ~131!

where

Dtn
65 ln~112m262mA11m2!2nb, ~132!

where m[sinh(nb/2). By carefully checkingDtnm
6 in Eq.

~131!, as we did in case~2!, we find that:~1! For L,1 ~or
reT,r 0, i.e., in regionR), only Dtn0

6 5Dtn
6 solve Eq.

~129!; ~2! for L.1 ~or reT.r 0, i.e., in regionF), only
io

p
m

ly
u

d

02350
Dtnm
1 5Dtn

11 i2mp solve Eq. ~129!. ~Here it is assumed
that b. ln2 and the self-consistent case withb52p obvi-
ously satisfies this condition.! All other Dt ’s in Eq. ~131! are
not roots of Eq.~129!, though they solve Eq.~130!. There-
fore the poles are~wherei e is returned!

Dt5H Dtn
61 i e, in R;

Dtn
11 i2mp1 i e, in F.

~133!

Obviously in regionR all poles are in the upper-half plane o
complexDt. Therefore

dF
dT

50, ~134!

when the particle detector is in regionR. So the particle
detector sees nothing while it is in regionR.

In regionF, only the poles withm,0 are in the lower-
half plane of complexDt. The residues of the integrand a
polesDnm

1 1 i e are
e

Res~Dt5 i2mp1 i e, n50!5
ir 0DE

4p2 e2mpDEr0, ~135!

Res~Dt5Dtn
11 i2mp1 i e, n5” 0!5

1

16p2Lsinh
Dtn

1

2

a1~11L422L2 coshDtn
1!e2mpDEr02 iDEr0Dtn

1

2a1L~L221!cosh
Dtn

1

2
1~a21nb!~L2 coshDtn

121!

, ~136!

where a15arccosh@(L221)/A11L422L2 coshDtn
1# and a25arccosh@(L22coshDtn

1)/A11L422L2 coshDtn
1#. By the

residue theorem, we have thatdF0 /dT has the same value as that in Eq.~119!, which represents Hawking radiation with th
Gibbons-Hawking temperature; the contribution of alln5” 0 terms~note thatDtn

152Dt2n
1 ) is

d

dT(
nÞ0
Fn5

1

4p2~e2pr 0DE21!
(
n51

` sin~DEr0Dtn
1!

Lsinh
Dtn

1

2

a1~11L422L2 coshDtn
1!

a1L~L221!cosh
Dtn

1

2
2~a21nb!~L2 coshDtn

121!

, ~137!
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which represents a ‘‘gray-body’’ Hawking radiation. AsT
→` ~or L→`), (d/dT)(nÞ0Fn exponentially drops to
zero; therefore, at events far from the Cauchy horizon inF,
the particle detector only perceives pure Hawking radiat
@the same as that in case~2!#. As L→1 ~approaching the
Cauchy horizon!, we also have (d/dT)(nÞ0Fn→0. Thus
near the Cauchy horizon, on the regionF side, the particle
detector comoving in the steady-state coordinate system
ceives pure Hawking radiation with Gibbons-Hawking te
perature.

From the above discussion, we find that in our multip
connected de Sitter space with the adapted Rindler vacu
regionR is cold~where the temperature is zero! but regionF
is hot ~where the temperature isTG-H). Similarly, regionL is
cold butP is hot, the above results can be easily extende
n

er-
-

m,

to

these regions. This gives rise to an arrow of increasing
tropy, from a cold region to a hot region~Fig. 5!.

E. Classical stability of the Cauchy horizon and the arrow
of time

In classical electromagnetic theory, it is well known th
both the retarded potentialf ret and the advanced potentia
fadv ~and any part-retarded-and-part-advanced poten
af ret1bfadv with a1b51) are solutions of Maxwell’s
equations. But from our experience, we know that all t
electromagnetic perturbations we see are propagated on
the retarded potential. ~For example, if at some time an
some place, a light signal is emitted, it can only be receiv
by a receiver at another place sometimelater.! This indicates
that there is anarrow of time in the solutions of Maxwell’s
1-27
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equations, though Maxwell’s equations themselves are ti
symmetric. This arrow of time is sometimes called the el
tromagnetic arrow of time, or the causal arrow of time. Ho
this arrow of time arises is a mystery. Many people ha
tried to solve this problem by attributing it to a bounda
condition of the Universe@60,173–175# ~for review of the
arrows of time, see@176,177#!. In this subsection we argu
that the principle of self-consistency@178,179# naturally
gives rise to an arrow of time in our multiply connected
Sitter space.

First let us consider the arrow of time in Misner spac
Suppose at an event E in region F in Misner space@by boost
and translation, assume we have moved E to (t5t0 , x50,
y50, z50)], a spherical pulse of electromagnetic wave
created. If the potential is retarded@here ‘‘retarded’’ and
‘‘advanced’’ are defined relative to the direction of (]/]t)a

(t is the time coordinate in the global Cartesian coordina
of the covering space—Minkowski space!#, the pulse will
propagate in the future direction as a light cone originat
from E. At any point on the light cone, the energ
momentum tensor of the wave is

Tab5mkakb, ~138!

where m[m(t) is a scalar function andka5k0(]/]t)a

1k1(]/]x)a1k2(]/]y)a1k3(]/]z)a is a null vector tangen
to the light cone, and the energy density measured by
observer with four-velocity vector (]/]t)a ~whose ordinary
three-velocity is zero! is

r5TabS ]

]t D
aS ]

]t D
b

5m~k0!2. ~139!

~Thusm measures the energy density of the electromagn
wave.! By Einstein’s equations, the back-reaction ofTab on
R andRabR

ab ~whereRab is the Ricci tensor andR5Ra
a is

the Ricci scalar curvature! is dR;Ta
a , d(RabR

ab);TabT
ab.

The Riemann tensor can be decomposed asRabcd5Cabcd
1Qabcd, whereCabcd is the Weyl tensor andQabcd is con-
structed entirely from the Ricci tensor

Qabcd5ga[cRd]b2gb[cRd]a2
1

3
Rga[cgd]b , ~140!

FIG. 5. With our adapted conformal Rindler vacuum, our m
tiply connected de Sitter space is cold~with zero temperature! in R
andL, but hot ~with the Gibbons-Hawking temperature! in F and
P. The arrows indicate the direction of increasing entropy.
02350
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where square brackets denote antisymmetrization@180#. The
Weyl tensor describes the part of the curvature that is du
pure gravitational field, whereas the Ricci tensor descri
the part that, according to Einstein’s equations, is direc
due to the energy-momentum tensor of matter@59#. There-
fore, in some sense, the values ofTa

a andTabT
ab determine

the influence of matter fields on the stability of the bac
ground spacetime. An infiniteTa

a or TabT
ab implies that the

spacetime is unstable against this perturbation and a si
larity may form; on the other hand, ifTa

a and TabT
ab are

finite, the spacetime may be stable against this perturba
Self-consistent solutions should require thatTa

a andTabT
ab

do not blow up. If they did, the starting geometry—on t
basis of whichTa

a and TabT
ab were calculated—would be

greatly perturbed and theTa
a and TabT

ab calculation itself
would be invalid, and thus it would not be a self-consiste
solution. For electromagnetic fields we always haveTa

a50,
so we need only considerTabT

ab. For Tab in Eq. ~138!, we
also have

TabTab50. ~141!

Thus significant perturbations~indicated by a non-vanishing
TabT

ab) can only occur when the light cone ‘‘collides’’ with
its images under the boost transformation. At any pointp on
the intersection of the light coneL and its nth imageLn
~supposen.0), the energy-momentum tensor is

Tab5mkakb1m̃ k̃ak̃b, ~142!

whereka is the null vector tangent to the light coneL at p,
k̃a is the null vector tangent to the light coneLn at p; m
measures the energy density in light coneL, m̃ measures the
energy density in light coneLn . From Eq.~142! we have

TabTab5@2mm̃~kak̃a!2#p , ~143!

the indexp denotes that the quantity is evaluated at the po
p.

Since the pointp on Ln is obtained from some pointp8 on
L by boost transformation,p and p8 must have the same
timelike separation from the origin (t50, x50, y50, z
50) ~remember thatp is on the intersection ofL and Ln ;
see Fig. 6a!. If we take thek̃a at p being transported from the
k8a at p8, we havem̃pPLn

5mp8PL . Because the light coneL

is spherically symmetric, we havetp5tp8. Therefore we
havemp8PL5mpPL and atp we havem̃5m. Under the boost
transformationB, we have

~ k̃a!p5B@~k8a!p8#

5k80Fcoshnb S ]

]t D
a

1sinh nb S ]

]xD aG
1k81Fcoshnb S ]

]xD a

1sinh nb S ]

]t D
aG

1k82S ]

]yD a

1k83S ]

]zD
a

, ~144!
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CAN THE UNIVERSE CREATE ITSELF? PHYSICAL REVIEW D58 023501
where (k8a)p85k80(]/]t)a1k81(]/]x)a1k82(]/]y)a

1k83(]/]z)a. Due to the spherical symmetry, we havek80

5k0. Define (r ,u,f) by x5r cosu, y5r sinu cosf, and
z5r sinu sinf. Then we haver 85r , u85p2u, f85f
~‘‘ 8’’ means ‘‘at p8’’ !, and

k15k0 cosu, k25k0 sin u cosf,

k35k0 sin u sin f, ~145!

and

k815k80 cosu852k0 cosu52k1,

k825k80 sin u8 cosf85k0 sin u cosf5k2,

k835k80 sin u8 sin f85k0 sin u sin f5k3.
~146!

Then

FIG. 6. Self-consistency near the Cauchy horizons in a sp
time with CTCs naturally gives rise to an arrow of time. Grey thi
lines represent light cones of electromagnetic waves or pho
emitted from event E.~a! This diagram shows that inF the retarded
potential is self-consistent. The ‘‘collision’’ of an electromagne
wave with its images cannot destroy the Cauchy horizon, since
proper time from the ‘‘collision’’~eventp) to the origin is always
bigger than the proper time from E to the origin. Likewise t
advanced potential in regionP would not destroy the Cauchy hor
zon. ~b! This diagram shows that a retarded potential inR and an
advanced potential inL ~or vice versa! are self-consistent. But the
potentials inR andL cannot be both retarded or both advance
otherwise the ‘‘collision’’ of two waves fromR andL respectively
will destroy the Cauchy horizon.~c! This diagram shows that th
advanced potential inF is not self-consistent, since the collision o
an electromagnetic wave with its images will destroy the Cau
horizon.~As n→6`, the collision eventp approaches the Cauch
horizon.! ~d! This diagram shows that a part-advanced-and-p
retarded potential inR ~or L) is also not self-consistent, asTabTab

would also diverge as the Cauchy horizon is approached.
02350
~kak̃a!p5~k0!2@2~11cos2 u!coshnb

12 cosu sinh nb1sin2 u#, ~147!

and

TabTab52r2~ tp!@2~11cos2 u!coshnb

12 cosu sinh nb1sin2 u#2. ~148!

It is easy to find thatTabTab reaches a maximum atu50 and

~TabTab!max58r2~ tp!e22nb, ~149!

wherer(tp) is the energy density fromL as measured in a
frame at eventp with ordinary velocity vx5vy5vz50.
(TabTab)max is always finite@less than 8r2(tp)# since n is
positive. If n,0 we have (TabTab)max58r2(tp)e

2nb,8r2(tp).
So if we have a retarded potential in region F, even cons
ering the infinite number of images,TabT

ab is always finite.
If the potential is advanced however, the pulse wave w

propagate backward in the past direction as a light c
originating from E. And, within a finite time, it will hit the
Cauchy horizon. By an analysis similar to the above ar
ments, we find that in this case

TabTab52r2~ tp!@~11cos2 u!coshnb

12 cosu sinh nb2sin2 u#2, ~150!

which reaches a maximum atu50 and

~TabTab!max58r2~ tp!e2unub. ~151!

Sincer(tp) is finite ~the past light cone from E atu50 hits
the Cauchy horizon in a finite affine distance!, thus
(TabTab)max→` asn→6`. As n→6`, L andLn collide at
the Cauchy horizon@as n→6` the point p(u50) ap-
proaches the Cauchy horizon# ~see Fig. 6c!. Thus
(TabTab)max diverges as the Cauchy horizon is approach
and the Cauchy horizon may be destroyed. Therefore
advanced potential isnot self-consistent in region F of Mis
ner space. It is easy to see that any part-retarded-and-
advanced potential is alsonot self-consistent in F. Theonly
self-consistent potential in region F is theretardedpotential.

Similarly, in region P the only self-consistent potential
the advancedpotential ~see Fig. 6a!. @Note that here ‘‘ad-
vanced’’ and ‘‘retarded’’ are defined relative to the glob
time direction in Minkowski spacetime~the covering space!.
An observer in P will regard it as ‘‘retarded’’ relative to h
own time direction.#

In region R, by boost and translation, we can alwa
move the event E~where a spherical pulse of electroma
netic waves is emitted! to (t50, x5x0 , y50, z50). Either
pure retarded or pure advanced potentials are self-consi
in this region because the light cone never ‘‘collides’’ wi
the images of itself and thus we always haveTabTab50 ~see
Fig. 6b!. But, for a part-retarded-and-part-advanced pot
tial, the retarded light cone (L1) propagates forward while
the advanced light cone (L2) propagates backward, bot
originating from E. The forward part of the light cone wi
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,
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J. RICHARD GOTT III AND LI-XIN LI PHYSICAL REVIEW D 58 023501
collide with images of the backward part of the light co
andvice versa~see Fig. 6d!. We find that at a pointp on the
intersection ofL1 andLn

2 ~or L2 andLn
1)

TabTab52r~ t !r~2t !@~11cos2 u!coshnb

22 cosu sinh nb1sin2 u#2, ~152!

where r(t) is the energy density fromL1 observed in a
frame onL1 with time coordinatet and with ordinary veloc-
ity vx5vy5vz50 andr(2t) is the energy density fromL2

seen in a frame onL2 with time coordinate2t and with
ordinary velocity vx5vy5vz50. TabTab reaches a maxi-
mum atu5p, and

~TabTab!max58r~ t !r~2t !e2unub, ~153!

where t is the global time coordinate in the coverin
Minkowski space. Asp approaches the Cauchy horizo
wheren→6`, r(t) andr(2t) are both finite, since in the
u5p direction the future and past light cones of E both
the Cauchy horizon in a finite affine distance. Th
(TabTab)max→` asp approaches the Cauchy horizon~where
n→6`). Therefore in region R both the retarded and t
advanced potential are self-consistent, but the part-retar
and-part-advanced potential isnot self-consistent. This con
clusion also holds for region L. Furthermore, there must b
correlation between time arrows in region L and region R
we choose the retarded potential in R, we must choose
advanced potential in L~see Fig. 6b!; if we choose the ad-
vanced potential in R, we must choose the retarded pote
in L. Otherwise the collision of light cones from R and lig
cones from L will destroy the Cauchy horizon.

As another treatment for perturbations in Misner spa
consider that at an event E in region F two photons are
ated@181# @we choose E to be at (t5t0 , x50, y50, z50)
as before#. One photon runs to the right along the1x direc-
tion, the other photon runs to the left along the2x direction.
They have the same frequency~thus the same energy!. The
tangent vector of the null geodesic of the right-moving ph
ton is chosen to berk

a5(q/v)(]/]u)a[(]/]l r)
a, wherel r

is an affine parameter of the geodesic,q is a constant and
u5t1x, v5t2x. The tangent vector of the null geodesic
the left-moving photon is chosen to belk

a5(q/u)(]/]v)a

[(]/]l l)
a, wherel l is an affine parameter of that geodes

The null vectorsrk
a and lk

a are invariant under boost trans
formations. At any point where a photon with null wav
vector ka is passing by, the frequency of the photon me
sured in a frame of reference passing by the same point
the four-velocityva is v52kava . If va5(]/]t)a ~i.e., the
frame of reference has ordinary three-velocityvx5vy5vz
50) andka5 rk

a or lk
a, we havev r5v l5q/2t0[v0 ~thus

q measures the frequency of the photon!. At any point where
the nth image of the right-moving~left-moving! photon is
passing by, using the boost transformation we can alw
find a frame of reference in which the frequency of the ph
ton is v0. But at a pointp where the right-moving~left-
moving! photon passes thenth image of the left-moving
~right-moving! photon, we cannot find a frame of referen
such that the two ‘‘colliding’’ photons both have frequen
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v0. In such a case we should analyze it in the center-
momentum frame. The four-velocity of the center-o
momentum frame isva5g( rk

a1 lk
a) where g252@( rk

a

1 lk
a)( rka1 lka)#215uv/q25h̃2/q2 where h̃5(t2

2x2)1/2 is the proper time separation ofp from the origin
(t50, x50, y50, z50). Therefore the total energy of th
two oppositely directed photons in the center-of-moment
frame is

E5v11v252 rk
ava2 lk

ava5
1

g
5

2t0

h̃
v0 . ~154!

~For all other frames the total energy would be greater.! If
the potential is retarded, so photons move in the future
rection, all points where photons and their images ‘‘collide
are in the future of the hypersurfacet22x25t0

2. Therefore

we haveh̃>h̃05t0 andE<2v0, so the total energy in the
center-of-momentum frame is always bounded. But, if
potential is advanced, photons move in the past direct
thus all points where photons and oppositely directed im
photons ‘‘collide’’ are in the past of the hypersurfacet2

2x25t0
2. In particular, the right-moving~left-moving! pho-

ton collides with thè -th (2`-th! image of the left-moving
~right-moving! photon at the Cauchy horizon, whereh̃50
and thusE→`. Thus, the Cauchy horizon may be destroy
by these photon pairs. Therefore in agreement with our e
lier argument, the advanced potential isnot self-consistent in
region F. Theretardedpotential is self-consistent in regio
F. Similarly, theadvancedpotential is self-consistent in re
gion P. In region R and region L, both the retarded poten
and the advanced potential are self-consistent, because
photons and their images will not collide with each other a
at any point a photon is passing by we can always fin
frame for whom the frequency of this photon isv0. And, the
potentials in region R and region L must be correlated in
following way: If the potential in R is retarded, the potenti
in L must be advanced; if the potential in R is advanced,
potential in L must be retarded~we would call them ‘‘anti-
correlated’’!. Otherwise the photons from L and photon
from R passing in opposite directions would be measured
have infinite energy in center-of-momentum frames as
Cauchy horizon is approached and this may similarly dest
the Cauchy horizon. These conclusions are consistent
those obtained from the analysis of the perturbation o
pulse wave discussed above.

Our multiply connected de Sitter space is conformally
lated to Misner space via Eqs.~78!–~83!. Because light
cones and chronological relations are conformally invari
@182# ~thus regionsF, P, R, andL in multiply connected de
Sitter space correspond respectively to regions F, P, R, an
in Misner space under the conformal map, as discusse
Sec. IX B!, Maxwell’s equations are also conformally invar
ant @180,182#, so it is easy to generalize the results fro
Misner space to our multiply connected de Sitter space.
der the conformal transformationgab→V2gab , the energy-
momentum tensor of the electromagnetic field is transform
as Ta

b→V24Ta
b @180#. Thus TabTab is transformed as

TabTab→V28TabTab . From the above discussion ofTabTab
1-30
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CAN THE UNIVERSE CREATE ITSELF? PHYSICAL REVIEW D58 023501
in Misner space, we know thatTabTab is zero everywhere
except at the intersection of two light cones. Thus, in mu
ply connected de Sitter space,TabTab is also zero every-
where except at the intersection of two light cones. At
intersection of two light cones in multiply connected de S
ter space, it is easy to show that the maximum value
TabTab is at the points withu50 or u5p on the intersec-
tion. From Eq.~80! and Eq.~82! we find that foru50 or
u5p, V2 is non-zero except at the points withu50 on the

Cauchy horizon~wherer 5r 0 or t̃ 5r 0). Also becauseV2 is
finite everywhere on the Cauchy horizon~i.e. it is never in-
finite!, we have that:~1! if TabTab diverges on the Cauch
horizon in Misner space, the correspondingTabTab also di-
verges on the Cauchy horizon in our multiply connected
Sitter space;~2! if TabTab is finite in some region~except at
the Cauchy horizon! in Misner space, the correspondin
TabTab is also finite in the corresponding region~not at the
Cauchy horizon! in the multiply connected de Sitter spac
~3! if TabTab is zero in some region~not a single point! in
Misner space, the correspondingTabTab is also zero in the
corresponding region in the multiply connected de Sit
space. Under the conformal transformationgab→V2gab , the
affine parameter of a null geodesic is transformed
l→l̃:dl̃/dl5CV2 whereC is a constant@180# and thus
the null vector ka5(]/]l)a is transformed as ka

→C21V22ka. Then g5@2( rk
a1 lk

a)( rka1 lka)#21/2 is
transformed asg→CVg and the total energy of the photo
pairs in the center-of-momentum frame is transformed aE
→C21V21E and the constantC21 can be absorbed intov0.
Therefore, we can transplant the above results for Mis
space directly to our multiply connected de Sitter spaceIn
region F the only self-consistent potential is the retard
potential; in regionP the only self-consistent potential is th
advanced potential; in regionsR and L both the retarded
potential and the advanced potential are self-consistent,
they must be anti-correlated~Fig. 6!.

The Cauchy horizon@40# separating a region with CTC
from that without closed causal curves is also called a ch
nology horizon@9#. A chronology horizon is called afuture
chronology horizon if the region with CTCs lies to the futu
of the region without closed causal curves; a chronolo
horizon is called apastchronology horizon if the region with
CTCs is in the past of the region without closed cau
curves. It is generally believed that a future chronology h
rizon is classically unstable unless there is some diverg
effect near the horizon@9,30#. The argument says that a wav
packet propagating in the future direction in this spaceti
will pile up on the future chronology horizon and destroy t
horizon due to the effect of the infinite blue-shift of the fr
quency ~and thus the energy! seen by a timelike observe
near a closed null geodesic on the horizon@181,9#. But if
there is some diverging mechanism~like the diverging effect
of a wormhole in a spacetime with CTCs constructed from
wormhole@7#! near the horizon, the amplitude of the wa
packet will decrease with time due to this mechanism, a
this may cancel the effect of the blue-shift of the frequen
making the energy finite and thus rendering the future ch
nology horizon classically stable. Unfortunately, in our m
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tiply connected de Sitter spacetime~as also in Misner space!
there is no such diverging mechanism. A light ray propag
ing in de Sitter space will focus rather than diverge. This c
be seen from the focusing equation@183#

d2A 1/2

dl2
52S s21

1

2
Rabk

akbDA 1/2, ~155!

whereA is the cross-sectional area of the bundle of rays,l is
the affine parameter along the central ray, the null vectorka

is ka5(]/]l)a, ands is the magnitude of the shear of th
rays. For de Sitter space we haveRabk

akb5Lgabk
akb50

and thus we haved2A 1/2/dl2<0, so the ray will never di-
verge. ~In fact this always holds if the spacetime satisfi
either the weak energy condition or the strong energy con
tion and it is called the focusing theorem@183#.! Hawking
@20# has given a general proof along the above lines that
futurechronology horizon is classically unstable unless lig
rays are diverging when they propagate near the chrono
horizon. You could cause this instability by shaking an ele
tron in the vicinity of the future chronology horizon. Th
retarded wave would then propagate to the future causing
instability.

However, in Hawking’s proof@20#, if we replace a future
chronology horizon with apastchronology horizon, then the
proof breaks down because, in such a case, a wave pa
propagating toward the future near the past chronology h
zon will suffer a red-shift instead of a blue-shift. Therefore
pastchronology horizon, according to Hawking’s argume
is classically stable in a world with retarded potentials. If t
universe started with a region of CTCs, but there are
CTCs now, that early region of CTCs would be bounded
the future by a past chronology horizon, and that horiz
would be classically stable in a world with retarde
potentials—which is what we want. In our multiply con
nected de Sitter space, this is realized, since the arrow
time in regionF is in the future direction and the arrow o
time in regionP is in the past direction@here ‘‘future’’ and
‘‘past’’ are defined globally by the direction of (]/]t)a,
wheret is the time coordinate in the global coordinate sy
tem (t,x,u,f) of the de Sitter covering space#. F andR can
have retarded potentials, whileP andL have advanced po
tentials, as we have noted. In this case the Cauchy horiz
separatingF fromR andP from L are classically stable, a
indicated by our detailed study ofTabTab as these Cauchy
horizons are approached. What about the Cauchy horiz
separatingP fromR andF from L? In regionP, the poten-
tials are advanced, so Hawking’s instability does not arise
one approaches the Cauchy horizon separating it fromR. In
regionR, the potentials are retarded, so by Hawking’s arg
ment, one might think that there would be an instability
the Cauchy horizon separatingR from P is approached from
theR side. But, as we have shown, with retarded potent
in R, TabTab does not diverge as the Cauchy horizon se
ratingR from P is approached from theR side, indicating
no instability. Why? Because one can always find fram
where the passing photon energies are bounded as
Cauchy horizon is approached. Hawking’s argument wo
1-31
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J. RICHARD GOTT III AND LI-XIN LI PHYSICAL REVIEW D 58 023501
only if one can pick a particular frame like the frame of
timelike observer crossing the Cauchy horizon and obse
the blow up of the energy in that frame.~Thus Hawking’s
approach is observer-dependent, while our approach
TabTab is observer-independent.! Hawking’s timelike ob-
server would be killed by these photons. But, as we h
shown,R is in a pure vacuum state in our model, so there
no timelike observers in this region, and no preferred fram
If there were timelike particles of positive mass cross
fromP toR through the Cauchy horizon, we have shown~Li
and Gott@30#! that these would cause a classical instabili
but there are none. There are, as we shall show in the
subsection, no real particles in regionsL andR ~because
these are vacuum states! and no real particles in regionF and
P until the vacuum state there decays by forming bubble
a timelike separationutu.t0 from the origin (t0 will be
given in the next subsection!. Thus, there are no particle
crossing the Cauchy horizons separatingP from R andF
from L. Thus, there is no instability caused by particl
crossing the Cauchy horizons; and since there are no time
observers in regionR to be hit by photons as the Cauch
horizon separatingR from P is approached, there is no in
stability, as indicated by the factTabTab does not blow up as
that Cauchy horizon is approached. As indicated in Fig.
regionF1R is one causally connected region which can
pictured as partially bounded to the future by the future lig
cone of an event E8 and bounded to the past by the futu
light cone of an event E; but E and E8 are identified by the
action of the boost, so these two light cones are identifi
creating a periodic boundary condition for regionF1R. As
our treatment usingTabT

ab with images indicates, retarde
photons created inF1R cause no instability. Particles wit
timelike world lines crossing the Cauchy horizons separa
F1R from P1L would cause instability by crossing a
infinite number of times between the future light cones o
and E8, thus making an infinite number of passages throu
the regionF1R ~alsoP1L) shown in Fig. 4b. However, a
we have shown, there should be no such particles with ti
like world lines crossing the Cauchy horizons separatingF
1R from P1L, and no photons crossing these horizo
either, since the potentials inF1R are retarded, while the
potentials inP1L are advanced. Thus, we expectF1R and
P1L to both be stable, and causally disconnected from e
other.~See further discussion in the next subsection.!

Thus, the principle of self-consistency@178,179# produces
classical stability of the Cauchy horizons and naturally giv
rise to an arrow of time in our model of the Universe.

F. Bubble formation in the multiply connected de Sitter space

From the above discussion we find that in the multip
connected de Sitter space regionF and regionP are causally
independent in physics: the self-consistent potential inF is
the retarded potential, while the self-consistent potential iP
is the advanced potential, thus an event inF can never in-
fluence an event inP, andvice versa. F andP are physically
disconnected though they are mathematically connecte
we choose the potential inR to be retarded, then the poten
tial in L must be advanced.~Note that here ‘‘advanced’’ and
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‘‘retarded’’ are defined relative to the global time directio
in de Sitter space—the covering space of our multiply co
nected de Sitter space.! Then regionF1R ~including the
Cauchy horizon separatingF from R) forms a causal unit,
and regionP1L ~including the Cauchy horizon separatingP
from L) forms another causal unit.~See Fig. 4b, where the
two null surfaces partially bounding the grayF1R region to
the past and future are identified. Similarly for the null su
faces partially bounding theP1L region.! An event inF
1R and an event inP1L are always causally independe
in physics: they can never physically influence each ot
though they may be mathematically connected by so
causal curves~null curves or timelike curves!. ThoughF
1R andP1L are connected in mathematics, they are d
connected in physics. They are separated by a Cauchy h
zon. When we consider physics inF1R, we can completely
forget regionP1L ~andvice versa!. Though in such a case
the Cauchy horizon separatingF1R from P1L is a null
spacetime boundary, we do not need any boundary cond
on it because the topological multi-connectivity inF1R has
already given rise to a periodic boundary condition~which is
a kind of self-consistent boundary condition!. ~In Fig. 4b this
is shown by the fact that the null curves partially boundi
F1R to the past and future are identified.! This periodic
boundary condition~the self-consistent condition! is suffi-
cient to fix the solutions of the universe. For example, in o
multiply connected de Sitter space model, the stability of
Cauchy horizon requires that the regions with CTCs (R and
L) must be confined in the past and in these regions
quantum fields must be in vacuum states~as we have already
remarked, the appearance of any real particles there seem
destroy the Cauchy horizon@30#!. This gives rise to an arrow
of time and an arrow of entropy in this model.
F1R is a Hausdorff manifold with a null boundary, an

thusF1R is geodesically incomplete to the past. But, t
geodesic incompleteness ofF1R may not be important in
physics because in the inflationary scenario all real partic
are created during the reheating process after inflation wi
bubbles created in regionF and these particles emit onl
retarded photons which never run off the spacetime beca
here the geodesic incompleteness takes place only in the
direction. On the other hand, we can smoothly extendF
1R to P1L so that the total multiply connected de Sitt
spacedS/B is geodesically complete but at the price that it
not a manifold at a two-sphere~Sec. IX A!. This model de-
scribes two physically disconnected but mathematically c
nected universes.@The analogy between the causal structu
in regionF1R and regionP1L might motivate us to iden-
tify antipodal points in our multiply connected de Sitt
space, as we did for the simply connected de Sitter sp
~Sec. VIII!. The spacetime so obtained is a Hausdorff ma
fold everywhere. It is geodesically complete but not tim
orientable. For computing the energy-momentum tenso
vacuum polarization, we must take into account the ima
of antipodal points in addition to the images produced by
boost transformation. Further research is needed to fin
self-consistent vacuum for this spacetime.#

Now we consider formation of bubbles inF1R in mul-
tiply connected de Sitter space.@The results~and the argu-
1-32
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CAN THE UNIVERSE CREATE ITSELF? PHYSICAL REVIEW D58 023501
ments forF1R in the previous paragraph! also apply to
regionP1L, except that while inF1R bubbles expand in
the future direction, inP1L they expand in the past direc
tion; here ‘‘future’’ and ‘‘past’’ are defined with respect t
(]/]t)a wheret is the time coordinate in the global coord
nates of de Sitter space.# RegionR ~for its fundamental cell
see Fig. 4! which is multiply connected has a finite fou
volume VI5

4
3 pbr0

4 ~hereb5b/r 0, b is the de Sitter boos
parameter!. If the probability of forming a bubble per vol
ume r 0

4 in de Sitter space ise, then the total probability of
forming a bubble inVI is PI5

4
3 pbe.

RegionF ~its fundamental cell is shown in Fig. 4! has an
infinite four-volume and thus there should be an infin
number of bubble universes formed@89,98#. The metric in
region F is given by Eq. ~72! with 0,t,`, 0< l ,b,
0,u,p, and 0<f,2p ~see Fig. 4a!; it is multiply con-
nected~periodic in l with periodb). In order that the infla-
tion proceeds and the bubbles~which expand to the
future—as expected with the retarded potential in regionF)
do not percolate, it is required thate,ecr where 5.831029

,ecr,0.24 @95#. Gott and Statler@99# showed that in order
that we on earth today should not have witnessed ano
bubble colliding with ours within our past light cone~with
95% confidence! e must be less than 7.6031024 for V50.1
~for V50.4 Gott@88# found e,0.01). In our multiply con-
nected de Sitter space, for inflation to proceed, there sh
be the additional requirement that bubbles do not coll
with images of themselves~producing percolation!. A neces-
sary condition for a bubble formed inF not to collide with
itself is that from timet when the bubble forms to futur
infinity ( t→`) a light signal moving along thel direction
@wheret and l are defined in Eq.~69! and Eq.~71!# propa-
gates a co-moving distance less thanb/2, which leads to the
condition thatt.t0[r 0ln@(eb/211)/(eb/221)#. In fact this
is also a sufficient condition, which can be shown by t
conformal mapping between regionF in the multiply con-
nected de Sitter space and region F-O in Misner space
fined by Eqs.~81!–~83!. If the collision of two light cones in
F occurs beyond the hyperbolat22x22y22z251 (t.0)
in Misner space~i.e., in the region O!, the corresponding two
light cones~and thus the bubbles formed inside these lig
cones! in F will never collide becauset22x22y22z251 in
F corresponds tot→` in F. It is easy to show that the
condition for a light cone not to collide with its image
within F-O is thateb(t22x2)2y22z2.1, where (t,x,y,z)
is the event where the light cone originates. By Eq.~81! this
condition corresponds to eb@( t̃ /r 0)221#.11( t̃ /r 0)2

22( t̃ /r 0)cosu. Since t̃ .r 0 and 21<cosu<1, a sufficient

condition is eb@( t̃ /r 0)221#.11( t̃ /r 0)212( t̃ /r 0), i.e.
eb( t̃ /r 021). t̃ /r 011 which is equivalent to t.t0
5r 0ln@(eb/211)/(eb/221)#. Therefore all bubbles formed af
ter the epocht0 in F in the multiply connected de Sitte
space will never collide with themselves. The 0,t,t0 part
of the fundamental cell inF has a finite four-volumeVII
5VI@cosh3(t0 /r0)21#. The total probability of forming a
bubble inVII is PII5

4
3 pbe@cosh3(t0 /r0)21#. For b52p we

havet0.0.086r 0, VII.0.011VI , and thusPII.0.011PI .
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For the case ofb52p, in order that there be less than
5% chance that a bubble forms inVI ~and thus less than
0.05% chance inVII), e should be less than 231023. This
should be no problem because we expect that this tunne
probability e should be exponentially small. Thus it woul
not be surprising to find regionR and regionF for epochs
0,t,t050.086r 0 clear of bubble formation events~and
clear of real particles!, which is all we require.

Also note that there may be two epochs of inflation, one
the Planck scale caused by^Tab& ren52gab/960p2r 0

4 @Eq.
~97!# which later decays in regionF at t@t0 into an infla-
tionary metastable state at the GUT scale produced by a
tential V(f), which, still later, forms bubble universes.

X. BABY UNIVERSE MODELS

Inflationary universes can lead to the formation of ba
universes in several different scenarios@64,32–36#. If one of
these baby universes simply turns out to be the original u
verse that one started out with, we have a multiply connec
solution in many ways similar to our multiply connected
Sitter space. There would be a multiply connected region
CTCs bounded by a past Cauchy horizon which would
stable because of the self-consistency requirement as in
previous section, and this would also engender pure reta
potentials. Thus, in a wide class of scenarios, the epoch
CTCs would be long over by now, as we would be one of
many later-formed bubble universes. Also, the model mi
either be geodesically complete to the past or not. This m
not be a problem in physics since we would in any case h
a periodic boundary condition; and because with its p
retarded potentials, no causal signals could be propagate
the past in any case. There are several different baby
verse scenarios—any one of which could accommodate
type of model.

First, there is the Farhi, Guth, and Guven@32# method of
creation of baby universes in the lab. At late times in an op
universe, for example, an advanced civilization might i
plode a mass~interestingly, it does not have to be a larg
mass—a few kilograms will do! with enough energy to drive
it up to the GUT energy scale, whereupon it might settle in
a metastable vacuum, creating a small spherical bubbl
false vacuum with aV5L/8p metastable vacuum inside
This could be done either by just driving the region up ov
the potential barrier, or by going close to the barrier a
tunneling through. The inside of this vacuum bubble wou
contain a positive cosmological constant with a positive
ergy density and a negative pressure. This bubble could
created with an initial kinetic energy of expansion with t
bubble wall moving outward. But the negative pressu
would pull it inward, and it would eventually reach a point
maximum expansion~a classical turning point!, after which
it would start to collapse and would form a black hole. B
occasionally,~probability P51021018

for typical GUT scales
@32#! when it reaches its point of maximum expansion
tunnels to a state of equal energy but a different geome
like a doorknob, crossing the Einstein-Rosen bridge@184#.
The ‘‘knob’’ itself would be the interior of the bubble, con
taining the positive cosmological constant, and sitting in
1-33
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J. RICHARD GOTT III AND LI-XIN LI PHYSICAL REVIEW D 58 023501
metastable vacuum state withV5L/8p. The ‘‘knob’’ con-
sists of more than a hemisphere of an initially staticS3

closed de Sitter universe, where the bubble wall is a surf
of constant ‘‘latitude’’ on this sphere. At the wall, the ci
cumferential radius is thus decreasing as one moves outw
toward the external spacetime. Just outside the wall is
Einstein-Rosen neck which reaches a minimum circumfer
tial radius atr 52M , and then the circumference increases
join the open external solution. This ‘‘doorknob’’ solutio
then evolves classically. The knob inflates to form a de Si
space of eventually infinite size. It is connected to the or
nal spacetime by the narrow Einstein-Rosen bridge. Bu
observer sitting atr 52M in the Einstein-Rosen bridge wil
shortly hit a singularity in the future, just as in the Schwar
child solution. So the connection only lasts for a short tim
The interior of the ‘‘knob’’ is hidden from an observer in th
external spacetime by an event horizon atr 52M . Eventu-
ally the black hole evaporates via Hawking radiation@185#,
leaving a flat external spacetime~actually part of an open big
bang universe! with simply a coordinate singularity atr 50
as seen from outside.~See Fig. 7.!

From the point of view of an observer sitting at the cen
of V5L/8p bubble, he would see himself, just after th
tunneling event, as sitting in a de Sitter space that was
tially static but which starts to inflate. Centered on this o
server’s antipodal point in de Sitter space, he would se
bubble of ordinaryV50 vacuum surrounding a black hole o
massM . The observer sees his side of the Einstein-Ro
bridge and an event horizon atr 52M which hides the ex-
ternal spacetime at late times from him. From the point
view of the de Sitter observer, the black hole also evapor
by Hawking radiation, eventually leaving an emptyV50
bubble in an ever-expanding de Sitter space. This infinit
expanding de Sitter space, which begins expanding at
tunneling event, is a perfect starting point~just like Vilen-
kin’s tunneling universe! for making an infinite number o
bubble universes, as this de Sitter space has a finite be
ning and then expands forever. Now supposeone of these
open bubble universes simply turns out to be theoriginal
open universe where that advanced civilization made
baby de Sitter universe in the first place~Fig. 7!. Now the
model is multiply connected, with no earliest event. There
a Cauchy horizon (CH, see Fig. 7! separating the region o
CTCs from the later region that does not contain them. T
Cauchy horizon is generated by ingoing closed null geo
sics that represent signals that could be sent toward the b
hole, which then tunnel across the Euclidean tunneling s
tion jumping across the Einstein-Rosen bridge and then c
tinuing as ingoing signals to enter the de Sitter space
reach the open single bubble in the de Sitter space~that turns
out to be the original bubble in which the tunneling eve
occurs!. A retarded photon traveling around one of tho
closed null geodesics will be red-shifted more and more
each cycle, thus not causing an instability. Another no
effect is that although these null generators are converg
just before the tunneling event, they are diverging just a
the tunneling event, having jumped to the other side of
Einstein-Rosen bridge. Thus, converging rays are turned
diverging rays~as in the wormhole solution! during the tun-
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FIG. 7. A schematic Penrose diagram of a self-creating U
verse based on the baby universe model of Farhi, Guth, and Gu
We identify M1N1 with M2N2, to obtain a model of the Universe
creating itself. (M1N1 is the future light cone of eventN1.! In this
model the closed null curves generating the Cauchy horizon (CH)
pass through a hot big bang region, where the dense absorbe
make the Cauchy horizon stable against vacuum polarization
fects. The metastable de Sitter phase is shown in grey. It de
along a hyperboloidH3 near the bottom of the figure to form
single open bubble universe with a hot big bang phase and an e
of recombination which is also shown. After recombination a sup
civilization creates, at the right, an expanding bubble of de Si
metastable vacuum. This reaches a point of maximum expansio
which point it tunnels to a doorknob-shaped configuration. The t
neling epoch is shown by the dashed line: just below the dashed
is how the spacetime appears just before tunneling, and just a
the dashed line is how the spacetime appears just after the tu
ing. Just after the tunneling, the geometry~just above the dashed
line! from left to right goes from infinite radius~where future null
infinity I1 meets the dashed line! to a minimum radiusr 52M at
the neck in the Einstein-Rosen bridge~where the inside and outsid
black hole event horizons meet just below the word ‘‘black hole!
then to a radiusr .2M at the surface of the de Sitter bubble, reac
ing a maximum radius at the equator of the de Sitter bub
‘‘knob’’ and finally decreasing tor 50 at the center of the bubble a
the extreme right. The de Sitter bubble expands forever.M2 is at
t5`. To the left of M2 is another open bubble universe formin
out of the metastable de Sitter vacuum. It is diamond-shaped—
bottom two lines representing the expanding bubble wall and
top two lines representing future null infinity for that bubbl
Within this bubble the de Sitter vacuum decays to a hot big b
phase along a hyperboloidH3 shown as a curved line crossing th
diamond. Another open bubble universe forms to the right ofM1.
Recall, M15M2. These two bubble universes both form after t
Cauchy horizonCH as do an infinite number of others. The blac
hole singularity is shown, as well as the fact that the black h
evaporates.N1N2 is a CTC; CTCs occur on theN1N2 side of the
Cauchy horizonCH. After CH, there are no CTCs.
1-34
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CAN THE UNIVERSE CREATE ITSELF? PHYSICAL REVIEW D58 023501
neling event without violating the weak energy conditio
These closed null geodesics need not be infinitely extend
in affine distance toward the past. It would seem that it c
be arranged that the renormalized energy-momentum te
does not blow up on this Cauchy horizon so that a s
consistent solution is possible. Using the method of imag
note that theN-th image is fromN cycles around the multi-
ply connected spacetime. The path connecting an observ
the N-th image will have to travelN times through the ho
big bang phase which occurs in the open bubble after
false vacuum with V(f,f0)5L/8p dumps its false
vacuum energy into thermal radiation as it falls off the p
teau and reaches the true vacuumV(f5f0)50. Thus, to
reach theN-th image one has to pass through the hot o
cally thick thermal radiation of the hot big bangN times.
And this will cause the contribution of theN-th image to the
renormalized energy-momentum tensor to be exponent
damped by a factore2Nt wheret[nzs t@1 ~wheren is the
number density of target particles,z is the thickness of ho
material,s t is the total cross-section!. Li @26# has calculated
the renormalized energy-momentum tensor of vacuum po
ization with the effect of absorption. Li@26# has estimated
the fluctuation of the metric of the background spaceti
caused by vacuum polarization with absorption, which i
small number in most cases. If the absorption is caused
electron-positron pair production by a photon in a photo
electron collision, the maximum value of the metric fluctu
tion is (dgmn)max; l P

2/(r eL), wherel P is the Planck length,r e

is the classical radius of electron,L is the spatial distance
between the identified points in the frame of rest relative
the absorber@26#. If we takeL to be the Hubble radius at th
recombination epoch (;1023 cm), we have (dgmn)max
;10276. Thus, we expect that the renormalized ener
momentum tensor will not blow up at the Cauchy horiz
@26#, so that a self-consistent solution is possible.

The tunneling event is shown as the epoch indicated
the dashed line in Fig. 7. During the tunneling event,
trajectory may be approximated as a classical space with
spacelike dimensions solving Einstein’s equations, with
potential inverted, so that this Euclidean section bridges
gap between the two classical turning points.~In such a case
the concepts of CTCs and closed null curves should be g
eralized to contain a spacelike interval. Thus, there are
ther closed null geodesics nor closed timelike geodesics
the traditional definitions. According to Li@23#, this kind of
spacetime can be stable against vacuum polarization.!

As Farhi, Guth, and Guven@32# note, the probability for
forming such a universe is exponentially small, so an ex
nentially large number of trials would be required before
intelligent civilization would achieve this feat. If the meta
stable vacuum is at the Planck density, the number of tr
required is expected to be not too large; but if it is at t
GUT density which turns out to be many orders of mag
tude lower than the Planck density, then the number of tr
becomes truly formidable (P;1021018

) @32#. Thus, Farhi,
Guth, and Guven@32# guess that it is unlikely that the huma
race will ever succeed in making such a universe in the la
the GUT scale. Gott@63#, applying the Copernican principl
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to estimate our future prospects, would come to similar c
clusions. However, if our universe is open, it has an infin
number of galaxies, and it would likely have some sup
civilizations powerful enough to succeed at such a crea
event, or at least have so many super-civilizations~an infinite
number! that even if they each tried only a few times, the
some of them~again an infinite number! would succeed. In
fact, if the probability for a civilization to form on a habit
able planet like the Earth and eventually succeed at crea
a universe in the lab is some finite number greater than z
~even if it is very low!, then our universe~if it is an open
bubble universe! should spawn an infinite number of suc
baby universes.

This notion has caused Harrison@33# to speculate that ou
universe was created in this way in the lab by some sup
civilization in a previous universe. He noted correctly that
super-civilizations in a universe can create many baby u
verses, then baby universes created in this way sho
greatly outnumber the parent universes, and that you~being
not special! are simply likely to live in one of the many bab
universes, because there are so many more of them. He
is using implicitly the formulation of Gott@63# that accord-
ing to the Copernican principle, out of all the places f
intelligent observers to be, there are, by definition, only
few special places and many non-special places, and you
simply more likely to be in one of the many non-spec
places. Thus, if there are many baby universes created
intelligent supercivilizations in an infinite open bubble un
verse, then you are likely to live in a baby universe created
this way. Harrison uses this idea to explain the strong
thropic principle. The strong anthropic principle as advanc
by Carter@62# says that the laws of physics, in our univer
at least, must be such as to allow the development of
intelligent life. Why? Because we are here. It is just a se
consistency argument. This might lead some to believe,
ticularly with inflationary cosmologies that are capable
producing an infinite number of bubble universes, that th
different universes might develop with many different law
of physics, given a complicated, many-dimensional inflatio
ary potential with many different minima, and many diffe
ent low energy laws of physics. If some of these did n
allow the development of intelligent life and some of the
did, well, which type of universe would you expect to fin
yourself in?—one that allowed intelligent observers,
course.~By the same argument, you are not surprised to fi
yourself on a habitable planet—Earth—although such ha
able planets may well be outnumbered by uninhabita
ones—Mercury, Venus, Pluto, etc.! Thus, there may be man
more universes that have laws of physics that do not al
intelligent life—you just would not find yourself living there
It has been noticed that there are various coincidences in
physical constants—like the numerical value of the fi
structure constant, or the ratio of the electron to proton m
or the energy levels in the carbon nucleus—which, if th
were very different, would make intelligent life either impo
sible, or much less likely. If we observe such a coinciden
according to Carter@62#, it simply means that if it were oth-
erwise, we would not be here. Harrison@33# has noted that if
intelligent civilizations made baby universes they mig
1-35
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J. RICHARD GOTT III AND LI-XIN LI PHYSICAL REVIEW D 58 023501
well, by intelligent choice, make universes that purpos
had such coincidences in them in order to foster the de
opment of intelligent life in the baby universes they creat
If that were the case, then the majority of universes wo
have laws of physics conducive to the formation of inte
gent life. In this case, the reason that we observe such c
cidences is that a previous intelligent civilization made th
that way. One might even speculate in this scenario tha
they were smart enough, they could have left us a messag
sorts in these dimensionless numbers~a theme that resonate
by the way, with part of Carl Sagan’s thesis inContact!.
However, it is unclear whether any super-civilization wou
be able to control the laws of physics in the universes t
created. All, they might reasonably be able to do would be
drive the baby universe up into a particular metasta
vacuum@32#. But then, such a metastable vacuum inflates
the knob, and an infinite number of bubble universes fo
later, with perhaps many different laws of physics depend
on how they tunnel away from the metastable vacuum
which of the many potential minima they roll down into
Controlling these phase transitions would seem diffic
Thus, it would seem difficult for the super-civilization th
made the metastable state that later gave rise to our univ
to have been able to manipulate the physical constants in
universe. Harrison’s model could occur in many generatio
making it likely that we were produced as great, great, . .
great grandchildren universes from a sequence of intellig
civilizations. Harrison@33# was able to explain all the uni
verses by this mechanism except for the first one. For tha
had to rely on natural mechanisms. This seems to be
unfortunate gap. In our scenario, suppose that ‘‘first’’ u
verse simply turned out to be one of the infinite ones form
later by intelligent civilizations. Then the Universe—no
capital U—would be multiply connected, and would have
region of CTCs; all of the individual universes would ow
their birth to some intelligent civilization in particular in thi
picture.

All this may overestimate the importance of intellige
civilizations. It may be that bubbles of inflating metastab
vacuum are simply produced at late times in any big ba
cosmology by natural processes, and that baby universes
duced by natural processes may vastly outnumber those
duced by intelligent civilizations. Such a mechanism h
been considered by Frolov, Markov, and Mukhanov@55#.
They considered the hypothesis that spacetime curvatu
limited by quantum mechanics and that as this limit is a
proached, the curvature approaches that of de Sitter sp
Then, as any black hole collapses, the curvature increase
the singularity is approached; but before getting there it w
convert into a collapsing de Sitter solution. This can be do
in detail in the following way. Inside the horizon, but outsid
the collapsing star the geometry becomes Schwarzsc
which is a radially collapsing but stretching cylinder. Th
can be matched onto a radially collapsing and radia
shrinking cylinder in de Sitter space as described by the m
ric in Eq. ~72! with the timet being negative and the coo
dinatel being unbounded rather than periodic. Both surfa
are cylinders with identical intrinsic curvature, but with di
ferent extrinsic curvature. This mismatch is cured by int
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ducing a shell of matter which converts the stretching of
Schwarzschild cylinder to collapsing as well which th
matches onto the collapsing de Sitter solution. This ph
transition may occur in segments which then merge as no
by Barabes and Frolov@56,57#. The de Sitter solution then
bounces and becomes an expanding de Sitter solution w
can in turn spawn an infinite number of open bubble u
verses. This all happens behind the event horizon of
black hole. Within the de Sitter phase, one finds a Cau
horizon like the interior Cauchy horizon of the Reisne
Nordstrom solution, but this inner Cauchy horizon is n
unstable because the curvature is bounded by the de S
value so the curvature is not allowed to blow up on the in
horizon.~This is an argument that one could also rely on
produce self-consistent multiply connected de Sitter pha
with CTCs—if needed.! This model thus produces, inside th
black hole, to the future, and behind the event horizon,
expanding de Sitter phase that has a beginning, just
Vilenkin’s tunneling universe. If one of those bubble un
verses simply turns out to be the original one in which t
black hole formed, then the solution is multiply connect
with a region of CTCs. This would make every black ho
produce an infinite number of universes. This would be
dominant mechanism for making new bubble univers
since the number of black holes in our universe would
pear to greatly outnumber the number of baby universes e
produced by intelligent civilizations, since the tunnelin
probability for that process to succeed is exceedingly sm

Smolin @34,35# has proposed that this type of mechanis
works and furthermore that the laws of physics~in the
bubble universes! are like those in our own but with sma
variations. Then, there would be a Darwinian evolution
universes. Universes that produced many black holes wo
have more children that would inherit their characteristics
with some small variations. Soon, most universes wo
have laws of physics that were fine-tuned to produce
maximum number of black holes. Smolin@34,35# points out
that this theory is testable, since we can calculate whe
small changes in the physical constants would decrease
number of black holes formed. In this picture we should
near a global maximum in the black hole production ra
One problem is that the laws of physics that maximize
number of black holes and those that simply maximize
number of main sequence stars may be rather similar, and
laws that maximize the number of main sequence stars m
well simply maximize the number of intelligent observer
and the anthropic principle alone would suggest a prefere
for us observing such laws, even if no baby universes w
created in black holes. Another possible problem with t
model, pointed out by Rothman and Ellis@186#, is that if the
density fluctuations in the early universe had been highe
amplitude, this would form many tiny primordial black hole
~presumably more black holes per comoving volume than
our universe!, so, we well might wonder why the densit
fluctuations in our universe were so small. One way o
might be that tiny black holes do not form any baby un
verses, but this seems a bit forced since the de Sitter n
formed can be as small as the Planck scale or GUT scale
it would seem that even primordial black holes could
1-36
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CAN THE UNIVERSE CREATE ITSELF? PHYSICAL REVIEW D58 023501
large enough to produce an infinite number of open bub
universes.

Another possibility is the recycling universe of Garrig
and Vilenkin @36#. In this model there is a metastab
vacuum with cosmological constantL1, and a true lowest
energy vacuum with a cosmological constantL2. L1 is at the
GUT or Planck energy scale, whileL2 is taken to be the
present value ofL ~as might be the case in a flat-L model!.
As long asL2.0, then Garriga and Vilenkin assert th
there is a finite~but small! probability per unit four volume
that theL2 state could tunnel to form a bubble ofL1 state,
which could therefore inflate, decaying into bubbles ofL2

vacuum, which could recycle formingL1 bubbles, and so
forth. They point out that depending on the coordinate s
tem, a bubble ofL2 forming inside aL1 universe could also
be seen as aL1 bubble forming inside of aL2 universe.
Take two de Sitter spaces, one withL1 and one withL2, and
cut each along a vertical slice (W5W0) in the embedding
space. They can then be joined along an appropriate hy
bola of one sheet representing a bubble wall, with theL2

universe lying to theW,W0 side and theL1 universe lying
to the W.W0 side. Slicing along hyperplanes withV1W
5const gives a steady-state coordinate system for aL1 uni-
verse in which a bubble ofL2 vacuum appears. Slicing alon
hyperplanes withV2W5const, however, gives a stead
state coordinate system for aL2 universe in which a bubble
of L1 appears. So, one can find a steady-state coordi
system in which there is aL1 universe, with bubbles ofL2
inside it, and bubbles ofL1 inside theseL2 bubbles, and so
forth. If the roll down is slow, within theL2 bubble as it
forms, as in Gott’s open bubble universe@89#, then it will
have at least 67e-folds of inflation with L.L1 before it
falls off the plateau into the absolute minimum atL2, and
this will be an acceptable big bang model which will ha
the usual big bang properties except that it will eventually
dominated by a lambda termL2. Being bubble universes
they will all be open with negative curvature as in Got
model @89# but they will be asymptotically open de Sitte
models at late times witha(t)5r 0 sinh(t/r0) and L5L2.
Garriga and Vilenkin@36# wondered whether such a rec
cling model could be geodesically complete toward the p
Such a outcome, they pointed out, would violate no kno
theorems and should be investigated. They hoped to
such a geodesically-complete-to-the-past model so tha
could be eternal without a need for a beginning. However
the special case, whereL15L2, one can show that the recy
cling steady state solution becomes a simple single de S
space geometry withL1, and the usual steady-state coord
nate system in a single de Sitter space is not geodesic
complete to the past.

Now take this recycling model where it turns out that o
of the L1 bubbles formed inside anL2 bubble inside aL1
region is, in fact, theL1 region that one started out with. I
this case, we would have a multiply connected model suc
we are proposing which would include a region of CT
~Fig. 8!. ~If L15L2, this model is just the multiply con
nected de Sitter space we have considered.! If our multiply
connected model was geodesically complete to the pas
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would the covering space~a simply connected Garriga
Vilenkin model! be. If our multiply connected model wa
geodesically incomplete to the past, so would the cover
space~a simply connected Garriga-Vilenkin model! be also.
In our model, there would be a strong self-consistency r
son for pure retarded potential, whereas in the Garri
Vilenkin recycling model, there would be no such stro
reason for it. With pure retarded potentials throughout,
issue of whether the spacetime was geodesically comple
the past is less compelling, as we have argued above, and
model, having a periodic boundary condition, would n
need further boundary conditions, unlike a simply connec
recycling model that was geodesically incomplete to the p

Thus, there are a number of models in which baby u
verses are created which can be converted into model
which the Universe creates itself, if one of those crea
baby universes turns out to be the original universe that
started with. Since these models are all ones in which th
are an infinite number of baby universes created, this mu
ply connected outcome must occur unless the probability
a particular multiple connectivity to exist is exactly zero.
other words, it should occur, unless it is forbidden by t
laws of physics. Given quantum mechanics, it would se
that such multiple connectivities would not be absolutely f
bidden, particularly in the Planck foam era.

We should note here that, in principle, there might ev
be solutions that are simply connected in which there was
early region of CTCs bounded to the future by a Cauc
horizon followed by an inflationary region giving rise to a

FIG. 8. A self-creating Universe model based on Garriga a
Vilenkin’s recycling Universe. In a region of cosmological consta
L1, a bubbleB of cosmological constantL2 is formed by tunneling
at the epochBB1. The expanding bubble wall is represented
BB2. At a later time, within bubbleB a bubbleA forms at epoch
AA1 by tunneling. The expanding bubble wall is shown byAA2.
Inside bubbleA the cosmological constant isL1. In the limit where
L15L2 we can plot this in a single de Sitter space. Now we ide
tify the two hypersurfaces denoted byA1AA2 to obtain a model of
the Universe creating itself. The Cauchy horizon bounding the
gion of CTCs is indicated byCH. After CH there are no CTCs. If
L15L2, this reduces to our multiply connected de Sitter modeF
1R shown in Fig. 4~b!.
1-37
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J. RICHARD GOTT III AND LI-XIN LI PHYSICAL REVIEW D 58 023501
infinite number of bubble universes. The models conside
so far have all obeyed the weak energy condition, and th
models have all been multiply connected; in other wor
they have a genus of 1, like a donut, since one of the l
baby universes is connected with the original one. Cons
an asymptotically flat spacetime with two connected wor
hole mouths that are widely separated. The existence of
wormhole connection increases the genus by one. Instea
a flat plane, it becomes a flat plane with a handle. To do t
the wormhole solution must violate the weak energy con
tion @7#. It must have some negative energy density mate
for it is a diverging lens~converging light rays entering on
wormhole mouth, diverge upon exiting the other mouth!. For
a compact two dimensional surface, the integrated Gaus
curvature over the surface divided by 4p is equal to 1 minus
the genus. Thus, the integrated Gaussian curvature ov
sphere~genus50! is 4p, while the integrated Gaussian cu
vature over a donut~genus51! is zero, and the integrate
Gaussian curvature over a Figure 8 pretzel~genus52! is
24p. Negative curvature is added each time the genu
increased. Conversely, positive curvature can be adde
reduce the genus by 1. When a donut is cut, so that it
sembles a letter ‘‘C,’’ the ends of the letter ‘‘C’’ are seale
with positive curvature~two spherical hemispherical cap
would do the job, for example!. Our solutions are alread
multiply connected, so they might in principle be made si
ply connected by the addition of some extra positive m
density, without violating the weak energy condition. An e
ample of this is seen by comparing Grant space@18# with
Gott’s two-string spacetime@8#. Grant space is multiply con
nected, hasTab50 everywhere, and includes CTCs. It can
pictured as a cylinder. Gott’s two-string spacetime is sim
connected, but is identical to Grant space at large distan
from the strings. It also contains CTCs. It can be pictured
a cardboard cylinder that has been stepped on and
stapled shut at one end, like an envelope. There are
corners at the closed end, representing the two strings,
the cylinder continues outward forever toward its open e
~so it is like a test tube, a cylinder closed on one end!. The
two strings provide positive energy density~i.e. they do not
violate the weak energy condition!. CTCs that wrap around
the two strings far out in the cylinder~which is identical to a
part of Grant space; see Laurence@187#! can be shrunken to
points by slipping them through the strings—but they b
come spacelike curves during this process. Thus, Gott s
represents how a multiply connected spacetime with CT
~Grant space! can be converted into a simply connect
spacetime with CTCs by adding to the solution material t
obeys the weak energy condition. A similar thing might
principle be possible with these cosmological models. Si
our multiply connected versions already obey the weak
ergy condition, so would the associated simply connec
versions.

XI. CONCLUSIONS

The question of first-cause has been a troubling one
cosmology. Often, this has been solved by postulating a
verse that has existed forever in the past. Big bang mo
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supposed that the first-cause was a singularity, but quest
about its almost, but not quite, uniformity remained. Besid
the big bang singularity just indicated a breakdown of cl
sical general relativity, and with a proper theory-o
everything, one could perhaps push through to earlier tim
Inflation has solved some of these problems, but Borde
Vilenkin have shown that if the initial inflationary state
metastable, then it must have had a finite beginning a
Ultimately, the problem seems to be how to create someth
out of nothing.

So far, the best attempt at this has been Vilenkin’s tu
neling from nothing model and the similar Hartle-Hawkin
no-boundary proposal. Unfortunately, tunneling is, as
name suggests, usually a process that involves tunne
from oneclassical state toanother, thus, with the Wheeler-
DeWitt potential and ‘‘energy’’E50 that Hartle and Hawk-
ing adopted, the Universe, we argue, should really start
as nothing but as anS3 universe of radius zero—a point. A
point is as close to nothing as one can get, but it is
nothing. Also, how could a point include the laws of phy
ics? In quantum cosmology, the wave function of the U
verse is treated as the solution of a Schro¨dinger-like equation
~the Wheeler-DeWitt equation!, where the three-sphereS3

radiusa is the abscissa and there is a potentialU(a) with a
metastable minimum atU(a50)50, and a barrier with
U(a).0 for 0,a,a0, andU(a),0 for a.a0. Thus, the
evolution can be seen as a particle, representing the univ
starting as a point,a50, at the bottom of the metastab
potential well, withE50. Then it tunnels through the barrie
and emerges ata5a0 with E50, whereupon it becomes
classically inflating de Sitter solution. It can then decay v
the formation of open single bubble universes@89,98#. The
problem with this model is that it ignores the ‘‘zero-poin
energy.’’ If there is a conformal scalar fieldf, then the ‘‘en-
ergy’’ levels should beEn5n1 1

2 . Even forn50 there is a
‘‘zero-point-energy.’’ The potential makes the system b
have like a harmonic oscillator in the potential well neara
50. A harmonic oscillator cannot sit at the bottom of th
potential well—the uncertainty principle would not allow i
There must be some zero-point-energy and the particle m
have some momentum, as it oscillates within the poten
well when the fieldf is included. Thus, when the ‘‘zero
point-energy’’ is considered, we see that the initial state
not a point but a tiny oscillating (0<a<a1) big bang uni-
verse, that oscillates between big bangs and big crunc
~though the singularities at the big bangs and big crunc
might be smeared by quantum effects!. This is the initial
classical state from which the tunneling occurs. It is me
stable, so this oscillating universe could not have exis
forever: after a finite half-life, it is likely to decay. It reache
maximum radiusa1, and then tunnels to a classical de Sitt
state at minimum radiusa2 wherea2,a0. The original os-
cillating universe could have formed by a similar tunneli
process from a contracting de Sitter phase, but such a p
would have been much more likely to have simply clas
cally bounced to an expanding de Sitter phase instead
tunneling into the oscillating metastable state at the origin
this case, if one found oneself in an expanding de Si
phase, it would be much more likely that it was the result
1-38
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classical bounce from a contracting de Sitter phase, ra
than the result of a contracting de Sitter phase that had
neled to an oscillating phase and then back out to an exp
ing de Sitter phase. Besides, a contracting de Sitter ph
would be destroyed by the formation of bubbles whi
would percolate before the minimum radius was e
reached.

In this paper, we consider instead the notion that the U
verse did not arise out of nothing, but rather created its
One of the remarkable properties of the theory of gene
relativity is that in principle it allows solutions with CTCs
Why not apply this to the problem of the first-cause? Usua
the beginning of the Universe is viewed like the south po
Asking what is before that is like asking what is south of t
south pole, it is said. But as we have seen, there rem
unresolved problems with this model. If instead there wer
region of CTCs in the early universe, then asking what w
the earliest point in the Universe would be like asking wh
is the easternmost point on the Earth. There is no east
most point—you can continue going east around and aro
the Earth, always traveling to the east. If the Universe c
tained an early region of CTCs, there would be no fir
cause. Every event would have events to its past. And ye
Universe would not have existed eternally in the past~see
Fig. 1!. Thus, one of the most remarkable properties of g
eral relativity—the ability in principle to allow CTCs—
would be called upon to solve one of the most perplex
problems in cosmology. Such an early region of CTCs co
well be over by now, being bounded to the future by
Cauchy horizon. We construct some examples to show
vacuum states can be found such that the renormal
energy-momentum tensor does not blow up as one
proaches the Cauchy horizon. For such a model to work
Universe has to reproduce at some later time the same
ditions that obtained at an earlier time. Inflation is partic
larly useful in this regard, for starting with a tiny piece
inflating state, at later times a huge volume of inflating st
is produced, little pieces of which look just like the one w
started with@64#. Many inflationary models allow creation o
baby inflationary universes inside black holes, either by t
neling across the Einstein-Rosen bridge, or by formation
one approaches the singularity. If one of these baby u
verses simply turns out to be the universe we started w
then a multiply connected model with early CTCs bound
by a Cauchy horizon is produced. Since any closed null g
desics generating the Cauchy horizon must circulate thro
the optically thick region of the hot big bang phase of t
universe after the inflation has stopped, the renormali
energy-momentum tensor should not blow up as the Cau
horizon is approached.

As a particularly simple example we consider a multip
connected de Sitter solution where an event Ei is topologi-
cally identified with an event Ei8 that lies inside its future
light cone via a boost transformation. If the boostb52p, we
show that we can find a Rindler-type vacuum where
renormalized energy-momentum tensor does not blow u
the Cauchy horizon is approached but rather produces a
mological constant throughout the spacetime which s
consistently solves Einstein’s equations for this geome
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er
n-
d-
se

r

i-
f.
al

y
.

in
a
s
t
rn-
nd
-
-
he

-

g
d

at
ed
p-
e
n-

-

e

-
s
i-
h,
d
o-
h

d
hy

e
as
os-
f-
y.

Thus, it is possible to find self-consistent solutions. Wh
analyzing classical fields in this model, the only se
consistent solution without a blow up as the Cauchy horiz
is approached occurs when there is a pure retarded pote
in the causally connected region of the model. Thus,
multiply connected nature of this model and the possibi
of waves running into themselves, ensure the creation o
arrow of time in this model. This is a remarkable property
this model. Interestingly, this model, although having no e
liest event and having some timelike geodesics that are
nitely extendible to the past, is nevertheless geodesically
complete to the past. This is not a property we should h
thought desirable, but since pure retarded potentials are
tablished automatically in this model, there are no wav
propagating to the past and so there may be no problem
physics with this, since there are never any waves that
off the edge of the spacetime. The region of CTCs ha
finite four-volume equal to 4pbr0

4/3 and should be in a pure
vacuum state containing no real particles or Hawking rad
tion and no bubbles. After the Cauchy horizon for a cert
amount of proper time~depending on the bubble formatio
probability per four volumer 0

4) no bubbles~or real particles!
form, but eventually this model expands to infinite volum
creating an infinite number of open bubble universes, wh
do not percolate. At late times in the de Sitter phase a p
ticle detector would find the usual Hawking radiation just
in the usual vacuum for de Sitter space.

There are a number of problems to be solved in t
model. The chronology projection conjecture proposes t
the laws of physics conspire so as to prevent the formatio
CTCs. This conjecture was motivated by Hiscock a
Konkowski’s result that the energy-momentum tensor of
adapted Minkowski vacuum in Misner space diverges as
Cauchy horizon is approached. But as we have shown@30#,
the adapted Rindler vacuum for Misner space has^Tab& ren
50 throughout the space ifb52p; thus, this is a self-
consistent vacuum for this spacetime since it solves E
stein’s equations for this geometry. It is true that^Tab& ren
remains formally ill-defined on the Cauchy horizon itse
@j50 in Eq.~32! with b52p#, a set of measure zero. But
is not clear that this creates a problem for physics, si
continuity might require that this formally ill-defined quan
tity be defined to be zero on this set of measure zero as w
since it is zero everywhere else. In fact, a treatment in
Euclidean section shows this is the case, for in the Euclid
section, if b52p, ^Tab& ren50 everywhere, including atj
50. Other counter-examples to the chronology protect
conjecture have also been found, as discussed in Sec
Hawking himself has also admitted that the back-reaction
vacuum polarization does not enforce the chronology pro
tion conjecture.

One of the remarkable properties of general relativity
that it allows, in principle, the formation of event horizon
This appears to be realized in the case of black holes. Ju
black hole theory introduced singularities at the end, st
dard big bang cosmology introduced singularities at the
ginning of the universe. Now, with inflation, we see th
event horizons should exist in the early universe as well@89#.
Inflationary ideas prompt the suggestion that baby univer
1-39
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may be born. If one of the baby universes simply turns ou
be the one we started with, then we get a model with
epoch of CTCs that is over by now, bounded toward
future by a Cauchy horizon. We have argued that the div
gence of the energy-momentum tensor as one approache
Cauchy horizon does not necessarily occur, particula
when the Cauchy horizon crosses through a hot big b
phase where absorption occurs.

If the energy-momentum tensor does not diverge as
Cauchy horizon is approached, other problems must stil
tackled. The classical instability of a Cauchy horizon to t
future ~a future chronology horizon! in a spacetime with
CTCs is one. But this problem is solved in a world wi
retarded potentials for a Cauchy horizon that occurs to
past~a past chronology horizon! and which ends an epoch o
CTCs. It thus seems easier to have a Cauchy horizon in
early universe. At the microscopic level, quantum mechan
appears to allow acausal behavior. Indeed the creation
annihilation of a virtual positron-electron pair can be view
as creation of a small closed loop, where the electron tra
ing backward in time to complete the loop appears as a p
itron. So, why should the laws of physics forbid time trav
globally? Indeed one of the most remarkable properties
the laws of physics is that although they are time~CPT!
symmetric, the solutions we observe have an arrow of t
and retarded potentials. Without this feature of the solutio
acausal behavior would be seen all the time. Interestingly
our model, the multiply connected nature of the spacet
geometry forces an arrow of time and retarded potenti
Thus, it is the very presence of the initial region of CTCs th
produces the strong causality that we observe later on.
is a very interesting and unexpected property. An entro
arrow of time is automatically produced as well, with th
region of CTCs in the simplest models sitting automatica
in a cold vacuum state, with the universe becoming hea
after the Cauchy horizon. Recently, Cassidy and Hawk
@143# have proposed yet another supposed difficulty
CTCs, in that the formally defined entropy appears to
verge to negative infinity as the Cauchy horizon is a
s

-
-
,

v

:
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proached. Yet, in the early universe this may turn out to
an advantage, since to produce the ordinary entropy arrow
time we observe in the universe today, we must necessa
have some kind of natural low-entropy boundary conditi
in the early universe@58,59#. This could occur on the Cauch
horizon that ends the period of CTCs.

New objections to spacetimes with CTCs can continue
surface, as old problems are put to rest, so it might seem
disproving the chronology protection conjecture would be
tall order. But, proving that there are no exceptions to
chronology protection conjecture, ever, would seem
equally daunting task. This is particularly true since we c
rently do not have either a theory of quantum gravity o
theory-of-everything.

Perhaps the most obvious problem with the model
have proposed is that the simplest solutions we have
tained so far are not geodesically complete to the past.
we may need no boundary condition since we have a p
odic boundary condition instead. This thus may not be
problem in physics if retarded potentials are the only on
allowed. Alternatively, as Garriga and Vilenkin have ind
cated, it would violate no known theorems for some type
recycling universe~making bubble universes within bubbl
universesad infinitum! to exist that was geodesically com
plete to the past. If such solutions exist, it might be possi
to find a solution in which there was an early epoch of CT
that would be geodesically complete to the past as well
simply identifying an earlier bubble with a later one.

Thus, a number of important questions remain, and
would not minimize them. The models presented here, h
ever, do have some interesting and attractive properties,
gesting that thistypeof model should be investigated furthe
and that weshouldask the question:

Do the laws of physics prevent the Universe from being
own mother?

ACKNOWLEDGMENTS

This research was supported by NSF grant AST95-29
and NASA grant NAG5-2759.
.

g

@1# A. Einstein, Sitzungsber. Preuss. Akad. Wiss., p. 142~1917!.
@2# W. J. van Stockum, Proc. R. Soc. Edinburgh57, 135 ~1937!.
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