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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—thhat 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 curve§CTCs. Thus, tracing backwards in time through the original inflationary state we may
eventually encounter a region of CTCs—qgiving first-cause. This region of CTCs may well be over by now
(being bounded toward the future by a Cauchy horjz¥e illustrate that such models—with CTCs—aret
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 sce(@rias many possible ongsor this
type of model are described. For example, a metastable vacuum inflates producing an infinite number of
(big-bang-typé 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 vacuurta baby universeon 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.
[S0556-282(198)00614-9
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[. INTRODUCTION what happened before that is like asking what is south of the
south pole[13]. But, suppose the early universe contains a
The question of first-cause has been troubling to philosoregion of CTCs. Then, asking what was the earliest point
phers and scientists alike for over two thousand years. Arismight be like asking what is the easternmost point on the
totle found this sufficiently troubling that he proposed avoid-Earth. You can keep going east around and around the
ing it by having the Universe exist eternally in both the pastEarth—there is no eastern-most point. In such a model every
and future. That way, it was always present and one woul@vent in the early universe would have events that preceded
not have to ask what caused it to come into being. This typdé. This period of CTCs could well have ended by now, being
of model has been attractive to modern scientists as welbounded by a Cauchy horizon. Some initial calculations of
When Einstein developed general relativity and applied it tovacuum polarization in spacetimes with CTCs indicated that
cosmology, his first cosmological model was the Einsteinthe renormalized energy-momentum tensor diverged at the
static universe, which had a stafi¢ spatial geometry which Cauchy horizon separating the region with CTCs from the
lasted forever, having no beginning and no ¢hd region without closed causal curves, or at the polarized hy-
As we shall discuss, since the big bang model's succesgersurfaces nested inside the Cauchy hor{dgh-18. Some
models with a finite beginning have taken precedence, eveof these results motivated Hawkirid9,20 to propose the
when inflation and quantum tunneling are included. So thehronology protection conjecture which states that the laws
problem of first-cause reasserts itself. The big question apsf physics do not allow the appearance of CTCs. But, a num-
pears to be how to create the universe out of nothing. In thiber of people have challenged the chronology protection
paper we shall explore the idea that this is the wrong queszonjecture by giving counter-examplgk6,9,21-3Q. In par-
tion. A remarkable property of general relativity is that it ticular, Li and Gott[30] have recently found that there is a
allows solutions that have closed timelike cur¢(€¥Cs [2—  self-consistent vacuum in Misner space for which the renor-
8] (for review sed9,10]). Often, the beginning of the uni- malized energy-momentum tensor of vacuum polarization is
verse, as in Vilenkin's tunneling modgl1] and Hartle and zero everywhere(Cassidy[31] has independently given an
Hawking’s no-boundary mod¢l2], is pictured as being like existence proof that there should be a quantum state for a
the south pole of the Earth and it is usually said that askingonformally coupled scalar field in Misner space, for which
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its homogeneous large negative pressure, exerts a repulsive
gravitational effect offsetting the attraction of the stars for
each other; allowing a static model which could exighor-
ing instabilities, which he failed to consideio the infinite
past and future. If one did not require a static model, there
would be no need for the cosmological constant. Friedmann
[37] calculated models without it, of positive, negative or
zero curvature, all of which were dynamical. When Hubble
[38] discovered the expansion of the universe, Einstein pro-
nounced the cosmological constant the biggest blunder of his
life.

But now there was a problem: all three Friedmann models
(k=0,k=1, andk= —1) that were expanding at the present

FIG. 1. A self-creating Universe scenario. Four inflating baby epoch had a beginning in the finite pésee e.g[39,40). In
universes are shown—A, B, C, and D—.from left to right..Universesthe Friedmann models the universe began in a singularly
Aand D haye not createpl any baby universes so far. Un_lverse C h‘i‘fense state at a finite time in the past. The equations could
created universe D. Unlv_erse B has crgated three universes: Unint he pushed beyond that finite beginning singularity. Fur-
verse A, universe C and itself. Th? tor.o'dal_Shaped region at th‘fhermore, if today’s Hubble constant iy, then all of the
bottom is a region of CTC&closed timelike curves The region is Friedmann models had ages less than H- The universe
bounded to the future by a Cauchy horizon, after which, there ar . . . o - .
ghus began in a big bang explosion only a short time ago, a
time which could be measured in billions of years. The uni-
verse was not infinitely old. Gamoy1,42 and his col-
the renormalized energy-momentum tensor is zero evenjeagues Alpher and Hermdn3] calculated the evolution of
where, but he has not shown what state it should be. Li anduch a big bang cosmology, concluding correctly that in its
Gott [30] have found that it is the “adapted” Rindler early phases it should have been very dense and very hot,
vacuum) In this paper we give some examples to show howand that the thermal radiation present in the early universe
it is possible in principle to find self-consistent vacuum stateshould still be visible today as microwave radiation with a
where the renormalized energy-momentum tensor does né¢émperature of approximately 5 K. Penzias and Wilson’s dis-
blow up as one approaches the Cauchy horizon. To produgmvery of the radiation with a temperature of 2.7 [44]
such a region of CTCs, the universe must, at some later timejnched the case for the big bang model. The Cosmic Back-
be able to reproduce conditions as they were earlier, so thatground ExplorefCOBE) results which have shown a beau-
multiply connected solution is possible. Interestingly, infla-tifully thermal spectruni45,46 and small fluctuations in the
tion is well suited to this. A little piece of inflationary state temperaturesT/T=10"° [47], fluctuations that are of ap-
expands to produce a large volume of inflationary state, littlgoroximately the right magnitude to grow into the galaxies
pieces of which resemble the starting piece. Also there is thand clusters of galaxies that we see at the present epoch,
possibility of forming baby universes at late times wherehave served to make the big bang model even more certain.
new pieces of inflating states are formed. Farhi, Guth, andVith the big bang model in ascendancy, attention focused on
Guven[32], Harrison[33], Smolin[34,35, and Garriga and the initial singularity. Hawking and Penrose proved a num-
Vilenkin [36] have considered such models. If one of thoseber of singularity theorem$48,49,4Q showing that, with
later inflating pieces simply turns out to be the inflating piecesome reasonable constraints on the energy-momentum ten-
that one started out with, then the Universe can be its owsor, if Einstein’s equations are correct and the expansion of
mother. Since an infinite number of baby universes are crethe universe is as observed today, there is no way to avoid an
ated, as long as the probability of a particular multiple con-initial singularity in the model; that is, initial singularities
nection forming is not exactly zero, then such a connectiowould form even in models that were not exactly uniform.
might be expected, eventually. Then the Universe neitheBo the initial singularity was taken to be the first-cause of the
tunneled from nothing, nor arose from a singularity; it cre-Universe. This of course prompted questions of what caused
ated itself(Fig. 1). the singularity and what happened before the singularity. The

Before discussing this approach to the first-cause probstandard answer to what happened before the big bang sin-
lem, let us review just how troublesome this problem hagyularity has been that time was created at the singularity,
been. As we have noted, Einstél initially tried to avoid it  along with space, and that there was no time before the big
by siding with Aristotle in proposing a model which had an bang. Asking what happened before the big bang was con-
infinite past and future. The Einstein static universe appearsidered to be like asking what is south of the south pole. But
to be the geometry Einstein foumdpriori most aesthetically particularly troublesome was the question of what caused the
appealing, thus presumably he started with this preferred genitial singularity to have its almost perfect uniformity—for
ometry and substituted it into the field equations to determinetherwise the microwave background radiation would be of
the energy-momentum tensor required to produce it. Hevastly different temperatures in different directions on the
found a source term that looks like dustarg plus a term  sky. Yet the initial singularity could not be exactly uniform,
that was proportional to the metric which he called the cosfor then we would have a perfect Friedmann model with no
mological constant. The cosmological constant, because dfuctuations which would form no galaxies. It needed to be

Cauchy horizon when the epoch of CTCs is already over.
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almost, but not quite perfectly uniform—a remarkable ogy (our pearl has a finite duration. So we are back to Ar-
situation—how did it get that way? These seemed to be spastotle, with an eternal Universe, and close to Einstein with
cial initial conditions with no explanation for how they got just an oscillating(rather than staticclosed Universe that
that way. has infinite duration to the past and future. Thus in this pic-
Another problem was that singularities in physics are usuture there is no first-cause because the Universe has existed
ally smeared by quantum effects. As we extrapolated backfinitely far back in the past.
toward the initial singularity(of infinite density, we would The oscillating universe was thought to have some prob-
first reach a surface where the density was equal to theems with entropy{53]. Entropy is steadily increasing with
Planck density and at this epoch classical general relativityime, and so each cycle would seem to be more disordered
would break down. We could not extrapolate confidentlythan the one that preceded it. Since our universe has a finite
back to infinite density, we could only say that we would entropy per baryon it was argued, there could not be an in-
eventually reach a place where quantum effects should bdinite number of cycles preceding us. Likewise it was argued
come important and where classical general relativity nahat each cycle of the universe should be larger than the
longer applied. Since we do not have a theory of quantunpreceding one, so if there were an infinite number preceding
gravity or a theory-of-everything we could honestly say thatus, our universe would have to look indistinguishable from
the singularity theorems only told us that we would findflat (i.e., closed but having an infinite radius of curvajure
regions in the early universe where the density exceeded thEhe real challenge in this model is to produce initial condi-
grand unified theory(GUT) or Planck densities beyond tions for our universéour pear) that were as uniform and
which we did not know what happened—rather much likelow entropy as observed. COBE tells us that our universe at
the Terra Incognita of old maps. We could not then say howearly times was uniform to one part in a hundred thousand
our universe formed. [47]. At late times we expect the universe at the big crunch
So, questions about how the initial big bang singularityto be very non-uniform as black hole singularities combine
was formed and what preceded it remained. The closetb form the big crunch. In the early universe the Weyl tensor
Friedmann model, popular because it is compact and therés zero, whereas at the big crunch it would be laf5@,59.
fore needs no boundary conditions, re-collapses in a finit¢low does the chaotic high-entropy state at the big crunch get
time in the future to form a big crunch singularity at the end.recycled into the low-entropy, nearly uniform, state of the
Singularity theorems tell us that in a collapsing universe thenext big bang? If it does not, then after an infinite number of
final big crunch singularity cannot be avoided. Classical geneycles, why are we not in a universe with chaotic initial
eral relativity tells us that a closed universe begins with aconditions?
singularity and ends with a singularity, with nothing before  Entropy and the direction of time may be intimately tied
and nothing after. Nevertheless, many people speculated thap with this difference between the big bang and the big
there could be more than one connected cycle—after all, therunch. Maxwell’'s equationgnd the field equations of gen-
singularities only indicated a breakdown of classical generagral relativity) are time-symmetric, so why do we see only
relativity and the quantum Terra Incognita at the Planck denretarded potentials? Wheeler and Feynman addressed this
sity might allow a cosmology collapsing toward a big crunchwith their absorber theor}60]. They supposed that an elec-
to bounce and make another big bd6—-52. In support of  tron shaken today produces half-advanced-half-retarded
this is the fact that de Sitter spagepresenting the geometry fields. The half-advanced fields propagate back in time to-
of a false vacuum—an inflationary state as proposed by Guttvard the early universe where they are absoift@aards the
[54]—with a large cosmological constariboks like a spa- past the universe is a perfect absoydey shaking charged
tially closedS® universe whose radius as a function of properparticles in the early universe. These charged particles in turn
time isa(t)=r, coshf/ry), wherer,=(3/A)?is the radius emit half-advanced-half-retarded fields; their half-retarded
of the de Sitter space andl is the cosmological constant fields propagate toward the future where thé&y: perfectly
(throughout the paper we use uniG=c=#=kg=1), cancel the half-advanced fields of the original electrdm,
which is a collapsing cosmology which bounces and turnsdd to its retarded fields to produce the electron’s full re-
into an expanding one. Thus if quantum gravitational effectsarded field, andc) produce a force on the electron which is
make the geometry look like de Sitter space once the densityqual to the classical radiative reaction force. Thus, the elec-
reaches the Planck density as some have suggesfed7, tron only experiences forces due to fields from other charged
then a big crunch singularity might be avoided as the closegarticles. This is a particularly ingenious solution. It requires
universe bounced and began a big bang all over again. Thianly that the early universe is opaque—which it is—and that
bouncing model avoids the first-cause problem. The answehe initial conditions are low-entropy; that is, there is a can-
to what caused our universe in this model is “the collapse ofcellation of half-advanced fields from the future by half-
the previous universe,” and so on. An infinite number ofretarded fields from the past, leaving no “signals” in the
expansion and contraction cycles make up the Universee  early universe from later events—a state of low-entropy.
the capital U—in this paper this denotes the ensemble ofNote that this argument works equally well in an open uni-
causally connected univergeshich consists of an infinite verse where the universe may not be optically thick toward
number of closed big bang models laid out in time like pearlsghe future—all that is required is that the universe be a per-
on a string. The Universéhe infinite string of pearlshas fect absorber in the past, i.e., toward the state of low-
always been in existence and will always be in existencegntropy) Wheeler and Feynman noted that entropy is time-
even though our cycle, our standard closed big bang cosmosymmetric like Maxwell’'s equations. If you find an ice cube
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on the stove, and then come back and re-observe it a minute IIl. INFLATION AS A SOLUTION
later, you will likely find it half-melted. Usually an ice cube
gets on a stove by someone just putting it th@néial con-

ditions), but suppose we had a truly isolated system so th

the ice cube we found was just a statistical fluctuation. The 64,65,) In the standard big bang cosmology this was always

if we asked what we would see if we had observed on : :
minute beforeour first observation, we will also be likely to a puzzle because antipodal points on the sky on the last scat-
' tering surface at +z=1000 had not had time to be in com-

see a half-melted ice cube, for finding a still larger ice cube =~ 2 =~ . i )
. . . munication with each other. When we see two regions which
one minute before would be unlikely because it would rep-

resent an even more unlikely statistical fluctuation than th are at the same temperature, the usual explanation is that

o ; . . ?hey have at some time in the past been in causal communi-
original ice cube. In arisolated system, an(improbable ; o )
L cation and have reached thermal equilibrium with each other.
state of low-entropy is likely to be both followed and pre-

ded b £ hiah . . ic f hBut there is not enough time to do this in the standard big
ceded by states of hig er-eptropy In a time-symmetric as ang model where the expansion of the scale factor at early
ion. Given that the early universe represents a state of hig

VS - , : , mes isa(t)<tY2 Grand unified theorie€GUT) of particle
order, it is thus not_ surprising to find entropy increasing afterphysics suggest that at early times there might have been a
that. Thus, according to Wheeler and Feynrf@@), the fact  5n_zero cosmological constant, which then decayed to
that the retarded potential arrow of time and the entroppthe zero cosmological constant we see today. This means
arrow of time point in the same direction is simply a reflec-that the early universe approximates de Sitter space with a
tion of the low-entropy nature of the big bang. The big radiusr,=(3/A)Y2 whose expansion rate at late times ap-
crunch is high-entropy, so time follows from past to future proachesa(t)=ryexpt/ry). Regions that start off very close
between the big bang and the big crunch. together, and have time to thermally equilibrate, end up very
Thus, in an oscillating universe scenario, we might expectar apart. When they become separated by a distaytbey
entropy to go in the opposite direction with respect to time effectively pass out of causal contact—if inflation were to
in the previous cycle of oscillation. In that previous universecontinue forever, they would be beyond each other's event
there would be only advanced potentials and observers thet®rizons. But eventually the epoch of inflation ends, the en-
would sense a direction of time opposite to o(aad would  ergy density of the cosmological constant is dumped into
have a reversed definition of matter and anti-matter becaugbermal radiation, and the expansion then continuea(&s
of CPT invariancé. Thus the cycle previous to us would, *t*? as in a radiation-dominated big bang cosmology. As
according toour definition of time, have advanced potentials the regions slow their expansion from each other, enough
and would end with a uniform low-entropy big crunch andtime elapses so that they are able to interchange photons
begin with a chaotic high-entropy big bafgpe Got{61] for ~ ONCe again and they come back into effective causal contact.
further discussion Thus, an infinite string of oscillating uni- AS Bill Press once said, they say “hello,” "goodbye,” and
verses could have alternating high and low-entropy singulari- Nello again.” When they say “hello again” they appear
ties, with the direction of the entropgand causality—via JUSt like regions in a standard big bang cosmology that are
electromagnetic potentialsime-reversing on each succeed- Sa¥ing “hello” for the first time(i.e., are just coming within
ing cycle. Every observer using the entropy direction of timeth€ particle horizonexcept that with inflation these regions
would see in his “past” a low-entropy singularityhich he ~ are already in thermal equilibrium with each other, because
would call a big bangand in his “future” a high-entropy they have seen each other in the past. Inflation also gives a
singularity(which he could call a big crunghThen the mys- natural explanation for why the observed radius of curvature
tery is why the low-entropy big bangs exist—they now look Of the universe is so largeaé cH, *=300th™* Mpc; here
improbable. An oscillating universe with chaotic bangs andHo=10th kms™* Mpc™* is the Hubble constantDuring
crunches and half-advanced-half-retarded potentials throughbe big bang phase, as the universe expands, the radius of the
out would seem more likely. At this point anthropic argu- Universea expands by the same factor as the characteristic
ments[62] could be brought in to say that only low-entropy Wavelengthh of the microwave background photons, so
big bangs might produce intelligent observers and that, witt#/\ =const=e®”. How should we explain this large observed
an infinite number of universes in the string, eventually theredimensionless number? Inflation makes this easy. The en-
would be—by chance—a sufficiently low-entropy big bangergy density during the inflationary epochAg8=. Let\ be
to produce intelligent observers. Still, the uniformity of the the characteristic wavelength of thermal radiation which
early universe that we observe seems to be more than thatould have that density. Even & started out of the same
required to produce intelligent observers, so we might wonorder as\, by the end of the inflationary epock=\e®’,
der whether a random intelligent observer in such a Universgroviding that the inflationary epoch lasts at least as long as
would be expected to see initial conditions in his/her big67ro, or 67 e-folding times. At the end of the inflationary
bang as uniform as ouréAmong intelligent observers, the epoch when the inflationary vacuum of densiti8= decays
Copernican principle tells us that you should not expect to b@nd is converted into an equivalent amount of thermal radia-
special. Out of all the places for intelligent observers to betion, the wavelength of that radiation will Beand the ratio
there are by definition only a few special places and manyf a/\ is fixed at a constant value which is a dimensionless
nonspecial places, so you should expect to be in one of theonstant=e®’, retained as the universe continues to expand
many nonspecial placg§3].) in the radiation and matter-dominated epochs. Thus, even a

Guth’s proposal of inflatiof54] offered an explanation of
a\{vhy the initial conditions in the big bang should be approxi-
mately, but not exactly uniform{For review of inflation see
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short run of inflation, of 6#%-folding times or more, is suf- (where the Higgs fieldp= ¢,), then it would do this by

ficient to explain why the universe is as large as it is ob-forming a bubble of low-density vacuum of radiasaround

served to be. an event E. The pressure inside the bubble is zero while the
Another success of inflation is that the observedpressure outside is negati(@qual to— A/87), so the bubble

Zeldovich-Peebles-Yu-Harrison fluctuation spectrum Wlthwa” accelerates outward, forming in Spacetime a hyperbo_

index n=1 [66—68 has been naturally predicted as the re-|oig of one sheeta slice of de Sitter space witW=const

sult of random quantum fluctuation9—73. The inflation- . y This bubble wall surrounds and is asymptotic to the

ary power spectrum with cold dark matt€€DM) has been ¢ re Jight cone of E. If the tunneling is direct, the space

amazingly successful in explaining the qualitative features Ofnside the bubble is Minkowski spacéike a slice W
observed galaxy clusteringcf. [73—82). The amount of — conskry in the embedding space, which is JiaThe in-
large scale power seen in the observations suggests an infla- 0 '

. . side of the future light cone of E thus looks like a Milne
tionary CDM power spectrum with 020h<0.3[83-88. cosmology withQ=0 and a(t)=t. Gott [89] noted that

what was needed to produce a realistic open model it
a few tenths today was to have the inflation continue inside
the bubble for about 6@-folding times. Thus, our universe
Gott [89] has shown how an open inflationary model was one of the bubbles and this solved the problem of Guth’s
might be produced. The initial inflationary state approxi-inflation that in general one expected the bubbles not to per-
mates de Sitter space, which can be pictured by embeddingdblate[94,95. But, from inside one of the bubbles, our view
as the surfaceW?+ X%+ Y2+ ZZ—VZII’S in a five- could be isotropid89].
dimensional Minkowski space with metric |t was not long before a concrete mechanism to produce
ds?= —dV2+dW?+dX?+dY?+dZz? [40,90. Slice de Sit-  such continued inflation inside the bubble was proposed. A
ter space along surfaces d=const, then the slices are couple of weeks after Gott's paper appeared Lind&§]
three-spheres of positive curvatu®?+X2+Y2+Z2=a®  proposal of new inflation appeared, followed shortly by Al-
wherea?=r3+V?2. If t measures the proper time, theh  brecht and Steinhardi97]. They proposed that the Higgs
=r¢ sinht/ro) anda(t) =rq coshi/rp). This is a closed uni- vacuum potentiaV/(¢) had a local minimum a#=0 where
verse that contracts then re-expands—at late times expanding 0)= A/8w. Then there was a barrier dt= ¢,, followed
exponentially as a function of proper time. If slices 6f by a long flat plateau fron®, to ¢, where it drops precipi-
+X=constant are chosen, the slices have a flat geometmately to zero aip,. The relation of this to the open bubble
and the expansion is exponential wilft) =rq expt/ro). If universe’s geometry is outlined by G¢&8] (see Fig. 1 and
the slices are verticalW/=const>r), then the intersection Fig. 2 in[98]). The de Sitter space outside the bubble wall
with the surface isH3, a hyperboloidX?+Y2?+Z?2—V?=  has¢=0. Between the bubble wall, at a spacelike separation
—a? living in a Minkowski space, whera?=W?—r3. This o from the event E, and the end of the inflation at the hy-
is a negatively curved surface with a radius of curvatre perboloidH?® which is the set of points at a future timelike
Let t be the proper time from the event BVE&r,, X=0, separation ofr; from E, the Higgs field is betwee#, and
Y=0, Z=0, V=0) in the de Sitter space. Then the entire ¢y, and r; is the time it takes the fieldafter tunneling to
future of E can be described as an ogen—1 cosmology roll along the long plateafwhere V(¢) is approximately
where a(t)=r, sinht/ry). At early times,t<r,, near E, equal toA/87 and the geometry is approximately de Siiter
a(t)«t, and the model resembles a Milne cosmoldg¢],  After that epoch¢= ¢, where the energy density has been
but at late times the model expands exponentially with timedumped into thermal radiation and the vacuum density is
as expected for inflation. This is a negatively curdegden  zero (i.e., a standard open big bang modeh order that
Friedmann model with a cosmological constant and nothingnflation proceeds and the bubbles do not percolate, it is re-
else. Note that the entire negatively curved hyperboloidjuired that the probability of forming a bubble in de Sitter
(H?), which extends to infinity, is nevertheless causally con-space per four volumeg is e<e, Where 5.% 10 °<e,
nected because all points on it have the event E in their past0.24[95]. In order that there be a greater than 5% chance
light cone. Thus, the universe should have a microwavehat no bubble should have collided with our bubble by now,
background that is isotropic, except for small quantum fluc-so as to be visible in our past light cones 0.01 for(2=0.4,
tuations. At a proper time; after the event E, the cosmo- A =0, h=0.63 today[88], but this is no problem since we
logical constant would decay leaving us with a hot big bangexpect tunneling probabilities through a barrier to be expo-
open k=—1) cosmology with a radius of curvature af  nentially small. This model has an event horizon, which is
=rq sinh(r, /rg) at the end of the inflationary epoch. #f  the future light cone of an event’ HEW=—r,y, X=0,Y
=6T7ry, then() is a few tenths today; if->67r,, then() =0,Z=0,V=0) which is antipodal to E. Light from events
=1 today[89]. within the future light cone of Enever reaches events inside
Gott [89] noted that this solution looks just like the inte- the future light cone of E. So we are surrounded by an event
rior of a Coleman bubblg92]. Coleman and de Lucci®3] horizon. This produces Hawking radiation; andy if is of
showed that if a metastable symmetric vacuamith the  order the Planck length, then the Gibbons-Hawking thermal
Higgs field ¢=0), with positive cosmological constat  state[100] (which looks like a cosmological constant due to
were to decay by tunneling directly through a barrier to reachthe trace anomaly101]) should be dynamically important
the current vacuum with a zero cosmological constan{89].

Ill. OPEN BUBBLE UNIVERSES
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If we observeQ)<1 and(Q,=0, thenk=—1 and we with the inflationary CDM power spectrum, the stand&d
need inflation more than ever—we still need it to explain the=1, h=0.5 model simply does not have enough power at
isotropy of the microwave background radiation and welarge scales. A variety of observational samples and methods
would now have a large buinite radius of curvature to have suggested this: counts in cells, angular covariance func-
explain, which 67e-folds of inflation could naturally pro- tion on the sky, power spectrum analysis of 3D samples, and
duce. When Gott told this to Linde in 1982, Linde said, yes finally topological analysis, all showing that 6:Z)h<0.3
if we found that{}<1, he would still have to believe in [g>_gg. |f h>0.55 this implies2 <0.55, which also agrees
inflation but he would have a headache in the momingyith what one would deduce from the age argument as well
Why? Because one has to produce a particular amount Qfs the measured masses in groups and clusters of galaxies
inflation, a.pprommately Ge-folds. If there were 67@-folds [116]. With the COBE normalization there is also the prob-
or 670 million e-folds, thenQ currently would be only lem that with Q=1, (5M/M)gy 1ype=1.1-1.5 and this

slightly less than 1. So there would be what is called a flneWould require galaxies to be anti-biasggince for galaxies

tsltrl]tlgg of parameters” needed to produce the observed re(-aM/M)Bh’lMpc: 1] and would also lead to an excess of

The single-bubble open inflationary mod8B] discussed large-separation gravitational lenses over those observed

above has recently come back into fashion because of a nurht17]: These things have forced even enthusiast&-eD
ber of important developments. On the theoretical side, Ratrg'0dels to move to models witR <1 and a cosmological
and PeeblefL02,103 have shown how to calculate quantum constant so tha + €, =1 andk=0 [118]. They then have
fluctuations in the H3® hyperbolic geometry witha(t) to explain the small ratio of the cosmological constant to the
—r, sinh@/ry) during the inflationary epoch inside the Planck density (10'%9. Currently we do not have such a
bubble in the single bubble model. This allows predictions ofnatural explanation for a small yet finite as inflation natu-
fluctuations in the microwave background. Bucher, Gold-rally provides for explaining why the radius of curvature
haber, and TuroK104,105 have extended these calcula- should be a big number in tHe= —1 case.
tions, as well as Yamamoto, Sasaki and Tandl@6]. Im- Turner [119] and Fukugita, Futamase, and Ka$aR0|
portantly, they have explaindd 04,103 that the fine tuning showed that a fla€) , =1 model produces about 10 times as
in these models is only “logarithmic” and, therefore, not so many gravitational lenses as a flat model with=1, and
serious. Linde and Mezhlumidri07,108 have shown how Kochanek[121] was able to set a 95% confidence lower
there are reasonable potentials which could produce sudimit of 0.34<() in flat models where)+Q,=1, and a
bubble universes with different values &f. In a standard 90% confidence lower limit 0.8} in open models with
chaotic inflationary potential/(¢) [109], one could simply Q,=0. Thus, extremeéx dominated models are ruled out by
build in a bump, so that one would randomly walk to the topproducing too many gravitational lenses.
of the curve via quantum fluctuations and then roll down till Data on cosmic microwave background fluctuations for
one lodged behind the bump in a metastable local minimumspherical harmonic modes frohs=2 to | =500 will provide
One would then tunnel through the bump, forming bubblesa strong test of these models. Wifhgh?=0.0125, the()
that would roll down to the bottom in a time,. One could =1, Q,=0 model power spectrum reaches its peak value at
have a two-dimensional potentiaV($,0)=39°¢?c>  |=200; anQ1=0.3, Q,=0.7 model reaches its peak value
+V(o), whereg is a constant and there is a metastablealso at |=200 [122]; while an Q=0.4, Q,=0 model
trough atoc=0 with altitudeV(¢,0)=A/8x with a barrier reaches its peak value bt350[123]. This should be de-
on both sides, but one could tunnel through the barrier teided by the Microwave Anisotropy Probé@AP) and
reacho>0 whereV(¢, o) has a true minimum, and at fixed PLANCK satellites which will measure this range with high
o, is proportional tog? [107,108. Then individual regions accuracy{124].
could tunnel across the barrier at different valuespofand For the rest of this paper we shall usually assume single-
hence have different roll-down times and thus different bubble open inflationary models for our big bang universe
values of(2. With a myriad of open universes being created,(while recognizing that chaotic inflationary mod¢é] and
anthropic argument62] come into play and if shorter roll- models with multiple epochs of inflation are also possible; it
down times were more probable than large ones, we mighs interesting to note that Penrose also prefers an open uni-
not be surprised to find ourselves in a model which fladf ~ verse from the point of view of the complex-holomorphic
a few tenths, since if) is too small, no galaxies will form ideology of his twister theory125]). If the inflation within
[110]. the bubble is of order 6@-folds, then we can hav8 of a

A second reason for the renaissance of these open inflfew tenths; but if it is longer than that, we will usually s@e
tionary models is the observational data. A number of recentear 1 today. In any case, we will be assuming an initial
estimates ofh (the present Hubble constant in units of metastable vacuum which decays by forming bubbles
100 kms! Mpc™1) have been madé.e., h=0.65+-0.06 through barrier penetration. The bubble formation rate per
[111], 0.68<h=0.77 [112], 0.55<h=<0.61 [113], and unit four volumerg is thus expected to be exponentially
h=0.64+0.06[114]). Ages of globular cluster stars have a small so the bubbles do not percolate. Inflation is thus eternal
20 lower limit of about 11.6 billion yearf115], we require  to the future[128—-13]. Borde and Vilenkin have proved
h<0.56 if =1, but a more acceptable<0.65 if 0=0.4, that if the Universe were infinitely old.e., if the de Sitter
Q,=0. Models with lowQ butQ+Q,=1 are also accept- space were completéhen the bubbles would percolate im-
able. Also, studies of large scale structure have shown thanediately and inflation would never get startddee
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CAN THE UNIVERSE CREATE ITSELF?

[126,127 and references cited thergirRecall that a com-
plete de Sitter space may be covered withSircoordinate
system(a k=1 cosmology whose radius varies as(t)
=rq coshf/ry) so that for early timest&0) the universe
would be contracting and bubbles would quickly collide pre-
venting the inflation from ever reachinig=0. Thus Borde
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chanics, a particle bounded in a well surrounded by a barrier
has a finite probability to tunnel through the barrier to the
outside if the height of the barrier is finitas in thea-decay

of radioactive nuclef132-134). The wave function outside
the barrier is an outgoing wave, the wave function in the well
is the superposition of an outgoing wave and an ingoing

and Vilenkin have proved that in the inflationary scenario theVave which is the reflection of the outgoing wave by the

universe must have a beginning. If it starts with a three
sphere of radius, at timet=0, and after that expands like
a(t)=rq cosh(/rp), the bubbles do not percolatgiven that
the bubble formation rate per four volunné is e<1) and
the inflation continues eternally te=c producing an infinite

number of open bubble universes. Since the number o
bubbles forming increases exponentially with time withoutfr

limit, our universe is expected to form at a finite but arbi-
trarily large time after the beginning of the inflationary state.
In this picture our universéour bubblg is only 12 billion
years old, but the Universe as a whdlbe entire bubble
forming inflationary stateis 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 spheric&®® universe?
Vilenkin [11] suggested that it could be formed from quan-

barrier. Because of the conservation of current, there is a net
outgoing current in the well. The probability for the particle
staying in the well is much greater than the probability for
the particle running out of the barrier. The energy of the
particle in the wellcannotbe zero, otherwise the uncertainty
rinciple is violated. Thus there is always a finite zero-point-
nergy. The Vilenkin universe was supposed to be created
om “nothing,” where according to Vilenkin “nothing”
means “a state with no classical spacetinj@35]. Thus this

is essentially different from tunneling in ordinary quantum
mechanics since in ordinary quantum mechanics tunneling
always takes place from one classically allowed region to
another classically allowed region where the current and the
probability are conserved. But creation from “nothing” is
supposed to take place from a classically forbiddeuclid-

ear) region to a classically allowe@_orentzian region, so

the conservation of current is obviously violated. Vilenkin
obtained his tunneling universe by choosing a so-called
“tunneling boundary condition” for the Wheeler-DeWitt
equation[135,134. His “tunneling from nothing” boundary
condition demands that when the universe is bigA/3

tum tunneling. Consider the embedding diagram for de Sitter” 1 WhereA is the cosmological constant aads the scale

space: de Sitter space can be embedded as the sWace
+X24+Y2+72-V2=r} in a five-dimensional Minkowski
space with metricds?=—dV?+dW?+dX?+dY?+dZ>2.
This can be seen as a® cosmology with radiusa(t)
=r, coshf/r,) where V=rq sinht/ro) and a?=W?3+X?
+Y?2+ 72 gives the geometry o8%. This solution represents
a classical trajectory with a turning point at=r,. But just
as it reaches this turning point it could tunnelae 0 where
the trajectory may be shown as a hemisphere of the Eucli
ean four-spherdV?+ X2+ Y2+Z72+V2=r3 embedded in a
flat Euclidean space with the metrits®=dV?+dW?+d X?
+dY2+dZ? and a(tg)=rg coste/ry) where a?=W?3+X?
+Y2+Z72 andV=r sin(te/ry). The time-reversed version of
this process would show tunneling from a point &=
—rg, W=0,X=0,Y=0,Z=0) to a three sphere st=0 of
radius ry which then expands with proper time lika(t)
=rg cosh{/ry) giving a normal de Sitter space—thus Vilen-
kin's universe created from nothing is obtaindd].

Hawking has noted that in this case, in Hartle and Hawk-

ing’s formulation, the point{=-ry,, W=0, X=0, Y=0,

Z=0) is not special, the curvature does not blow up there: it

factor of the universethere is only an outgoing wave in the
superspac€l135,134. If the probability and current are con-
served(in fact there does exist a conserved current for the
Wheeler-DeWitt equatiori137], and a classically allowed
solution with a=0 and zero “energyy, there must be a
finite probability for the universe being in the state before
tunneling (i.e., a=0) and this probability is much bigger
than the probability for tunneling. This implies that there

Jnust be “something” instead of “nothing” before tunnel-

Ing. This becomes more clear if matter fields are included in
considering the creation of universes. In the case of a cos-
mological constanf\ and a conformally coupled scalar field

¢ (conformal fields are interesting not only for their simplic-
ity but also because electromagnetic fields are conformally
invariany as the source terms in Einstein’s equations, in the
mini-superspace moddiwhere the configurations are the
scale factora of the S® Robertson-Walker metric and a ho-
mogeneous conformally coupled scalar fildthe Wheeler-
DeWitt equation separat¢$2,138

1

!

2

% +x2)<1><x>=E<I><x>, &y

is like other points in the Euclidean hemispherical section

[13]. However, this point is still the earliest point in Euclid-

ean time since it is at the center of the hemisphere specified 3|

by the Euclidean boundary &=0. So the beginning point
in the Vilenkin model is indeed like the south pole of the
Earth[13].

2
1 d
~aPda

! api az—éa4
da

+
3

Y(a)=E¥(a), (2

whereW (a)®(y) is the wave function of the univergey
=(47I3)Y?¢a], E is the “energy level” of the conformally

Vilenkin’s tunneling universe was based on an analogycoupled scalar fieldwe use quotes because for radiation the
between quantum creation of universes and tunneling in oreonserved quantity i€=4mpa*/3 instead of the energy

dinary gquantum mechanidd.1]. In ordinary quantum me-

41rpa’l3 wherep is the energy densifyandp is a constant
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ior of the universe in region €a<a, is like a quantum
harmonic oscillator. This may describe a quantum oscillating
(Lorentzian universe without big bang or big crunch singu-
larities, which has a finitgbut smal) probability [=exp
(—1/A)] to tunnel through the barrier to form a de Sitter—
type inflating universe. The existence of this tiny oscillating
universe is due to the existence of a finite “zero-point-
energy” (1/2) of a conformally coupled scalar field and this
“zero-point-energy” is required by the uncertainty principle.
Since a conformally coupled scalar field has an equation of
state like that of radiation, the Friedmann equation Ker
+1is

Ua)

2—C+A 2-1
T2 T3l

da
dt

4

FIG. 2. The potential function in the Wheeler-DeWitt equation 4 . .
in the minisuperspace model. The horizontal axis is the scale factofhere C=8mpa®/3=const andp is the energy density of
of the universe. If the conformally coupled scalar field is in the the conformally coupled scalar field. Equatigh is equiva-
ground state, it has a “zero-point-energy” 1/2. If this “zero-point- lent to the energy-conservation equation for a classical unit
energy” is considered, the quantum behavior of the universe is likenass particle with zero total energy moving in the potential
a particle of unit mass with total energy 1/2 moving in the potential
U(a). Regions Xa<a, anda>a, are classically allowed; region
a;<a<a, is classically forbidden. The left dark disk is a tiny
radiation-dominated closed oscillating universe, which oscillates
between big bangs and big crunches. The smoothness of the poteTihe difference betweed (a) andV(a) is caused by the fact
tial ata=0 may indicate that any big bang and big crunch singu-that in the integral of action the volume element contains a
larities are removed by quantum theory. This tiny oscillating uni-f5ctor a3 which is also varied when one makes the variation
verse has a small but non-zero probability to tunnel through th(it0 obtain the dynamical equations. The poterii@) is sin-
barrier out to become a de Sitter—type inflating universe, which i?ular ata=0 and neam=0 we haveV(a)=— C/2a2. For
repr_ese_nted by _the dark dis_k on the right. The circleT inside th A<1 andn=0 (we takeC=2E=2n+1), the classical uni-
barrier is a Euclidean bouncing space. If the “zero-point-energy verse in region &a<a, is radiation dominated. This uni-

1/2 were neglecteths Hartle and Hawking djdthe left classically ds f big b . larit h .
allowed region would shrink to a point. The grey disk represents &/¢'>¢ €XPanads Irom a big bang singulanty, reaches a maxi-

contracting and re-expanding de Sitter universe. If the “zero-point. UM radius, then re-collapses to a big crunch singulaaity:
energy” is neglected, the Universe could start out at the metastabla 0 iS @ singularity in the classical picture. But from the
minimum as a point witta=0, tunneling through the barrier out to @bove discussion, the Wheeler-DeWitt equation gives a regu-
become a de Sitter universe. In this paper we argue that we have f@f wave function ata=0. In such a case nea=0 the
reason to neglect the “zero-point-energy” so that it is the tiny quantum behavior of the universe is different from classical
oscillating universe initial state that applies. behavior. This implies that, near=0, classical general rela-
tivity breaks down and quantum gravity may remove singu-

determining the operator ordering. Equatith is just the larities. This case is like that of a hydrogen atom where the
Schralinger equation of a harmonic oscillator with unit massclassical instability(according to classical electrodynamics,
and unit frequency and enerd®, the eigenvalues of are  an electron around a hydrogen nucleus will fall into the
n+3 wheren=0,1,2 ... . Equation(2) is equivalent to the nucleus due to electromagnetic radiajios cured by quan-
Schralinger equation for a unit mass particle with total en-tum mechanics. Anyway, it isot nothing ata=0. There is a
ergy E=n+ 31 in the one-dimensional potential small classically allowed, oscillating, radiation dominated,
closed, quantuntby “quantum” we mean that its quantum
behavior deviates significantly from its classical behagvior
Friedmann universe near=0, which has a small probability
to tunnel through the barrier to form an inflationary universe.
(If A>0.75 there is no classically forbidden region and thus
no tunneling)

So in this model the universe did not come from a point

1 A ) C
V(a)=§ 1--a -7

3 a ®)

1
U(a)=§

A
a’— —a*

. 3

It is clear that in the case of<3(3[4A]—1), there exist
one classically forbidden regioa, <a<a, and two classi-

cally allowed regions &a<a; and a>a, where aiz

=(3/2A)[1FV1—-3%(2n+1)A] (Fig. 2. BecausdJ(a) is
regular ata=0, we expect that the wave functiok(a) is
also regular aa=0. If A<1 and the conformally coupled
scalar field is in the ground state with=0, we havea;
=1, a,=(3/A)"? and the potential in region9a<a, is

(nothing but from a tiny classically allowed, oscillating,
quantum Friedmann universe whose radius is of order the
Planck magnitude. But where did this oscillating universe
come from? Because it has a finite probability to tunnel
(each time it reaches maximum raditis a de Sitter space, it
has a finite “half-life” for decay into the de Sitter phase and

U(a)=1%a? like a harmonic oscillator. The quantum behav- cannot last forever. It could, of course, originate by tunneling
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obtained from the Lorentzian actid® via Wick rotation: |
=—iS(t— —i7). In the mini-superspace model the configu-
ration space is taken to include tHe=+1 Robertson-
Walker metric and a homogeneous matter field. In the WKB
approximation the wave function i@p to a normalization
factorn

\Pz% Buwexd — !l (Gan. ¢, M)], @)

(b)

where | is the Euclidean action for the solutions of the
FIG. 3. (@ The solution of the Euclidean Einstein's equations Euclidean field equationéEinstein’s equations and matter
representing the tunneling regintepen circle in Fig. 2. Thisis a  field equations The factorBy, is the determinant of small
solution to the Euclidean Einstein’'s equations with a positive cosfluctuations around solutions of the field equatiag]. If
mological constant and a conformally coupled scalar field in itsthe matter field is a conformally coupled scalar fiefd
ground state. This is a Euclidean space bouncing between the state(3/477)Y2y/a (which is the case that Hartle and Hawking
with maximum radiusa, and .the state Withnon-zgro minimum. [12] discusse)] pa* is conserved wherg is the energy den-
radius a;. One “copy” of this Euclidean bouncing solution is ity of ¢ satisfying the field equations. Then the Friedmann

?:doi\Lljvsnain(tk;isT giis?s"’t‘::; r:;igm:z tt‘r:":llgg‘;:c:)i:ﬁse‘:‘]’iet:‘g;?igifr?ﬁgnequation is given by Eq4). The corresponding Euclidean
.. - - L . . o
conformally coupled scalar field is neglected, as Hartle and Hawk-eqwjltlon is obtained from Eg) via t— —i7

ing did. In this case the minimum radius is zero, and thus one copy
of the bouncing Euclidean solution is a four-sphere. This four-
sphere has no-boundary, which is the basis of Hawking’'s quantum
cosmology. But we argue that since the “zero-point-energy” of theT
conformally coupled scalar field cannot be neglected, the true solu-
tion should be that given by diagra(8a), which does not enforce
Hartle and Hawking’s no-boundary proposal. a(r)=H1

2 A, C
=1—§a—;. (8)

da

he solution to Eq(8) is (for the casetAC<1)

1 1
C 1T (1—4H2C)Y2
5+ 5(1-4HC)

12

: €)

from a collapsing de Sitter phasthe time-reversed version
of the creation of a de Sitter state from the oscillating gtate X Ccog2H7)
but then we are back where we started. In fact, starting with

a collapsing de Sitter phase one _is more likely to_obtain aRvhereH = (A/3)Y2 This is a Euclidean bouncing space with
2;22?:;??”?% Sitter phase by simply re-expanding at th% maximum radiusa,,=H {3+1(1—-4H’C)'?]'? and a
g point rather than tunneling into and then ou

of the tiny oscillating universe state. An alternative might beminimum radiusan,=H™'{3—3(1—4H*C)"?]" (Fig. 3. If
to have the original tiny oscillating universe created via aC=0, we have ag,=H™' a,,=0, and a(7)
quantum fluctuation(since it has just the “zero-point- =H~* cosH7), one copy of this bouncing space is a four-
energy”) but here we are basically returning to the idea ofsphere with the Euclidean de Sitter metrits®=d7?
Tryon[139] that you could get an entire Friedmann universe+H ~2 coS(H7)[dx?+sir? x(d¢°+sir? 6d¢?)]—which is just
of any size directly via quantum fluctuation. But quantuma four-sphere embedded in a five-dimensional Euclidean
fluctuation of what? You have to have laws of physics and @pace ¥,W,X,Y,Z) with metric ds*?=dV?+dW?+dX?
potential etc. +dY?+dZ?—this is the solution that Hartle and Hawking

Hartle and Hawking[12] made their no-boundary pro- used[12]. But, as we have argued above, according to Hartle
posal and obtained a model of the universe similar to Vilen-and Hawking[12] and Hawking[138], the Wheeler-DeWitt
kin's tunneling universe. The no-boundary proposal is ex-equation for®(y) [Eq. (1)] gives rise to a ‘“zero-point-
pressed in terms of a Euclidean path integral of the wavenergy” for the conformally coupled scalar fieldC,
function of the universe =2E(n=0)=1 (the state withC=0 violates the uncertainty

principle). One copy of this bouncing Euclidean spaceds

a compact four-dimensional manifold with no boundaries,
\I,(hab’d’la&M):% f DgapD¢p but has two boundaries with=a,,, (see Fig. 3. If H<1
(i.e. A<1), we havea,=H1, amn=1.
xexg —1(dap,¢,M)], (6) Penrosd125] has criticized Hawking’s no-boundary pro-

posal and the model obtained by gluing a de Sitter space onto
where the summation is over compact manifdilsvith the  a four-sphere hemisphere by pointing out that there are only
prescribed boundaryM (being a compact three-manifold very few spaces for which one can glue a Euclidean and a
representing the shape of the universe at a given gpeh Lorentzian solution together since it is required that they
the only boundary;g,, is the Euclidean metric on the mani- have both a Euclidean and a Lorentzian solution, but the
fold M with induced three-metrib,, on M, ¢ is the matter generic case is certainly very far from that. Here “with a
field with induced valuep; on dM; | is the Euclidean action zero-point-energy” we have both a Euclidean solution and a
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Lorentzian solution, and they can be glued together. But th@ath integral of the wave function comes from the configu-
Euclidean solution is not closed in any way; that is, it doesrations which solve Einstein’s equations. One may hope to
not enforce the no-boundary proposal. Hartle and Hawkingpvercome this difficulty by introducing a scalar field with a
argued that there should be a constgnin E which arises flat potentialV(¢) (as in the inflation cageBut this does not
from the renormalization of the matter field, i.E.should be apply to the quantum cosmology case sinceaasQ the
n+3+ €, [12]. But there isno reason thate, should be universe always becomes radiation-dominated unless the en-
—3 to exactly cancel the “zero-point-energys’. (As in the  ergy density of radiation is exactly zefbut the uncertainty
case of a quantum harmonic oscillator, we have no reason farinciple does not allow this case to ockur
neglect the zero-point-energyin fact, sincee, comes from
the renormalization of the matter fie{@ithout quantization
of gravity), it should be much less than the Planck magni-
tude, i.e.,ep<1, and thuse, is negligible compared with .
In fact in [138] Hawking has dropped,. From the arguments in the last section, we find that the
In [12] Hartle and Hawking have realized that for excited ynjverse doesiot seem to be created from nothing. On the
states (>0), there are two kinds of classical solutions: onegther hand, if the Universe is created fraomething that
represents universes which expand from zero volume, tgomething could have bedtself Thus it is possible that the
reach a maximum radius, and then re-collais@ our tiny  Universe is its own mother. In such a case, if we trace the
oscillating universg the other represents the de Sitter-typenhistory of the Universe backward, inevitably we will enter a
state of continual expansion. There are probabilities for &egion of CTCs. Therefore CTCs may play an important role
universe to tunnel from one state to the other. Here we argug the creation of the Universe. It is interesting to note that
that for the ground staten=0), there are also two such Hawking and Penrose’s singularity theorems do not apply if
kinds of Lorentzian universes. One is a tiny quantum oscilthe Universe has had CTCs. And, it has been shown that, if a
lating universghaving a maximum radius with Planck mag- compact Lorentzian spacetime undergoes topology changes,
nitudg. Here “quantum” just means that the classical de-there must be CTCs in this spacetifd€0,19,20. [Basically
scription fails(so singularities might be removedhe other  there are two type of spacetimes with CTCs: for the first
is a big de Sitter-type universe. These two universes can bgpe, there are CTCs everywhet@ddel space belongs to
joined to one another through a Euclidean section, whichhis typa; for the second type, the CTCs are confined within
describes quantum tunneling from a tiny oscillating universesome regions and there exists at least one region where there
to an inflating universéor from a contracting de Sitter-type are no closed causéimelike or null curves, and the regions
universe to a tiny oscillating universéduring the tunneling, with CTCs are separated from the regions without closed
the radius of the universe makes a jurtfmm the Planck causal curves by Cauchy horizofiisner space belongs to
length toH™* or vice versa this typd. In this paper, with the word “spacetimes with
As Hartle and Hawking12] calculated the wave function CTCs” we always refer to the second type unless otherwise
of the universe for the ground state, they argued that, for thepecified]
conformally coupled scalar field case, the path integral over while in classical general relativity there exist many so-
a and y= (47/3)"*pa separates since “not only the action |utions with CTCs, some calculations of vacuum polarization
separates into a sum of a gravitational part and a matter pa@f quantum fields in spacetimes with CTCs indicated that the
but the boundary condition on the») and x(7) summed energy-momentum tensdin this paper when we deal with
over do not depend on one another” wheyés the confor-  quantum fields, with the word “the energy-momentum ten-
mal time. The critical point for the variable’s separation insor” we always refer to “the renormalized energy-
the path integral is that “the ground state boundary condimomentum tensor” because “the unrenormalized energy-
tions imply that geometries in the sum are conformal to halfimomentum tensor” has no physical meanirdiverges as
of a Euclidean-Einstein static universe; i.e., the rangg &  one approaches the Cauchy horizon separating the region
(—,0). The boundary conditions at infinitg are thaty( ) with CTCs from the region without closed causal curves.
anda(#) vanish. The boundary conditions at=0 are that This means that spacetimes with CTCs may be unstable
a(0) andy(0) match the arguments of the wave functagn  against vacuum polarization since when the energy-
and xo" [12]. But this holds only for some specific cases, momentum tensor is fed back to the semiclassical Einstein’s
such as de Sitter space. Our soluti@hdoes not obey Hartle equationgi.e. Einstein’s equations with quantum corrections
and Hawking’s assumption thatranges from—oo to 0. For  to the energy-momentum tensor of matter figltdse back-
a generalk=+1 (Euclidean Robertson-Walker metricy reaction may distort the spacetime geometry so strongly that
= [(d7/a) is a functional ofa, and the action of mattdan  a singularity may form and CTCs may be destroyed. Based
integral overy) is a functional ofa. Therefore, the action on some of these calculations, Hawkifig9,20 has pro-
cannotbe separated into a sum of a gravitational part and gosed the chronology protection conjecture which states that
matter part as Hartle and Hawking did. The failure of Hartlethe laws of physics do not allow the appearance of CTEEs.
and Hawking’s path integral calculation is also manifested irshould be mentioned that the chronology protection conjec-
the fact that de Sitter spacerista solution of the Friedmann ture doesnot provide any restriction on spacetimes with
equation if the “zero-point-energy” of the conformally CTCs but no Cauchy horizons since therengsany indica-
coupled scalar field is considered, whereas the semiclassictibn that this type of spacetime is unstable against vacuum
approximation implies that the principal contribution to the polarization. In the next section we will show a simple ex-

V. CTCs AND THE CHRONOLOGY PROTECTION
CONJECTURE
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ample of a spacetime with CTCs but no Cauchy horizonsthat in general situations a Euclidean spa@emnotbe di-
where the energy-momentum tensor is finite everywhere. rectly joined to a Lorentzian spadd41].) And, using a
But, on the other hand, Li, Xu, and L{i22] have pointed simple example of a space with a region with CTCs sepa-
out that even if the energy-momentum tensor of vacuum porated from a region without closed causal curves by a com-
larization diverges at the Cauchy horizon, it doet mean  plex geometric region, Li, Xu, and Lil22] have shown that
that CTCs must be prevented by physical laws becalse: in such a space the energy-momentum tensor of vacuum po-
Einstein’s equations are local equations and the energyarization is finite everywhere and the chronology protection
momentum tensor may diverge only at the Cauchy horizortonjecture has been challenged.
(or at the polarized hypersurfagesnd be well-behaved else-  Without appeal to quantum gravity, counter-examples to
where within the region with CTC%2) the divergence of the the chronology protection conjecture also exist. By introduc-
energy-momentum tensor at the Cauchy horizon dusts ing a spherical reflecting boundary between two mouths of a
mean that the Cauchy horizon must be destroyed by thwormhole, Li[23] has shown that with some boundary con-
back-reaction of vacuum polarizatidm,t instead means that ditions for geodesicée.g. the reflection boundary condition
near the Cauchy horizon the usual quantum field theory on elosed nullgeodesicqusually the “archcriminal” for the
prescribed classical spacetime background cannot be useédergence of the energy-momentum tensor as the Cauchy
and the quantum effect of gravity must be considef@tlis  horizon is approachetee e.g[16])] may be removed from
is like the case that Hawking and Penrose’s singularity theothe Cauchy horizon separating the region with CTCs and the
rems donot mean that the big bang cosmology is wrong butregion without closed causal curves. In such a case the
mean that near the big bang singularity quantum gravity efspacetime contains neither closed nydlodesicsor closed
fects become importani3].) When Hawking proposed his timelike geodesicsthough it contains both closed timelike
chronology protection conjecture, Hawkifg0] and Kim  non-geodesicurves and closed nutlon-geodesicurves. Li
and Thorne[16] had a controversy over whether quantum[23] has shown that in this spacetime the energy-momentum
gravity can save CTCs. Kim and Thorne claimed that quantensor is finite everywhere. Following [23], Low [24] has
tum gravitational effects would cut the divergence off whengiven another example of spacetime with CTCs but without
an observer’s proper time from crossing the Cauchy horizorlosed causajeodesics
was the Planck time, and this would only give such a small Recently, with a very general argument, [26] has
perturbation on the metric that the Cauchy horizon could noshown that the appearance of an absorber in a spacetime with
be destroyed. But, Hawking20] noted that one would ex- CTCs may make the spacetime stable against vacuum polar-
pect the quantum gravitational cut-off to occur when the in-ization. Li [26] has given some examples to show that there
variant distance from the Cauchy horizon was of order theexist many collision processes in high energy physics for
Planck length, and this would give a very strong perturbatiorwhich the total cross-sections incregsetend to a constant
on the metric so that the Cauchy horizon would be destroyedas the frequency of the incident waves increases. Based on
Since there does not exist a self-consistent quantum theory tiiese examples, L[R6] has argued that material will become
gravity at present, we cannot judge wktdawking or Kim  opaque for wavegparticles with extremely high frequency
and Thorngis right. But in any case, these arguments implyor energy, since in such cases the absorption caused by vari-
that in the case of a spacetime with CTCs where the energyus types of scattering processes becomes very important.
momentum tensor of vacuum polarization diverges at théased on calculation of the renormalized energy-momentum
Cauchy horizon, quantum gravity effects should become imtensor and the fluctuation in the metric, [[A6] has argued
portant near the Cauchy horizon. Li, Xu, and [R2] have that if an absorbing material with appropriate density is in-
argued that if the effects of quantum gravity are consideredroduced, vacuum polarization may be smoothed out near the
in a spacetime with CTCs the region with CTCs and theCauchy horizon so that the metric perturbation caused by
region without closed causal curves may be separated byacuum fluctuations will be very small and a spacetime with
guantum barriere.g. a region where components of the met-CTCs can be stable against vacuum polarization.
ric have complex valugsnstead of a Cauchy horizon gen-  Boulware[21] and Tanaka and HiscodR5] have found
erated by closed null geodesics. By quantum processes, that for sufficiently massive fields in Gott spa@142 and
time traveler may tunnel from the region without closed Grant spacg18] respectively, the energy-momentum tensor
causal curves to the region with CTQar vice vers3, and  remains regular on the Cauchy horizon. Krasnik@V] has
the spacetime itself can also tunnel from one side to the othdound some two-dimensional spacetimes with CTCs for
side of the quantum barri¢22]. In classical general relativ- which the energy-momentum tensor of vacuum polarization
ity, a region with CTCs and a region without closed causais bounded on the Cauchy horizon. Sushka8] has found
curves must be separated by a Cauchy hori@mmpactly that for an automorphic complex scalar field in Misner space
generated or non-compactly generatedich usually con- there is a vacuum state for which the energy-momentum ten-
tains closed null geodesics if it is compactly generdif. sor is zero everywhere. More recently, Casdi@¥] and Li
But if quantum gravity effects are consider@ag. in quan- and Gott[30] have independently found that for the real
tum cosmology, they can be separated by a complex geo-conformally coupled scalar field in Misner space there exists
metric region(as a quantum barripiinstead of a Cauchy a quantum state for which the energy-momentum tensor is
horizon[22]. (In the path integral approach to quantum cos-zero everywhere. Li and GdtB0] have found that this quan-
mology, complex geometries arequiredin order to make tum state is the “adapted” Rindler vacuutne. the usual
the path integral convergent and to overcome the difficultyRindler vacuum with multiple imagesand it is a self-
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consistent vacuum state because it solves the semiclassidaermodynamics should be revised near the Cauchy horizon.
Einstein’s equations exactly. Li and GdtB0] have also In other words, Cassidy and Hawking’s resylt43] cannot
found that for this “adapted” Rindler vacuum in Misner be extended to the Cauchy horizon. Based on the fact that the
space, an inertial particle detector perceives nothing. In thigffective action density diverges at the polarized hypersur-
paper, we find that for a multiply connected de Sitter spacdaces of spacetimes with CT¢81], Cassidy and Hawking
there also exists a self-consistent vacuum state for a confof143] have argued that the effective action “would provide
mally coupled scalar fielGsee Sec. IX new insight into issues of chronology protection.” But we

Thorne[9] has noted that, even if Hawking’s argument should note that the effective action is onlytaml for com-
that a quantum gravitational cut-off would occur when theputing some physical quantitie$such as the energy-
geometric invariant distance from the Cauchy horizon is ofmomentum tensgrand the effective action itself has not
order the Planck length is correct, by using two wormholesmuch physical meaning. The divergence of the effective ac-
the metric fluctuations near the Cauchy horizon can be madgon may imply that the effective action is not a gomw| as
arbitrarily small so a spacetime with CTCs created from twothe polarized hypersurfaces are approached. Our argument is
wormholes can be stable against vacuum polarization. Resupported by the fact that there exist many examples for
cently Visser[29] has generalized this result to the Roman-which the energy-momentum tensor is finite everywhere, as
rng case. mentioned above.

The above arguments indicate that the back-reaction of Recently, Kay, Radzikowski, and Wall@i44] have proved
vacuum polarization magiot destroy the Cauchy horizon in  two theorems which demonstrate that some fundamental
spacetimes with CTCs, and thus such spacetimes can Qﬁ]antities such as Hadamard functions and energy-
stable against vacuum polarization. momentum tensors must be ill-defined on a compactly gen-

In a recent paper, Cassidy and Hawkirigt3] have ad-  erated Cauchy horizon in a spacetime with CTCs, as one
mitted that “back-reaction does not enforce chronology pro-extends theisualquantum field theory in a global hyperbolic
tection.” On the other hand, Cassidy and Hawkil#3]  spacetime to an acausal spacetime with a compactly gener-
have argued that the “number of states” may enforce theated Cauchy horizon. Basically speaking, their theorems im-
chronology protection conjecture since “this quantity will ply that theusual quantum field theory cannot bdirectly
always tend to zero as one tries to introduce CTCs.” Theilextended to a spacetime with CTCk44]. Their theorems
arguments are based on the fact that for the particular spacgs|| us that serious difficulties arise when attemptingléfine
time with CTCs they COﬂStrUththhiCh is the product of a guantum field theory on a Spacetime with a Compacﬂy gen-
multiply connectedvia a boosk three-dimensional de Sitter grated Cauchy horizofil44]. The ordinary quantum field
space an&'] the entropy of a massless scalar field divergesheory must be significantly changed or some new approach
to minus infinity when the spacetime develops CTC43].  must be introduced when one tries to do quantum field
However, whether this conclusion holds for general spacetheory on a spacetime with CTCs. A candidate procedure for
times with CTCs remains an open question and further regvercoming this difficulty is the Euclidean quantization pro-
search is required. And, from ordinary statistical thermodyposed by Hawking145,14§. Quantum field theory is well-
namics we know that entropy is always positive, so thedefined in a Euclidean space because there are no CTCs in a
physical meaning of aegativeentropy is unclear. The num- Eyclidean spacé147]. In fact, even in simply connected
ber of states in phase space is givenNby ApAq/(274)°  Minkowski spacetime, quantum field theory it well-
where Aq=Aq;AqQ,...AqQs, Ap=Ap;Ap,...Aps, 0i  defined since the path integral does not converge. To over-
(i=1,2,...s) is a canonical coordinatgy is a canonical come this difficulty, the technique of Wick-rotati¢which is
momentum, and is the number of degrees of freedom. The essentially equivalent to Euclidean quantizalids used.
uncertainty principle demands thaip;Ag;=2#% and thus Kay, Radzikowski, and Wald144] have also argued that
we should always havid=1. Thus the “fact” that the num- their results may be interpreted as indicating that in order to
ber of states tends to zero as one tries to develop GT€s create CTCs it would be necessary to enter a regime where
as one approaches the Cauchy horjzoray simply imply  quantum effects of gravity will be dominarisee also the
that near the Cauchy horizon quantum effects of gravity caneliscussions of Vissdrl48,149); this is also consistent with
not be neglected, which is consistent with Li, Xu, and Liu’s Li, Xu, and Liu's argument§22]. Cramer and Kay150,15]
argument22]. The entropy is defined bigInN whereN is  have shown that Kay, Radzikowski, and Wald's theorems
the number of states arg is the Boltzmann constant. When [144] also apply to Misner spadéor Sushkov’s automorphic
N is small, quantization of the entropy becomes importanfield case[28] and Krasnikov's two-dimensional ca$g7],
(remember that the number of statéds always an integér  respectively where the Cauchy horizon is not compactly
The entropy cannatontinuouslytend to negative infinity; it generated, in the sense that the energy-momentum tensor
shouldjump from kgIn3 to kgIn2, jump from kgIn2 to zero  must be ill-defined on the Cauchy horizon itself. But we note
(but in Cassidy and Hawking’s argumeis!3] we have not that this only happens in a set of measure zero which does
seen such a jumpthen the uncertainty principle demands not make much sense in physics for if the renormalized
that the entropy should stand on the zero value as one apnergy-momentum tensor is zero everywhere except on a set
proaches the Cauchy horizon. On the other hand, ordinargf measure zero where it is formally ill-defined, then conti-
continuous thermodynamics holds only for the case With nuity would seem to require setting it to zero there §B@j.
>1. Thus, as one approaches the Cauchy horizon the ther- Perhaps a conclusion on the chronology protection con-
modynamic limit has already been violated and ordinaryjecture can only be reached after we have a quantum theory
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of gravity. However, we can conclude that the back-reaction Usually there is no well-defined quantum field theory in a
of vacuum polarization doe®t enforce the chronology pro- spacetime with CTCs(Kay-Radzikowski-Wald’'s theorems
tection conjecture, a point Hawking himself also admits[144] enforce this claim, though they do not apply directly to
[143]. (Originally the back-reaction of vacuum polarization an acausal spacetime without a Cauchy horizétowever,

was supposed to be the strongest candidate for chronology the case where a covering space exists, we can do it in the

protection[19,20.) covering space with the method of images. In fact in most
cases where the energy-momentum tensor in spacetimes with
VI. MULTIPLY CONNECTED MINKOWSKI SPACETIMES CTCs has been calculated, this method has been(fmeithe
WITH CTCs theoretical basis for the method of images see Réf] and

A simple spacetime with CTCs is obtained from references cited thereinThe method of images is sufficient

Minkowski spacetime by identifying points that are relatedfor our purposes in this papefcomputing the energy-
by time translation. Minkowski spacetime iRY,7,,). In  Momentum tensor and the response function of particle de-
Cartesian coordinates,&,y,z) the Lorentzian metriep,, is tectors. Thus in this paper we use this method to deal with
given by guantum field theory in spacetimes with CTCs.
For any point {,x,y,z) in (S*XR3 7,p), there are an
ds*= —dt*+dx*+dy*+dZ. (10 infinite number of images of pointst{ nty,x,y,z) in the
covering spaceR?, 7,,). For the Minkowski vacuumOy,)

Now we identify points {Xxy,z) with points ¢ of a conformally coupled scalar fielgby ‘“conformally

+nty,X,Y,2) wheret, is a positive constant and is any " . .
integer. Then we obtain a spacetime with topol@y< R® coupled” we mean that the mass of the scalar field is zero

and the Lorentzian metric. Such a spacetime is closed in th%nd the coupling between the scalar figidand the gravita-

. . . i 2 . . .
time direction and has no Cauchy horizon. All events in thigional field is given byzR$” whereR is the Ricci scalar

spacetime are threaded by CTCShis is the only acausal c_urvgiture) in the Minkowski spacetime, the Hadamard func-
spacetime without a Cauchy horizon considered in this pallon IS

per) Minkowski spacetime R?, 7,5,) is the covering space

of this spacetime.

D o L 1
GW(X.X')= 35— 11

w2 —(t—t)2+(x—x")2+(y—y" )2+ (z—2")%’
hereX=(t,x,y,z) andX'=(t’,x',y’,z"). With the method of images, the Hadamard function of the “adapted” Minkowski
vacuum(which is the Minkowski vacuum with multiple imageis the spacetime§ X R3, 7,;,) is given by the summation of
the Hadamard function in Eq11) for all images

GU(X,X")= i i ! (12
’ 20 —(t—t' +ntg) 2+ (x— X)) 2+ (y—y')?+(z—2")*"
The regularized Hadamard function is usually taken to be
GHX, X" =GH(X,X")-GFP(X,X")= ! ! (13
regi 7t ' M A 27550 — (t—t' +nty) 2+ (x—x )2+ (y—y )2+ (z—2)?"
|
The renormalized energy-momentum tensor is given by -3 0 0 O
152,153 T = 0 1 0 0 L
<,u>ren_9#t61 0 o 1 ol (19
1 (2 1 1 '
<Tab>ren:§ lim §Vavb’_ §Vavb_ gﬂachVC G(relg);' 0 001
X' =X
(14  We find that this energy-momentum tensor is constant and
finite everywhere and has the form of radiation. Thus CTCs
do not mean that the energy-momentum tensor must diverge.
Inserting Eq.(13) into Eq. (14) we get Now let us consider a particle detecfdi53,154 moving
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in this spacetime. The particle detector is coupled to the field o % _ ,

¢ by the interaction Lagrangianm(7) ¢[X(7)], wherec is 7:(AE)=J de dr/e 'ABT)

a small coupling constant is the detector’'s monopole mo- o o

ment, 7 is the proper time of the detector’'s world line, and XGH(X(7),X(1")), (17

X(7) is the trajectory of the particle detecidr53]. Suppose

initially the detector is in its ground state with eneifgy and which is independent of the details of the particle detector
the field ¢ is in some quantum statg. Then the transition and is determined by the positive frequency Wightman func-
probability for the detector to all possible excited states withtion G (X,X")=(|¢(X) #(X")|) [while the Hadamard func-
energyE>E, and the fields to all possible quantum states tion is  defined by GM(X,X")=(|$(X)p(X")

is given by[153] + ¢(X")d(X)|)]. The response function represents the bath
of particles that the detector effectively experient&S3].
The remaining factor in Eq16) represents the selectivity of
the detector to the field and depends on the internal structure
of the detector[153]. The Wightman function for the
whereAE=E—E;>0 andF(AE) is the response function Minkowski vacuum is

P=c2EEE [(E|m(0)|Eq)|2F(AE), (16)
~Eo

1 1
+ Py —
Cu(X X =7 —(t—t'—ie)’>+(x—x")?+(y—y' )2+ (z—2")*’ (18)
wheree is an infinitesimal positive real number which is introduced to indicate @fats the boundary value of a function
which is analytic in the lower-half of the complext=t—t’ plane. For the adapted Minkowski vacuum in our spacetime
(S'XR3, 7,p), the Wightman function is

©

1 1
+ ry —
GT(X.X )‘Wn;m —(t—t'+nty—ie)?+(x—x")°+(y—y' )2+ (z—2")?*"

(19

Assume that the detector moves along the geodesi@t (8<1), y=z=0, then the proper time ig=t/{ with {
=1//1— 2. On the geodesic, the Wightman function is reduced to

1 < 1
+ 'y —
G (7= 4,2, (U Tt 1 B 1)

o

_ 1 Z 1
T AR (=T At =€l )= A7) (20)

Inserting Eq.(20) into Eq. (17), we obtain

1 o (= (" A 1
_ _ —iAEAT
FAB) == g2 2 Jar| asrere (Ar+nto/{—Tel ()= F(A7)" 2

where Ar=7—7" and T=(7+7')/2. The integration over nates ¢,x,y,z) in Minkowski spacetime, a boost transforma-
A7 is taken along a contour closed in the lower-half plane otion in the {,x) plane(we can always adjust the coordinates
complexA 7. Inspecting the poles of the integrand, we find so that the boost is in this planéakes point {,x,y,z) to
that all poles are in the upper-half plane of complex  point (t coshb+xsinhb,x coshb+t sinhb,y,2) where b is
(remember thaj3<1). Therefore according to the residue the boost parameter. In Rindler coordinates§y,z), de-

theorem we have fined by
F(AE)=0. (22 t= ¢sinhy, (23
Such a particle detector perceives no particles, though the X= gcoshy,
renormalized energy-momentum tensor of the field has the
form of radiation. y=Y,
Another simple space with CTCs constructed from
Minkowski space is Misner spadé]. In Cartesian coordi- z=1z,
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the Minkowski metric can then be written in the Rindler ahove. Obviously for any finite, (T ))myren diverges as one
form approaches the Cauchy horizoé—¢0). This divergence is

4242 2 2 coordinate independent singd*")yrer(T uv)mren also di-
ds’ Edn’+de*+dy*+dz. (24 verges a£—0. This indicates that though the Minkowski
The Rindler coordinatesy(, £,y,z) only cover the right quad- Vacuum is a good and self-consistent vacuum for simply con-
rant of Minkowski space(i.e. the region R defined by nected Minkowski space, the adapted Minkowski vacuum is
>|t]). By a reflecton {x,y,z)—(—t,—x,y,z) [or POt self-consistent for Misner spadge. it does not solve

(m.EY,2)—(n,— £Y,2)], the Rindler coordinates and the Einstein’s equations given the Misner space geomelilyis

Rindler metric can be extended to the left quadrdntde- result has led Hawkinf19,2Q to conjecture that the laws of
fined byx< —|t|). By the transformation physics do not allow the appearance of CTCs., his chro-

nology protection conjectuye

_ Li and Gott[30] have studied the adapted Rindler vacuum
n—Eé—i- E—=*ip, y—Y, z—z, (29 in Misner space. The Hadamard function for the Rindler
vacuum is[155]

the Rindler coordinates can be extended to the future quad-

. . 0%

rant (F, defined byt>|x|) and the past quadraf®, defined GH(X,X')= 55 —— S

by t<—|x|). In region L the Rindler metric has the same ® 2" &8 sinhy [—(n—7")"+v7]

form as the metric in region R, which is given by Hg4). (29
But in F and P the Rindler metric is extended to be where X=(7.£Y,2), X' =(7',£",y’,2'), and v is defined

~ o b
ds?=—dp?+ p?d&?+dy?+d 2. (26) Y
. . . S : E+¢72+(y—y)?+(z-2)?

Misner space is obtained by identifying,X,y,z) with coshy= - . (30
(t coshnb+x sinhnb,x coshnb+t sinhnby,2). Under such 28¢

an identification, point 4,£,y,z) in R (or L) is identified
with points (7+nb,&,y,2) in R (or L), point (7,€,y,2) in F
(or P) is identified with points §,£+nb,y,z) in F (or P.
Clearly there are CTCs in R and L but fchere are no closed i N i - v
causal curves in F and P, and these regions are separated (X,X")= szn;m €€'sinty[ — (7— 7' +nb)2+ 2]
the Cauchy horizong= *t, generated by closed null geode- (31)
sics.

Misner space is not a manifold at the intersection ofThough G(Rl) and G given by Eq.(29) and Eq.(31) are
x=t andx=—t. However, as Hawking and Elli}0] have  defined only in region R, they can be analytically extended to
pointed out, if we consider the bundle of linear frames overregions L, F, and P in Minkowski and Misner space. The

Minkowski space, the corresponding induced bundle of linregularized Hadamard function for the adapted Rindler
ear frames over Misner space is a Hausdorff manifold angzcyum is GE&.&(X,X’)=G(1)(X,X’)—G§\,|1)(X,X’), where

therefore well-behaved everywhere. G{¥ is the Hadamard function for the Minkowski vacuum
The energy-momentum tensor of a confor_mally CF)L”:’ledgiven by Eq.(11). Inserting this together with Eq31) and
scalar field in Misner space has been studiedl#3Q. His- Eq. (11) into Eq.(14), we obtain the energy-momentum ten-

cock and Konkowski[14] have calculated the energy- g fora conformally coupled scalar field in the adapted Rin-
momentum tensor of the adapted Minkowski vacuum. Inyqo, vacuunm{30]

Rindler coordinates their results can be written as

The Hadamard function for the adapted Rindler vacuum in
Misner space is

) 1 27\4
-3 000 <T;L>R,ren:m.n_2§4 o -1
Y A 0 1 0 O
<TM>M,ren_m o o0 1 ol (27) -3 0 0 0
0 100
0 0 0 1 «
o o0 1 ol (32)
where the constari is 0 0 0 1
~,  2+coshnb ich i i R i
A=, 29) which is expressed in Rindler coordinates and thus holds

=4 (coshnb—1)?" only in region R but can be analytically extended to other
regions with the method mentioned above for the case of the
Equation(27) holds only in region Rbecause Rindler coor- adapted Minkowski vacuum. W&0] have found that unless
dinates defined by Eq23) only cover R, but it can be b=2m, <T;>R,ren blows up as one approaches the Cauchy
analytically extended to other regions by writiif, )y,enin  horizon (¢—0) (as also doegT*")g ed Tuv)ryen - BUL, if

Cartesian coordinates or by the transformations mentioned= 2, we have
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(T ryer=0, (33  momentum tensor in Ror L) to regions Hor P). The results
are the same as that obtained with the method of images.

which is regular as one approaches the Cauchy horizon and Let us consider a particle detector moving in Misner
can be regularly extended to the whole Misner space, whergpace with the adapted Rindler vacuum. Suppose the detector
it is also zero. In such a case, the vacuum Einstein’s equanoves along a geodesic wiih=a, y=8t, andz=0 (a and
tions without cosmological constant are automatically satis3 are constants aralis positive, which goes through the P,
fied. Thus this is an example of a spacetime with CTCs at th®, and F regions. The proper time of the detector4st/¢
semiclassical quantum gravity level. W&0] have called this  with {=1/\/1— 8% On this geodesic, the Hadamard function
vacuum theself-consistent vacuurfor Misner space, and in Eq. (31) is reduced to
b=2m is theself-consistent conditioriCassidy{31] has also
independently proven that for a conformally coupled scalar
field in Misner space there should exist a quantum state for GU(tt)=— — —
which the energy-momentum tensor is zero everywhere. But 27" sinh yy(a*~t?)(a®~t'?)
he has not shown what quantum state it should be [30& o 1
have shown that it is the adapted Rindler vacyum. %

Another way to deal with quantum fields in spacetimes ne —(p— 7' +nb)*+y*’
with CTCs is to do the quantum field theory in the Euclidean
section and then analytically extend the results to the Lorenwherey is given by
zian sectior]147]. For Misner space the Euclidean section is
obtained by takingy andb to be —i 7 and —ib. The result- 2a%—t?—t'2+ BA(t—t)?

. . . ) — coshy= , (35
ant space is the Euclidean space with mett&= £2d 7? 2\(@2=t?)(a2—t'?)
+d&2+dy?+dz? and (y,£,y,2) and (p+nb,&y,z) are
identified where §,£,y,2) are cylindrical polar coordinates @ndz— 7" is given by
with # the angular polar coordinate agdthe radial polar
coordinate. The geometry at the hypersurféeed is conical
singular unlessb=27. When extending that case to the
Lorentzian section, we géb=2m which is just the self-
consistent condition. This may be the geometrical explanaThough this Hadamard function is originally defined only in
tion of the self-consistent condition. By doing quantum fieldR, it can be analytically extended to F, P, and L. The Wight-
theory in the Euclidean space, then analytically extending thenan function is equal to 1/2 of the Hadamard function with
results to the Lorentzian section, we obtain the renormalizeti replaced byt—ie/2 andt’ replaced byt +ie/2, wheree is
energy-momentum tensor in region (Br L) of the Misner an infinitesimal positive real number. Then the response
space. Then we can extend the renormalized energyunction is[30]

Y

(34

a(t—t’)
(a2_t2)(a2_t/2) '

(36)

sinh(7—17')= J

1 - . o
FE)=— > f de dA7
41 n=—w — —x

,ere*iEAT
X , 37
+ \/ 2 2 A7 e ? 2 2 A7 e ? + 2 +2
sinh as =\ T+———| ||a®— | T—-—+— —[(p—7n")"+nb]*+
Y ¢ Y ¢ 22g{[(nrl) 17y

|

where T=(7+7')/12, Ar=7—1'; —y+ and (p— 77’)+ are VII. VACUUM POLARIZATION IN VILENKIN’S

given by Egs(35) and(36) with t replaced byt —i e/2 andt’ TUNNELING UNIVERSE

replaced byt’ +ie/2. The integral oveA 7 can be worked

out by the residue theorem where we choose the integration In order to compare our model for the creation of the

contour to close in the lower-half complexr plane. The universe with Vilenkin’s tunneling universe, in this section

result is zero since there are no poles in the lower-half planeye calculate the vacuum fluctuation of a conformally

Therefore such a detector cannot be excited and so it detecgupled scalar field in Vilenkin’s tunneling universe. The

nothing [30]. We [30] have also calculated the responsegeometry of Vilenkin's tunneling universe has been de-
functions for detectors on world lines with const@ny, and  scribed in Sec. IV. Such a universe is described by a Lorent-
z and world lines with constarg, y, andz—both are zero. zian de Sitter space joined to a Euclidean de Sitter
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space [11]. The Lorentzian section has the topology GOX, X ) =GEN(X, X )+ GEL (X, X")
R S® and the metric
1 [ 1

T T 4n?r 1- !
ds?=—dr2+r3 costf —[dx?+Sir? x(d6?+sir 6d¢?)]. Am?rgl1-Z(X.X)

0

(39 1
Tz XD ) 44

The Euclidean section has the topologand the metric

- whereX™ =(—7,x,0,¢) is the image oKX= (1,x, 6, ¢) with
d?=d7?+r3 cod—[dx?+sir? x(d6?+sir? 6d¢?)]. respect to the reflecting boundaly
o There are various schemes for obtaining the renormalized
(39 energy-momentum tensor for de Sitter spéeg.[158,159).

The Lorentzian section and the Euclidean section are joineghey all are equivalent to subtracting from the Hadamard

at the boundarg, defined byr=0.% is a three-sphere with unction a reference terGyef to obtain a regularized Ha_d-
S S - rT{slmard function and then calculating the renormalized

radius in the Euclidean four-sphere. The boundary Conditioﬁnergy—momentum tensor 952,153

for a conformally coupled scalar field is [156,157

¢
T 2_

1
(Tapdren=75 M Dapy (X, X )Gg(X.X).  (45)
0, (40) X=X

For the conformally coupled scalar field, the differential op-
which is a kind of Neumann boundary condition and indi- eratorD ,,,, is

cates that the boundaby is like a kind of reflecting bound-
ary. The Green functiongincluding both the Hadamard 2
function and the Wightman functigishould also satisfy this Dap = 3

1 '
< Vavb’_ Egab’gcd’vcvd
boundary condition

1 1 1
aG T! 105 ;7./' ,16,1 ! __V !V !+_ !V rvd
(r.x,0,;7" x ') o 1) 3Va Vot 390 Vd
or s
1
The vacuum state of a conformally coupled scalar field in + 6 Rap— ERgab ' (46)

de Sitter space is usually taken to be that obtained from the
Minkowski vacuum by the conformal transformation accord'wheregab,, 9.y are geodesic parallel displacement bivec-

ing to which de Sitter space is conformally flathe quan- tors[160]. [It is easy to show that R,,=0 Eq.(45) and Eq.

tum state so obtained is usually called the conformal vacuuiiye) are reduced to Eq(14).] The regularized Hadamard
[153].) Such a vacuum is de Sitter invariant and we call it thefunction for the adapted conformal Minkowski vacuum in
conformal Minkowski vacuum. The Hadamard function forViIenkin’s tunneling universe is

this de Sitter vacuum(i.e. the conformal Minkowski

vacuun) is [158] , ’ ,
Glgg(X.X")=GH(X,X")~GlH(X,X")

1
4m?rg 1-Z(X,X')’

GE(X,X") = (42) =[GEu(X,.X")~Gigf
+GEH(X,X). (47)
where X=(7,x,60,¢), X'=(7",x",0",¢"), andZ(X,X") is

defined by (In this paper the exact form @&/ is not important for us.

, Substituting Eqs(42)—(44) and Eq.(47) into Eq. (45), we
Z(X,X")= —sinh—sinh— find that limy xD 4, GEY(X™,X")=0, which shows that
o To the boundary conditiof40) does not produce any renormal-
/ ized energy-momentum tensor; but the actionZof, on

T T
+cosh—cosh—{cos y cos ' G (X, X")— G should give the energy-momentum tensor
o ) . ) ) k
for the conformal Minkowski vacuum in an eternal de Sitter
+sin x sin x'[cos 6 cos ¢’ space[158,159

+sin 6 sin 8’ cog¢—¢')1}. (43 1
= lim D [GEHX X ) =Gl 1= — =57 ab-
In Vilenkin's tunneling universe, the Hadamard function sat- 24y = " el 960m7rg ="
isfying the boundary conditiod1) is given by (48
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Therefore, the energy-momentum tensor of a conformallyThe factorry over 27 in Eq. (55) is due to the fact that by
coupled scalar field in the adapted Minkowski vacuum indefinition T=(7+ 7')/2r is dimensionles$.Therefore such
Vilenkin’s tunneling universe is a detector perceives a thermal bath of radiation with the tem-
peratureT ¢y .
(Tathrer= — g (49) Though the boundary between the Lorentzian section and
ab/ren™  960m2rg 22b” the Euclidean section behaves as a reflecting boundary, a
particle detector cannot distinguish Vilenkin’s tunneling uni-
which is the same as that for an eternal de Sitter space. verse from an eternal de Sitter space, and they have the same
Now consider a particle detector moving along a geodesienergy-momentum tensor for the conformally coupled scalar
with x, 0, ¢=const. The response function is given by Eq.field.
(17) but with the integration over and 7’ ranging from 0 to
. The Wightman fu_nction is obtain_ed from the correspond- VIIl. A TIME-NONORIENTABLE de SITTER SPACE
ing Hadamard function by the relation
A time-nonorientable de Sitter space can be constructed
from de Sitter space by identifying antipodal poifit61,4Q.
Under such an identification, poit=(r,y, 0, ®) is identi-
. L, fied with —X=(—7,7—x,7— 0,7+ ¢). Friedman and
tiel2x',0',¢"), (50) Higuchi [162,163 have described this space as a “Lorentz-
ian universe from nothing’{without any Euclidean section
although one could also describe it as always existing. Fried-
man and Higuchi have studied quantum field theory in this
r T r - — space but have not calculated the renormalized energy-
Z(7,7")= —sinh—sinh— + cosh—cosh—=cosh——, momentum tensorl62].
o To o To Fo de Sitter space is the covering space of this time-

1
G (m,x,0,¢;7",x',0",¢")= EG<1>(T—ielz,x,a,d);r'

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

(51 nonorientable model. Using the method of images, the Had-
, , o amard function of a conformally coupled scalar field in the
Z(—7,7')= + sinh—sinh— + cosh—cosh-= cosh—, time-nonorientable de Sitter space with the “adapted” con-
o fo I'o o o 52 formal Minkowski vacuum can be constructed as

52

and GO(X,X")=GEH(X,X) + Gy (—X,X")

+ ! 1 1 r
G (XX)=g— — -1 1 1 1
i T—T7 —Il€ T+ T = +
1—coshr— 1—coshr— Am?rd1-Z(X,X')  1-Z(—X,X")
0 0 )

(53

Then the response function is _ 1 1 + 1

4722 1-Z(X,X")  1+Z(X,X")|
1 (= o .
f(AE)Iﬁf dTJ' dA e 'AETAT ®7
0 — 00
The regularized Hadamard function is
1
X -
1—cosiAT—ie€) * l1-cosh|’ (54)

Glag(X, X" ) =G (X, X") = Gl (X,X")
whereA7=(7—7")/rgandT=(7+7')/2r. It is easy to cal-

culate the contour integral ovérr. We find that the integra- e N ~(1) , , ,
tion of the second term is zero and therefore, the result is the [Gen(XX") = Gret (X, X) I+ Gel X,X()5.8)
same as that for an inertial particle detector in an eternal de

Sitter spac¢100,153. Thus we have Inserting Eq.(57) and Eq.(58) into Eq.(45), we find that the
4F AE contribution ofG&)(—X,X’) to the energy-momentum ten-
— = _0—, (55) sor is zero. Therefore the renormalized energy-momentum
dT 27 g2moAE_7 tensor is the same as that in an eternal de Sitter space, which
o ) ] is given by Eq.(49).
which is just the response function for a detector in thermal Suppose a particle detector moves along a world line with
radiation with the Gibbons-Hawking temperat(it€0] .0, é=const. The response function is given by Ej7).
1 The Wightman function is obtained from the Hadamard
| P — (56) function through Eq(50). On the world line of the particle
27 detector, we have
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For this time-nonorientable de Sitter space, the area of the
event horizon is one half that of an eternal de Sitter space.
This together withT =2T¢_y tells us that the first thermody-
namic law of event horizondM .= T dA is preserved, where
M. is the mass within the horizon, amdis the area of the
horizon[100].

IX. A MULTIPLY CONNECTED de SITTER SPACE
WITH CTCs

(b)

FIG. 4. Penrose diagrams of our multiply connected de Sitter d€ Sitter space is a solution of the vacuum Einstein’s
space mapped onto its universal covering sp@eeSitter spage  €duations with a positive cosmological constantwhich is
Under a boost transformation, points with the same symbol®ne of the maximally symmetric spacetimiie others be-
(squares, disks, triangles, or double-trianglaee identified. Our  ing Minkowski space and anti—de Sitter spafe9,40. de
multiply connected de Sitter space is divided into four regi®ys  Sitter space can be represented by a timelike hyperbolic hy-
L, F, and P, which are separated by Cauchy horizai¥g. The persurface
shaded regions represent fundamental cells of the multiply con-
nected de Sitter spacEFigures 4a) and 4b) represent two differ- W2+ X2+ Y24+ Z2-V2=r], (61)
ent choices of the fundamental cells, but they are equivaléhe . . . . ) }
fundamental cellsR and £ have a finite four-volume, whereas the €mbedded in a five-dimensional Minkowski space
fundamental cells® andP (which extend infinitely to the future and  (V,W,X,Y,Z) with the metric
the past, respectiveljnave an infinite four-volume. In(4) the left
and right boundaries of are identified, likewise fof; the upper ds?=—dV2+dWP+dX?+dY?+dZ?, (62
and lower boundaries dR are identified, likewise forZ. In 4(b) 12 . -
region F+ R is partially bounded by two null surfaces, the lower Wherero=(3/A)~=[40,90. de Sitter space has ten killing
one is the future light cone of an event E, and the upper one is théectors—four of them are boosts, and the other six are rota-
future light cone of an event'Bvhich is identified with E under the  tions. The global coordinates-(y, 6, ¢) have been described
action of a boost. These two future light cones are identified creatin previous sections. Static coordinatés (6, ¢) on de Sit-
ing a periodic boundary condition for the causally connected regiorier space are defined by
F+R. R and F are separated by a Cauchy horiz6#. Self-
consistency(non-divergence off*T,, as CH is approachedre-
quires retarded potentials iR and F. RegionP+ L is partially
bounded by the past light cone of an event F and the past light cone
of an event Fwhich is identified with F under the action of a boost. t
These two surfaces are identified creating a periodic boundary con- W= (r(2)— r2)1’2cosh—,
dition for P+ L, where self-consistency &3{ separating? from £ o
is approached requires advanced potentials.

A. Construction of a multiply connected de Sitter space

t
V=(r§—r2)l’zsinhr—0,

X=r sin 6 cos ¢, (63
1 1 Y=r sin 6 sin ¢
+ ry — 1
G (T'T)_Bﬂ'zré T—7' —ie
1—coshT Z=r cosd,
1 where —oo<t<o, 0sr<rg, 0<f<m, and O<¢$<27. In
+ el B (59 these coordinates the de Sitter metric is written as
1+coshr— 2 2y —1
0 r r
dSzZ—(l——z dt?+ 1——2) dr?
o o
Inserting this into Eq(17) we get
+r2(d6?+sin 6?d¢?). (64)
d_}-_ To AE (60) We divide de Sitter spaceS into four regions
dT B 2 e”rOAE— 1 '
R={pedgW>|V|}, (65

which represents a thermal spectrum with a temperature
equal to twice the Gibbons-Hawking temperature. Therefore — dSw< — v 66
a particle detector moving along such a geodesic in this time- £={p<d9 Mi (66)
nonorientable spacetime perceives thermal radiation with
temperaturel = 2T . F={pedSV>|W|}, (67)
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P={pedgV<—|W|}, (68

which are separated by horizons whape=+V and X2

+Y?+2Z2%=r2. (See Fig. 4.t is obvious that the static co-

ordinates defined by E@63) only cover regioriR. However,

similar to the Rindler coordinates, these static coordinates
can be extended to regigh by the complex transformation

T
t—l—i=rg, r—t, 60— 0, (69

5 6— 9,

where —»<| <% andt>2r,. In regionF, with the coordi-
nates (,!,6, ), the de Sitter metric can be written as

T2 (1
d52=—(—2—1 dt 2"!‘ —2_1)d|2
o I'o
+1 2(d6?+sirfad ¢?). (70)
Transforming the coordinateto the proper timer by
~ T
t=ro cosh—, (77)
0

the de Sitter metric irfF is written as
T T

dsz=—d7-2+sinhzr—dlz+rg cosh’-r—(d62+sinz 6d¢?).
0 0

(72

(See Fig. 4. The coordinates #,6,¢) are related to
(V,W,X,Y,Z) by

T I
V=rg sinh—cosh—,
I'o Io

I

. T .
W=rg sinh—sinh—,
f'o To

r
X=rg coshr—sin 6 cos ¢, (73
0

T . .
Y=r, coshr—sm 0 sin ¢,
0

r
Z=r, coshr—cos 0.
0

The universe with metri¢72) is a type of Kantowski-Sachs

universe[164]. Any hypersurface of-=const has topology

PHYSICAL REVIEW D 58 023501

Another coordinate system which will be used in this pa-
per is the steady-state coordinate systenx,y,z), defined

by

W+V
T=rgIn ,
I'o

roX

X: —_—
W+V’
(74)

_ IoY
Y=Wrv:

roZ
W4V

z

These coordinates cover regios+ F and the horizon at
W=V>0. With these steady-state coordinates, the de Sitter
metric can be written in the steady-state form

ds?=—dr?+e?""o(dx?+dy?*+d 7). (75)
Introducing the conformal time
_ o r
=T 0=y (76)
and spherical coordinates p,@,¢) defined by x

=p sinfcos¢, y=p sin dsin ¢, andz=p cos¥é, the de Sit-
ter metric can be written as

2
dsz=r_—‘;[—d;2+dp2+ p2(d6%+sir? ad¢pd)]. (77)
7

The de Sitter metric is invariant under the action of the de
Sitter group. Because the boost group in de Sitter space is a
sub-group of the de Sitter group, the de Sitter metric is also
invariant under the action of the boost group. A boost trans-
formation in the ¥,W) plane in the embedding five-
dimensional Minkowski space induces a boost transforma-
tion in the de Sitter space. Under such a transformation,
point  (V,W,X,Y,Z) is taken to ¥ coshb
+Wsinhb,W coshb+V sinhb,X)Y,Z). In static coordinates
in R, point (t,r,0,¢) is taken to {(+B,r,0,¢) where 8
=br,. In coordinates (,1,6,¢) in F, point (t,1,6,4) is
taken to €,| + 3, 6, ¢). Similar to Misner space, our multiply
connected de Sitter space is constructed by identifying points
(V,W,X,Y,Z2) with (V coshnb+W sinhnbW coshnb
+VsinhnbX,Y,Z) on de Sitter spacalS. In regions R,
points {,r,0,¢) are identified with {+ng,r,0,¢); in re-
gion 7, points {,1,6,¢) are identified with €I +n3,6, $).

We denote the multiply connected de Sitter space so ob-
tained byd B, whereB denotes the boost group. Under the
identification generated by the boost transformation, clearly
dS/B has CTCs in region® and ., but has no closed causal

R!x S? and has four killing vectors. Similarly, the static co- curves in regions” and P. The boundaries atV= =V and

ordinates can also be extendedRand L.

X?+Y2+472=r2 are the Cauchy horizons which separate the
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causal regionsF and P from the acausal regiorR and £ f 21121

and are generated by closed null geodeéidg. 4). =t
Similar to the case of Misner spaa#y/B is not a mani- 1-t coséirg

fold at the two-sphere defined bW=V=0 and X2+ Y?

+Z7%= rg. However, as in Hawking and Ellis’s arguments for I= |_

Misner spac¢40], the quotient of the bundle of linear frames o'

over de Sitter space by the boost group is a Hausdorff mani-

fold and thus is well-behaved everywhere. It may not be a T sin 6 cos ¢/r

serious problem in physics thd& B is not a manifold at the
two-sphere mentioned above since this is a set of measure
zero.

1-t cosblry

T sin 6 sin ¢/rg
=——,
B. Conformal relation between our multiply connected 1-t cosbirg

de Sitter space and Misner space
and

It is well known that de Sitter space is conformally flat.
The de Sitter metric is reI.ated to the Minkowski metric by 02=r3(1-T cos bIry)2 (82)
the conformal transformation

(81)

Equation(81) and Eq.(82) give alocally conformal map in
Jab=%7ap - (78)  the sense that itF in de Sitter space, the map given by Eq.
(81) and Eq.(82) with a “+" sign only coversfy< 6<r,
It is easy to show this relation by writing the steady-state dewheref,= Arccos(,/t); the map given by Eq81) and Eq.
Sitter metric using conformal timgsee Eq(77)]. However, (82) with a “—" sign only covers 0<6<6,. (Remember
in this paper it is more convenient to show this conformalthat in F in Rindler space we havg>0.) This conformal
relation by writing the de Sitter metric in the static form and map is singular ab= 6,. However, since the hypersurfaces

the Minkowski metric in the Rindler form, and USing the T: const and;]: const are homogeneOUS, in a neighborhood

transformatior{ 165] of any point in region F, we can always adjust coordinates
(8,4) so that Eq.(81) and Eq.(82) hold, except for the
t points lying in region O defined b§73>1+y2+ z? (i.e;t2
s —x?—y2—7?=1) in F; because ag—> we have 7?/

(1+y?+7%)—1. This means that there always exists a
locally conformal map betweetF and F-O(defined byt?

V1-r2/r} —x2—y?—7?<1 in F), and future infinity €— ) in F cor-
~1-r cosiry’ responds to the hyperboig?=1+y2?+2? (i.e. t?*—x?—y?
—-7z°=1) inF.
With the above conformal transformation, Misner space is
r sin 6 cos ¢/ry naturally transformed to the multiply connected de Sitter
Y= cosOlry spaced §B with
ﬁ: bro . (83)
7= M, (79 For a conformally coupled scalar field in a conformally
1-r cosbirg flat spacetime, the Green functi@(X,X") of the conformal
). vacuum is related to the corresponding Green function
then the conformal factof) is G(X,X’) in the flat spacetime bjL53]
nN_0-1 ~ ’ —1/yr
QZng(l_r COSG/rO)Z. (80) G(X,X )_Q (X)G(Xlx )Q (X )r (84)

the renormalized energy-momentum tensors are related by
The conformal relations given by EGr9) and Eq.(80) de-  [153]

fine aconformal mapbetween the static de Sitter space and

the Rindler space. The horizonratr in the static de Sitter b —4~b

space coordinates corresponds to the horgze® in Rindler (Ta)ren= Q" (T )rent 1672
space, and the world line=0 in de Sitter space corresponds

to the world line withé=1 andy=2z=0 in Rindler space.

This conformal relation can also be extended to regtom

de Sitter space and region F in Minkowski space, where we
have where

1
x| g2 MHL+2a; OHPL|, (85)
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L 1, A de Sitter space withry given by Eq.(92) automatically
MH4p=2V,VpR—20,,V°V R~ >R°Gapt 2RRap, satisfies the semiclassical Einstein’s equatit®®. Such a
(86) de Sitter space and its corresponding vacuum are thus self-
consistent.

2 1 1
®Hp=RyRep— §RRab— = ReaR%%g,p+ ZRzgab’

2 C. Renormalized energy-momentum tensor

(87 in multiply connected de Sitter space

From Eqg. (88) we find that if we know the energy-

and for a scalar field, = 135 andaz= — 555 [153]. [The sign S
before 1/16:2 is positive here because we are using Signa_momentum tensor of a conformally coupled scalar field in

wre (-, ++)] For de Siter space we havBu ot T S oG conformal vacuum
=AQap, R=4A, and thus MH =0, ®H, ,=3A%g,, P g

" . i the multiply connected de Sitter space.
=(3/ro)gap- Inserting them into Eq(85), we have Two fundamental vacuums in Minkowski space are the
Minkowski vacuum and the Rindler vacuur53,164. The
(88)  energy-momentum tensor of the conformally coupled scalar
field in the adapted Minkowski vacuum in Misner space has

. ; been worked out by Hiscock and KonkowgRi]; their re-
Since the renormalized energy-momentum tensor for

Minkowski space in the Minkowski vacuum is zero, we havesUItS are given by E¢27). Insertmg Eq.(27) into Eq. (88),

b ~__and using Eqs(79)—(83), we obtain the energy-momentum
(Ta)ren=0, and thus for a conformally coupled scalar field tgngor of a conformally coupled scalar field in the adapted
in the conformal Minkowski vacuum in a simply connected conformal Minkowski vacuum in our multiply connected de

= 1
<Tab>ren: Q 4< Tab>ren_ Wzrg 5ab .

de Sitter spacelS Sitter spacel §B. In static coordinatest(r, 8, ¢), it is writ-
1 ten as
(Tab)ren= — Wzrégabv (89) / -3 00 0
which is just the expected reslitee Eq.(49)]. (Th _ A 0 100
If we insert the energy-momentum tensor in E&P) into p/CMyren 1272 8(1—r2r2)2l 0 0 1 0
the semiclassical Einstein’s equations
0 0 0 1
Gab+Agab:87T<Tab>rena (90) 1 ”
f o 960772 4%u (93)
and recall that for de Sitter space we haG,=R,p Mo
—iRG.p= —(3/r§)gab, we find that the semiclassical Ein- where
stein’s equations are satisfied if and only if
3 ng
__2+W:O' (92) o= 2+cosh§
o o A= nZl 2 (94)
If A=0, the solutions to Eq(91) arer,=(3607) *? and (COSha_l)

ro=c0 [89]. Gott[89] has called the vacuum state in de Sitter

space withr o= (360m) ~** the self-consistent vacuum state This result is defined in regioR, but it can be extended to

(it has a Gibbons-Hawking thermal temperatui.y  regionF through the transformation in E669), and can also
=1/2mr,) [100]. In this self-consistent cas€Tap)en=  be extended to regiod and P through similar transforma-
—0ap/9607°r{ itself is the source term producing the de tions. Similar to Misner space, this energy-momentum tensor
Sitter geometry{89]. This may give rise to inflation at the diverges at the Cauchy horizonms:r, for any finite 3; and
Planck scalg89]. (In a recent paper of Panagiotakopoulosthe divergence is coordinate independent since
and Tetradig167], inflation at the Planck scale has been<T#V>CM’ren<TW>CM’ren also diverges there. Though the con-
suggested to lead to homogeneous initial conditions for @rmal Minkowski vacuum is a good vacuum for simply con-
second stage inflation at the GUT scalEhe second solution nected de Sitter spa¢#58,159, it (in the adapted versigiis
ro=cc corresponds to Minkowski space. These perhaps sumhot self-consistent for the multiply connected de Sitter space

ply a possible reason that the effective cosmological constag{g/B. (That is, it does not solve the semiclassical Einstein’s
is either of order unity in Planck units or exactly zero. That isequations.

interesting because we observgy=0 today and a high ¢ In the case of an eternal Schwarzschild black hole, there
is needed for inflation. I\ #0, we find that the solutions to are the Boulware vacuurfil68] and the Hartle-Hawking
Eq. (92 are vacuum[169]. The globally defined Hartle-Hawking vacuum
bears essentially the same relationship to the Boulware
rzzi(l+ /1_L> 92) vacuum as the Minkowski vacuum does to the Rindler
O 2A\ 7T 2707/ vacuum [170]. For the Boulware vacuum, the energy-
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momentum tensor diverges at the event horizon of thegyise both(T ) crren aNd (T#")cr red T u) crren diverge as
SChWarZSCh”d b|aCk hOle, Wh|Ch means tha.t th|S Statmts the Cauchy horizon is approached_ For the C,ESGZWI‘O,

a good vacuum for the Schwarzschild black hole becausgne energy-momentum tensor is

when one inserts this energy-momentum tensor back into
Einstein’s equations, the back-reaction will seriously alter

the Schwarzschild geometry near the event horizon. For the
Hartle-Hawking vacuum, however, the energy-momentum

tensor is finite everywhere and a static observer outside the

horizon sees Hawking radiatigd71]. People usually regard

the Hartle-Hawking vacuum as the reasonable vacuum statghich is the same as the energy-momentum tensor for the
for an eternal Schwarzschild black hole because, when itonformal Minkowski vacuum in the simply connected de
energy-momentum tensor is fed back into Einstein’s equaSIttér space. _ _ _
tions, the Schwarzschild geometry is only altered slightly '€ Euclidean section of our multiply connected de Sitter
[172]. Therefore, in the case of Misner space, Li and GottSPace IS a four-sphe embedded in a five dimensional flat
[30] have tried to find a vacuum which is also self-consistenEuclidean space with those points related by an azimuthal
and found that the adapted Rindler vacuum is such a vacuuftation with angles/r, being identified. There are conical

if b=27. singularities unles3/ry=27. This may be regarded as a

Here we also try to find a self-consistent vacuum for ourdeometrical explanation of the self-consistent condition in
multiply connected de Sitter space. Let us consider th&d- (,96,)- ) )
adapted conformal Rindler vacuum @S/B. The energy- S|m|lquy, our mu_ltlply_connecteq de S_ltter space solv_es
momentum tensor of a conformally coupled scalar field inthe semiclassical Einstein's equations with a c_osmologlcal
the adapted Rindler vacuum in Misner space is given by E¢COnstantA and the energy-momentum tensor in &87)
(32). Inserting Eq.(32) into Eq. (88) and using Eqs(79—- (@nd_thus it is self-consistent if rg=(3/2A)[1
(83), we obtain the energy-momentum tensor for the adapted V1—(A/270m)] (if A=0, we have the two solutions
conformal Rindler vacuum of a conformally coupled scalarr 3= 1/360r andr,= [89)).
field in our multiply connected de Sitter space

1
<Tab>CR,ren: - Wzrggaba (97)

1 D. Particle detectors in the multiply connected de Sitter space

T = . . . .
(Tu)cr e 1440m2r §(1—r2/r)? It is well known that in the simply connected de Sitter
space, an inertial particle detector perceives thermal radiation

-3 000 with the Gibbons-Hawking temperaturgqg. (56)] if the con-
2o\ 0O 1 00 formally coupled scalar field is in the conformal Minkowski
X[( B ) —l} 0 0 1 0 vacuum[100,153. Now we want to find what a particle
detector perceives in the adapted conformal Rindler vacuum
0 0 0 1 in our multiply connected de Sitter space.

The response function of the particle detector is still given

_ 1 287, (95) by Eg. (17). The Wightman function is obtained from the

960mrg * corresponding Hadamard function by E@O). The Had-

) _ . ) amard function for the conformally coupled scalar field in
where the coordinate system is the static coordinate systefiiply connected de Sitter space is related to that in Misner
(t,r,0,). Similarly, this result can also be analytically ex- space via Eq(84) [with G(X,X") replaced bycM(X,X")].
tended to the whold &/B, though the static coordinates only The Hadamard function for the adapted Rindler vacuum in
cover regionR. We find that, if Misner space is given by Ed31). Inserting Eq.(31) [as

B=2mr,, (96) G into Eq. (84) and using Eqs(79)—(83), we obtain the
Hadamard function for the adapted conformal Rindler
this energy-momentum tensor is regular on the whole spaceacuum of the conformally coupled scalar field in our mul-
[Equation(96) corresponds tdb=27 via Eq. (83).] Other- tiply connected de Sitter space

Sax x-S ! , (©8)
27°0=== sinh y\(L—r%r2)(1—1'%rd) [—(t—t' +nB)2+r2y?]
whereX=(t,r,0,¢), X'=(t',r',0',¢"'), andy is written in (t,r,0,¢) as
1 I rr’ o o ,
coshy= 1——[cos@ cosd’ +sin@sinbd’ cofp—¢')];. (99

Ja—ragya—rang| 1
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The Wightman function is obtained from E¢P8) via Eq.
(50). The Hadamard function given by E§98) and the "
Wightman function obtained from that are defined in region 1 1

(1) "= _

‘R in the multiply connected de Sitter space, but they can be Ger(r )= 272(1—r2/r2)n . (t—t' +np)?
analytically extended to regioft via the transformation in 0
Eq. (69). However, it should be noted that as we make the 1~ 1
continuation fromR to 7, \(1—r?/r§)(1—r'%rf) should =—— ,

= = 2 2 — _» o _r2742\2
be continued to be- (T 2rZ—1)(T'%r2—1) instead of T (rm ' npN1-rrg)
++(A 2/r2-1)@'2r2-1). This is because if we take (100

J1-7%=iZ%?—1, we should also takg1—z?=i\z'?—1 ——7 . . .
(instead of—iz’?—1) (z andz’ should be continued along where7=t1-rr |s'the proper time of .the part.|c|e de-
the same path thus tector. The corresponding Wightman function obtained from

Eq. (50) is
1 - 1
(T2 2= D(INZZ D) Gerrr )= S ,
=— \/(22_1)(2'2'—1) o 4m*nZ (r— 7-’+n,8\/1—r2/rg—ie)2

(101

wheree is an infinitesimal positive real number. Inserting it

Using similar transformations, the results can also be contininto Eq. (17), obviously the integration ovek7=7—17' is
ued to regionsP and £ (we do not write them out because zero since all poles of the integrand are in the upper-half
we do not use them here plane of complexA 7 while the integration contour is closed

We consider particle detectors moving along three kindsn the lower-half plane. Therefore the response function
of world lines in our multiply connected de Sitter space: F(AE) is zero and no particles are detected. All of these

(1) A particle detector moving along a world line with world lines are accelerated, except for the one=a0.
r,0,¢=constants irR. In such a case, on the world line of  (2) A particle detector moving along a geodesic with
the particle detectory is zero and the Hadamard function is |, 8, ¢ =const in regionF. In this region the Hadamard func-

reduced to tion is
1 = ¥
GRXX)==>= > , (102
270 ~\/~2 2 aNT12.2 TERT 2, . 2~2
sinfiy V(t “/rg—L1)(t"“/rg—1) [—(—=1"+nB) +rgy<]
where’y is given by
5 1 Tt
coshy= — = -1+ —2[c036 cosf' +sinfsinf’ cofdp—ad')];. (103
VE 22— 1) 22— 1) r5

[Equation(102) and Eq.(103 are obtained from Eq98) and Eq.(99) via the transformation in Eq69) respectively} On the
world line of the particle detector, the Hadamard function is reduced to

. 1 & y
GE(t1)=

(104

oz = - :
2 n=—c sinh"if\/(t 2/r3—1)(1"2/r3—1) (—n2B%+r3%?)
and coshy is reduced to

Tt/ri-1

coshy=

(105

VE 22— 1) 21r2-1)
Using the proper time- defined by Eq(71), on the world line of the particle detector cogtand G(Clg can be written as
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cosh I +coshA7—2

coshy= cosh I —coshAr (108
and
GEA(T.A7)= i > 2 = Y , (107)
T n=== sinh¥(cosh I —coshA 7)(n%b%—732)

where >0, 7'>0, Ar=(7—17")/ro, T=(7+17")/2ry, and b= B/r,. The Wightman function is equal to one half of the
Hadamard function witi\ 7 replaced byA 7—ie [Eq. (50)]. Thus the response function is

[

FAE)= 2 Fo(AE), (108
n=—wx
where
1 © © A A 7'),
]—'n(AE)z—zf de dA7e 1ABrAT — R (109
27 Jo —o sinhy (cosh Z—coshA7)(n*b*=»%)[, . .
|
Now we consider the poles in the complax plane of the - cosh I+ coshAr—2
integrand.in the integral of ,(AE). The poles are given by y=arccosh cosh T —coshA 7
the equation
- . A7
y==*nb. (110 sinh T+ smh7
=n——
(It is easy to check that cosii 2 coshA7 does not give any inhT—si hA—T
poles) From Eq.(110 and Eq.(106), we have(we neglect sin sinh>
the termie, and at the end of the calculation we return it A ; A )
back to the expressions Sinh T+ sint ZTncoszHcosl zTnSirE
cosh Z +coshAr—2=coshnb (cosh Z—coshA7). =In
111 sinh T—sinhﬂco o —icoshAjsing
2 %% 2 o
Solutions to Eq(111) are
Z;
Ar=Ar,ti2mr=A7,n, (112 E|nz—2, (114

where where we have used arccashin(z+z?—1). The real

(coshnb—1)cosh X +2 components of; andz, are respectively
A7,==* Arccosh

coshnb+1

) A
nb R(z1)=sinh T+ sthCO%, (115
== 2Arcsin)‘( sinh T tanh? , (113
. AT, 0
where Arccosh is the principal value of arccoghand here m(zz)zs'”hT_S'”thoi- (116

it is real (similarly for Arcsintz). We need to check if all

A,y are roots of Eq(110, because the number of roots By Eq. (113, we find that9i(z;) and $:i(z,) are always
might increase as we go from EL10 to Eq.(111). [For  positive for any reab. This means that as r goes fromA ,,
example, for any integen, X,= =2+im solves the equa- to Ar,+i2mm, the argumentsthe argument of a complex
tion cosh(&)=cosh 4; but, only,= +2 solves the equation numberz=|z|e'* is a) of z; andz, do not change, neither
2x=4.] A, is obviously a root of Eq(110. The question does the argument of; /z,. The value ofy remains in the
is: asA 7 goes fromA 7, to A7, +i2mr, does Eq(106) give  same branch of Inas 6 varies. Thus, for allA7,,=A7,
the samey which is a real valug +nb; see Eq.(110]?  +i2ma, we havéy=xtnb and Eq.(110) is satisfied. There-
(Remember that arccoshs a multi-valued complex func- fore all A7, in Eq. (112 are poles.

tion.) To answer this question, l&7=A7,+i6 (wheref is The residues of the integrand in E409 at polesA 7,
real). Then from Eq.(106 we have are (herei € is returned to the expressions

023501-25



J. RICHARD GOTT IIl AND LI-XIN LI

: . iETo 2mmAE
ResAr=i2mm+ie, n=0)=me mmaElo (117
ResAr=Ar,+i2mm+ie, n#0)
1 eZmﬂ-AErofiAErOArn
(118

~ " 4x2 (coshnb+1)sinh A7,

Then by the residue theorefthe contour for the integral is
closed in the lower-half plane of compléxr) we have

dFo o AE 119
dT 27 g278Erg_q ' (119
and
dfnq&o_ Sin(AEr0|ATn|)
dT  @(coshnb+1)sinhA 7|
1

The sinQErgAr,|) factor in Eq.(120) indicates that then
#0 terms’ contribution can be both positivabsorption by
the detectorand negativéemission from the detectprWe
see that the contribution of the=0 term is just the Hawking

PHYSICAL REVIEW D 58 023501

zero. Thus, at events far from the Cauchy horizorFirthe
particle detector perceives pure Hawking radiation given by
then=0 term. AsT—0 (near the Cauchy horizgrwe have

dF, Ar, AE
&0 dT _EeZWrOAE_l'

(123

This is a “gray-body” Hawking radiation withA=1.5%.
Near the Cauchy horizon the total radiation is the sum of a
pure Hawking radiation(given by then=0 term and a
“gray-body” Hawking radiation(given by alln#+0 terms.
The total intensity of the radiation near the Cauchy horizon
is a factor of=101.5% that of regular Hawking radiation,
but its spectrum is the same as the usual Hawking radiation.
(3) A particle detector moving along a co-moving world
line in the steady-state coordinate systepuppose the de-
tector moves along the geodegict, ¢p=constants(such a
world line is a timelike geodesic passing throughand into
F) wherep=(x?+y?+2z?)2 and the proper time- are re-
lated to the static radius by

TIrg

r=—ropl n=pe (124

The Cauchy horizon is at=r, or p:—;:roe””O. On
the world line of the detector the Hadamard function is

radiation with the Gibbons-Hawking temperaturBs G(ClI%(T'AT): _— Y
=1/27r in the simply connected de Sitter space. The con- 27Ty 2LsinhA—T
tribution of then+ 0 terms is a kind of “gray-body” Hawk- 2
ing radiation: the temperature 15, but its density or flux "
decreases as the universe expandsr{| increases as the > 1 12
universe expandsThe sum of alin#0 contributions is e t—t’ b 2, (129
¥y'—|——+n
s OhH_1 1 fo
&0 dT 72 g2moAE_1q where Ar=(7—7)Iry, T=(r+7')2ry, L=pe'lr,
=r(T)/rq, v is given by
SiIN(AErg|AT,
n( 0| : n|) . (121) 1—|_2
#70 (coshnb+1)sinfA 7| _
coshy= , (126
, J1+L%-2L? coshA~
In the case ofb=2# (the self-consistent cagewe have
coshnb=exp(n|b)/2>1 (n#0) and thusA7,=+2T. Then  andt—t’ is related toT andAr by
dr, 1 A t—t’ coshAr—L2
> cosh (127

“ dT zﬂezwroAE_l

SiN(2AEryT)

sinh2r '’ (122

where A=4%7_,(cosh 7w+1) 1=0.015. AsT—o, the

ro  J1+L?—2L2 coshAr

By analytical continuation, Eqs(125—(127) hold in the
whole region covered by the steady-state coordinates in de
Sitter space. The Wightman functi@?® is equal to one half
of G® with A replaced byAr—ie [Eq. (50)]. The re-

contribution of alln#0 terms decreases exponentially to sponse function iSF(AE)=2X,___F,(AE) where

1(= (= _
fn(AE)zmﬁ deﬁ dA 7e 'AFM0AT

Y

2L5|nh7

> (128

AT

2 t—t’
ye— +nb
)

Ar—A7r—ie
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The poles of the integrand in the complax- plane are
given by
t—t’
——+nb==*vy.
I'o

This together with Eq(126) and Eq.(127) leads to

(129

(coshA 7—L?)coshnb+sinh A7 sinhnb=1—L2.

(130
The roots of Eq(130) are
Ar=Ar, +i2mmr=Ar,., (131
where
A7r=In(1+2u?+2u\1+ u?) —nb, (132

where u=sinh(/2). By carefully checkingA .., in Eq.
(131), as we did in cas€2), we find that:(1) For L<1 (or
pe'<r,, i.e., in regionR), only Ar,,=A7, solve Eq.
(129); (2) for L>1 (or pe'>r,, i.e., in regionF), only

PHYSICAL REVIEW [38 023501

A7 =A7!+i2mx solve Eq.(129. (Here it is assumed
that b>In2 and the self-consistent case with-27 obvi-
ously satisfies this conditionAll other A 7's in Eq.(131) are
not roots of Eq.(129), though they solve Eq130). There-
fore the poles aréwherei € is returned

Aty +ie, in R;
A=

133
AT:+i2m7T+i6, in F. (133

Obviously in regiorR all poles are in the upper-half plane of
complexA 7. Therefore

OI}-—0 13
dT — Y, ( 4)
when the particle detector is in regidR. So the particle
detector sees nothing while it is in regiG&

In region F, only the poles withm<0 are in the lower-
half plane of complexA 7. The residues of the integrand at
polesA,  +ie are

irAE

Res{Ar=i2mﬂ-+ i €, n=0)= TﬂrezvaEro, (135)
ay(1+L4—2L2 COShAT:)ezmwAErO—iAErOATrT
, (136

R63A7=AT;+i2m7T+iE, n+0)=

b Aty 5 Aty ) .
167 Lsth —a;L(L —1)cosh2—+(a2+nb)(L coshAr, —1)

where a;=arccosh(L?—1)/{/1+L*—2L? coshAr. ] and a,=arccosh(L2—coshA7')/\1+L*—2L? coshA7, ]. By the
residue theorem, we have thaf,/d T has the same value as that in E§j19), which represents Hawking radiation with the
Gibbons-Hawking temperature; the contribution ofra# 0 terms(note thatA 7. = — A7’ ) is

d 1 “ SINAEr,A7))

a1(1+L*—2L2 coshA 7))

R f —
dTn#O n 47T2(e277r0AE_1)n=l +

which represents a “gray-body” Hawking radiation. As

—o (or L—o), (d/dT)Z,.0F, exponentially drops to

zero; therefore, at events far from the Cauchy horizotfin

AT, A, N
Lsth alL(Lz—l)coshz——(aer nb)(L? coshA 7 —1)

(137)

—+ L]

these regions. This gives rise to an arrow of increasing en-
tropy, from a cold region to a hot regidfrig. 5).

the particle detector only perceives pure Hawking radiation E. Classical stability of the Cauchy horizon and the arrow

[the same as that in cas@)]. As L—1 (approaching the

Cauchy horizojy we also have d/dT)%,.oF,—0. Thus

of time

In classical electromagnetic theory, it is well known that

near the Cauchy horizon, on the regignside, the particle poth the retarded potentiah,e, and the advanced potential
deFector comoving in the ;tgady—gtate 'coordlnate system Pef.,, (and any part-retarded-and-part-advanced potential
ceives pure Hawking radiation with Gibbons-Hawking tem-a¢ .+ b,y with a+b=1) are solutions of Maxwell's

perature.

equations. But from our experience, we know that all the

From the above discussion, we find that in our multiply electromagnetic perturbations we see are propagated only by
connected de Sitter space with the adapted Rindler vacuurthe retarded potential. (For example, if at some time and

regionR is cold(where the temperature is zetuut regionF
is hot(where the temperature &_). Similarly, region. is

some place, a light signal is emitted, it can only be received
by a receiver at another place sometilzier.) This indicates

cold butP is hot, the above results can be easily extended tthat there is ararrow of timein the solutions of Maxwell's
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where square brackets denote antisymmetrizdtd®@]. The
Weyl tensor describes the part of the curvature that is due to
pure gravitational field, whereas the Ricci tensor describes
the part that, according to Einstein’s equations, is directly
due to the energy-momentum tensor of maf&9]. There-
fore, in some sense, the valuesTof and T,,T2° determine

the influence of matter fields on the stability of the back-
ground spacetime. An infinit€.? or T, T2 implies that the
spacetime is unstable against this perturbation and a singu-
L larity may form; on the other hand, 2 and T,pT2P are

(a) (b) finite, the spacetime may be stable against this perturbation.

FIG. 5. With our adapted conformal Rindler vacuum, our mul- Self-consistent solutions §h0u|d requ!re m-%a[ and TabTab
tiply connected de Sitter space is c@Wdith zero temperatujen R do nOt bIOW_ up. ;f they dld;bthe starting geometry—on the
and £, but hot (with the Gibbons-Hawking temperaturia F and ~ Pasis of whichT," and T,,T* were calculated—would be
P. The arrows indicate the direction of increasing entropy. greatly perturbed and th€,® and T,,T*" calculation itself

would be invalid, and thus it would not be a self-consistent
equations, though Maxwell’s equations themselves are timesolution. For electromagnetic fields we always hayg=0,
symmetric. This arrow of time is sometimes called the elecso we need only considdr,,T?°. For T, in Eq. (138), we
tromagnetic arrow of time, or the causal arrow of time. Howalso have
this arrow of time arises is a mystery. Many people have b
tried to solve this problem by attributing it to a boundary T T4,=0. (147
condition of the Univers§60,173—17% (for review of the
arrows of time, se§176,171). In this subsection we argue
that the principle of self-consistenchl78,179 naturally
gives rise to an arrow of time in our multiply connected de
Sitter space.

First let us consider the arrow of time in Misner space.
Suppose at an event E in region F in Misner sgdgeboost
and translation, assume we have moved Ettetf,, x=0,
y=0,2z=0)], aspherical pulse of electromagnetic wave is yherek? is the null vector tangent to the light coheat p,
created. If the potential is retarddtiere “retarded” and
“advanced” are defined relative to the direction off §t)?2
(t is the time coordinate in the global Cartesian coordinate
of the covering space—Minkowski spagethe pulse will
propagate in the future direction as a light cone originating
from E. At any point on the light cone, the energy-
momentum tensor of the wave is

Thus significant perturbatioriindicated by a non-vanishing
TaT2P) can only occur when the light cone “collides” with
its images under the boost transformation. At any ppion
the intersection of the light conke and itsnth imagelL,
(supposen>0), the energy-momentum tensor is

TaP= 1 k3P + ukk®, (142

k2 is the null vector tangent to the light cone, at p; u
[neasures the energy density in light cdnéx measures the
energy density in light conk,. From Eq.(142 we have

T Tap=[2p (k%) ], (143

the indexp denotes that the quantity is evaluated at the point
ab__ al b .
T= wkie, (139 P Since the poinp onL,, is obtained from some poipt’ on
where u=pu(t) is a scalar function and?®=k°(a/9t)2 L by boost transformationp and p’ must have the same
+k(al9x)2+k?(al ay) 2+ k3(a/ 9z)® is a null vector tangent timelike separation from the origint€0, x=0, y=0, z
to the light cone, and the energy density measured by ar0) (remember thap is on the intersection of andL,;
observer with four-velocity vectord(Jt)® (whose ordinary  see Fig. 6a If we take thek? atp being transported from the

three-velocity is zerpis k'®atp’, we havei, . L, = Mp <L - Because the light corle
g\2/ g\b is spherically symmetric, we havg,=t,,. Therefore we
P:Tab(ﬁ) (E) = (k%2 (139 haveu eL=Mpel and atp we haveuw = u. Under the boost
transformatiorB, we have

(Thus u measures the energy density of the electromagnetic
wave) By Einstein’s equations, the back-reactionTgf, on

R andR,,R3" (whereR,,, is the Ricci tensor an®=R2 is 0
the Ricci scalar curvatuygs SR~T2, (RypR®?) ~ T o5 T2P. =k
The Riemann tensor can be decompose®Ras.s= Cabed

(k*)p=B[(k'*)p]

d\2 a\2
coshnb (ﬁ +sinhnb (5) }

+ Qaped, WhereC,p.qis the Weyl tensor an@ .4 iS con- 1 AR a\®
structed entirely from the Ricci tensor +k'7 coshnb | —=] +sinhnb | —
1 a a\2
Qabcd™ YajcRdjb— Ib[cRaja— §Rga[cgd]bi (140 +k'? ay + k's(ﬁ) , (144
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(k%Ka)p= (k%)% — (1+cog #)coshnb
+2 cos @ sinhnb+sir? 6], (147
and
T2T 5= 2p2(t,)[ — (1+cos @)coshnb
+2 cos @ sinhnb-+sir? 6]2. (149
It is easy to find thal2"T,, reaches a maximum &= 0 and
(T2 T ap) max=8p%(tp)e "™, (149

wherep(t,) is the energy density frorh as measured in a
frame at eventp with ordinary velocity vy=v,=v,=0.
(T2 T ) max IS always finite[less than $2(tp)] sincen is
positive. Ifn<0 we have T2°T ,p) max=8p(t)e?"°<8p(t,).
So if we have a retarded potential in region F, even consid-
ering the infinite number of image¥,, T2 is always finite.

If the potential is advanced however, the pulse wave will

FIG. 6. Self-consistency near the Cauchy horizons in a Spac%ropagate backward in the past direction as a ||ght cone

time with CTCs naturally gives rise to an arrow of time. Grey thick griginating from E. And, within a finite time, it will hit the

lines represent light cones of electromagnetic waves or photon@;auchy horizon. By an analysis similar to the above argu-
emitted from event E@) This diagram shows that ift the retarded ments. we find that in this case

potential is self-consistent. The “collision” of an electromagnetic

wave with its images cannot destroy the Cauchy horizon, since the TabTab: 2p2(t )[(1+co§ #)coshnb
proper time from the “collision”(eventp) to the origin is always P
bigger than the proper time from E to the origin. Likewise the +2 cos# sinhnb—sir? 612, (150

advanced potential in regioR would not destroy the Cauchy hori-

zon. (b) This diagram shows that a retarded potentiaRirand an ~ which reaches a maximum a0 and

advanced potential il (or vice versa are self-consistent. But the

potentials inR and £ cannot be both retarded or both advanced, (TabTab)maX= 8p2(tp)ezln|b. (151
otherwise the “collision” of two waves fronR and L respectively

will destroy the Cauchy horizor(c) This diagram shows that the Sincep(t,) is finite (the past light cone from E a@=0 hits
advanced potential ifF is not self-consistent, since the collision of the Cauchy horizon in a finite affine distancethus
an electromagnetic wave with its images will destroy the Cauchy(T2PT ;) . asn— +w. Asn— *, L andL, collide at
horizon. (As n— =, the collision evenp approaches the Cauchy the Cauchy horizorfas n— +o the point p(6=0) ap-
horizon) (d) This diagram shows that a part-advanced-and-partproaches the Cauchy horizbn(see Fig. 65 Thus

retarded potential ifR (or £) is also not self-consistent, F8°T,,,
would also diverge as the Cauchy horizon is approached.

where K'®) =K' Ol 9t)2+ K’ H(al 9x) 2+ K' (9l ay)?
+k'3(al9z)2. Due to the spherical symmetry, we hake
=KkC. Define ,6,¢) by x=r cos6, y=r sindcos¢, and
z=r sindsing. Then we haver'=r, 0'=7—0, ¢'=¢
(*’" means “atp’”), and

k'=k® cosd, k?®=k° sin 6 cos ¢,

k3=kO sin 6 sin ¢, (145
and
k't=k’® cos ' =—k° cos #=—k?,
k'?=k’° sin 9’ cos ¢’ =k° sin 6 cos p=k?,
k'3=k'% sin 6’ sin ¢’ =k° sin 0 sin ¢=k>.
(146)
Then

(T3 T ) max diverges as the Cauchy horizon is approached
and the Cauchy horizon may be destroyed. Therefore the
advanced potential isot self-consistent in region F of Mis-
ner space. It is easy to see that any part-retarded-and-part-
advanced potential is alswt self-consistent in F. Thenly
self-consistent potential in region F is thetardedpotential.

Similarly, in region P the only self-consistent potential is
the advancedpotential (see Fig. 6a [Note that here “ad-
vanced” and “retarded” are defined relative to the global
time direction in Minkowski spacetimghe covering spage
An observer in P will regard it as “retarded” relative to his
own time direction]

In region R, by boost and translation, we can always
move the event Ewhere a spherical pulse of electromag-
netic waves is emittedo (t=0, x=Xq, y=0, z=0). Either
pure retarded or pure advanced potentials are self-consistent
in this region because the light cone never “collides” with
the images of itself and thus we always ha#&T,,=0 (see
Fig. 6b. But, for a part-retarded-and-part-advanced poten-
tial, the retarded light conel(") propagates forward while
the advanced light conelL(") propagates backward, both
originating from E. The forward part of the light cone will
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collide with images of the backward part of the light cone wy. In such a case we should analyze it in the center-of-
andvice versasee Fig. 64 We find that at a poinp on the  momentum frame. The four-velocity of the center-of-
intersection ofL ™ andL, (orL~ andL}) momentum frame i®3=y(,k®+ k¥ where y?=—[(,k?

+ k¥ (kat ko)1 t=uvlg?=7?1q®> where p=(t?
—x?)¥2is the proper time separation @f from the origin
(t=0,x=0, y=0, z=0). Therefore the total energy of the
two oppositely directed photons in the center-of-momentum

2T, p=2p(t)p(—1t)[(1+cos 6)coshnb

—2 cosé sinhnb+sir? 612, (152

where p(t) is the energy density fronh* observed in a frame is

frame onL* with time coordinaté and with ordinary veloc-

ity vy=vy=v,=0 andp(—t) is the energy density frorh™ B B a . 1 2t

seen in a frame ol ~ with time coordinate—t and with E=wt == Kva— |k va=? 7‘”0' (154

ordinary velocityv,=v,=v,=0. TaPT,, reaches a maxi-
mum até=, and

(TabTab)max: 8p()p(— t)ezlnlb,

(For all other frames the total energy would be greatér.
the potential is retarded, so photons move in the future di-
rection, all points where photons and their images “collide”

; 2_+2
where t is the global time coordinate in the covering are in the future of the hypersurfa¢é-x*=tg. Therefore

Minkowski space. Asp approaches the Cauchy horizon, We haven=7,=t, and <2w,, so the total energy in the
wheren— *w, p(t) andp(—t) are both finite, since in the center-of-momentum frame is always bounded. But, if the
6= direction the future and past light cones of E both hitPotential is advanced, photons move in the past direction;
the Cauchy horizon in a finite affine distance. Thusthus all points where photons and oppositely directed image
(T2T 1) max—° asp approaches the Cauchy horizemhere photons “collide” are in the past of the hypersurfate
n— ). Therefore in region R both the retarded and the—X*=t5. In particular, the right-movingleft-moving pho-
advanced potential are self-consistent, but the part-retardetPn collides with theo-th (—c-th) image of the left-moving
and-part-advanced potential i@t self-consistent. This con- (right-moving photon at the Cauchy horizon, wherg=0
clusion also holds for region L. Furthermore, there must be @and thus€— . Thus, the Cauchy horizon may be destroyed
correlation between time arrows in region L and region R: ifby these photon pairs. Therefore in agreement with our ear-
we choose the retarded potential in R, we must choose thger argument, the advanced potentiahist self-consistent in
advanced potential in see Fig. 6ly if we choose the ad- region F. Theretardedpotential is self-consistent in region
vanced potential in R, we must choose the retarded potentig, Similarly, theadvancedpotential is self-consistent in re-
in L. Otherwise the collision of light cones from R and light gion P. In region R and region L, both the retarded potential
cones from L will destroy the Cauchy horizon. and the advanced potential are self-consistent, because the
As another treatment for perturbations in Misner spacephotons and their images will not collide with each other and
consider that at an event E in region F two photons are creat any point a photon is passing by we can always find a

(153

ated[181] [we choose E to be at€ty, x=0,y=0, z=0)
as befor¢ One photon runs to the right along thex direc-
tion, the other photon runs to the left along the direction.
They have the same frequenus the same energyThe

frame for whom the frequency of this photonag. And, the
potentials in region R and region L must be correlated in the
following way: If the potential in R is retarded, the potential
in L must be advanced; if the potential in R is advanced, the

tangent vector of the null geodesic of the right-moving pho-potential in L must be retarde@ve would call them “anti-

ton is chosen to bek?=(q/v)(d/du)®=(ald\,)?, where\,

correlated’). Otherwise the photons from L and photons

is an affine parameter of the geodesgicis a constant and from R passing in opposite directions would be measured to
u=t+x, v=t—x. The tangent vector of the null geodesic of have infinite energy in center-of-momentum frames as the
the left-moving photon is chosen to hk?=(g/u)(d/dv)?  Cauchy horizon is approached and this may similarly destroy
=(d/d\|)?, where\, is an affine parameter of that geodesic.the Cauchy horizon. These conclusions are consistent with
The null vectors,k? and k? are invariant under boost trans- those obtained from the analysis of the perturbation of a

formations. At any point where a photon with null wave-

vector k? is passing by, the frequency of the photon mea-

pulse wave discussed above.
Our multiply connected de Sitter space is conformally re-

sured in a frame of reference passing by the same point wittated to Misner space via Eq$78)—(83). Because light

the four-velocityv? is w=—k%,. If v¥=(d/ot)? (i.e., the
frame of reference has ordinary three-veloaity=v,=v,

=0) andk®=k? or k% we havew, = w,=q/2ty;=wy (thus
g measures the frequency of the phgtoft any point where
the nth image of the right-movindleft-moving photon is

cones and chronological relations are conformally invariant
[182] (thus regionsF, P, R, and L in multiply connected de
Sitter space correspond respectively to regions F, P, R, and L
in Misner space under the conformal map, as discussed in
Sec. IX B, Maxwell’'s equations are also conformally invari-

passing by, using the boost transformation we can alway8nt [180,183, so it is easy to generalize the results from
find a frame of reference in which the frequency of the pho-Misner space to our multiply connected de Sitter space. Un-
ton is w,. But at a pointp where the right-movingleft-  der the conformal transformatiogy,— Q?g,p, the energy-
moving photon passes thath image of the left-moving momentum tensor of the electromagnetic field is transformed
(right-moving photon, we cannot find a frame of reference as Tab—>Q"‘Tab [180]. Thus T3°T,, is transformed as
such that the two “colliding” photons both have frequency T2T,,—Q~8TaT,, . From the above discussion Bf"T,,
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in Misner space, we know that®"T,, is zero everywhere tiply connected de Sitter spacetirfas also in Misner spage
except at the intersection of two light cones. Thus, in multi-there is no such diverging mechanism. A light ray propagat-
ply connected de Sitter spac&2°T,, is also zero every- ing in de Sitter space will focus rather than diverge. This can
where except at the intersection of two light cones. At thebe seen from the focusing equatifit83]

intersection of two light cones in multiply connected de Sit-

ter space, it is easy to show that the maximum value of d24 12
TabT,, is at the points withd=0 or =7 on the intersec- dr2 =7
tion. From Eq.(80) and Eq.(82) we find that for6=0 or

6=, Q2 is non-zero except at the points with=0 on the

. _ ~_ 2 .
Cauchy horizoriwherer=r or t=ro). Also becausél”is  yhe affine parameter along the central ray, the null velctor
finite everywhere on the Cauchy horiz@re. it is never in- g ka=(4/\)?, and o is the magnitude of the shear of the

finit.e), we haye that(1) if T2°T,, diverges on the Cauqhy rays. For de Sitter space we haRg,k?kP=Ag,.k?kP=0
horizon in Misner space, the cqrrespondl‘l’@’Tab also di-  and thus we have2.4Y%d\2<0, so the ray will never di-
verges on the Cauchy horizon in our multiply connected dejerge. (In fact this always holds if the spacetime satisfies
Sitter space(2) if T2T,y, is finite in some regiorfexcept at  eijther the weak energy condition or the strong energy condi-
the Cauchy horizonin Misner space, the corresponding tion and it is called the focusing theoreft83].) Hawking
T2T,p, is also finite in the corresponding regionot at the  [20] has given a general proof along the above lines that any
Cauchy horizopin the multiply connected de Sitter space; future chronology horizon is classically unstable unless light
(3) if T2T,y is zero in some regiofnot a single pointin  rays are diverging when they propagate near the chronology
Misner space, the correspondifi§®T,y, is also zero in the horizon. You could cause this instability by shaking an elec-
corresponding region in the multiply connected de Sittertron in the vicinity of the future chronology horizon. The
space. Under the conformal transformat@mg— Q2g,p,, the  retarded wave would then propagate to the future causing the
affine parameter of a null geodesic is transformed asnstability.
A—X:d\/d\=CQ? whereC is a constanf180] and thus However, in Hawking's proof20], if we replace a future
the null vector k¥=(d/9\)® is transformed ask®  chronology horizon with @astchronology horizon, then the
—C 10722, Then y=[—(;k¥+ k)(k,+ k)] ¥?is proof breaks down because, in such a case, a wave packet
transformed ag/— CQy and the total energy of the photon Propagating toward the future near the past chronology hori-
pairs in the center-of-momentum frame is transformed as Z0n will suffer a red-shift instead of a blue-shift. Therefore a
—C 0 ~1¢ and the constar® ! can be absorbed int@,. pastchronology horizon, according to Hawking’'s argument,
Therefore, we can transplant the above results for Misnels classically stable in a world with retarded potentials. If the
space directly to our multiply connected de Sitter space: Universe started with a region of CTCs, but there are no
region F the only self-consistent potential is the retarded CTCs now, that early region of CTCs would be bounded to
potential; in regionP the only self-consistent potential is the the future by a past chronology horizon, and that horizon
advanced potential; in region® and £ both the retarded Would be classically stable in a world with retarded
potential and the advanced potential are self-consistent, bupotentials—which is what we want. In our multiply con-
they must be anti-correlateFig. 6). nected de Sitter space, this is realized, since the arrow of
The Cauchy horizo[ﬁ40] Separating a region with CTCs time in region]—' is in the future direction and the arrow of
from that without closed causal curves is also called a chrotime in region? is in the past directiofihere “future” and
nology horizon[9]. A chronology horizon is called future ~ “past” are defined globally by the direction ofd(d7)?,
chronology horizon if the region with CTCs lies to the future Where 7 is the time coordinate in the global coordinate sys-
of the region without closed causal curves; a chronologyem (7,x,6,¢) of the de Sitter covering spafe” andR can
horizon is called @astchronology horizon if the region with have retarded potentials, whifeé and £ have advanced po-
CTCs is in the past of the region without closed causafentials, as we have noted. In this case the Cauchy horizons
curves. It is generally believed that a future chronology ho-Separating” from R andP from £ are classically stable, as
rizon is classically unstable unless there is some divergingndicated by our detailed study af°T,;, as these Cauchy
effect near the horizof9,30]. The argument says that a wave horizons are approached. What about the Cauchy horizons
packet propagating in the future direction in this spacetimeseparating® from R andF from L? In regionP, the poten-
will pile up on the future chronology horizon and destroy thetials are advanced, so Hawking’s instability does not arise as
horizon due to the effect of the infinite blue-shift of the fre- one approaches the Cauchy horizon separating it fRanm
quency(and thus the energyseen by a timelike observer regionR, the potentials are retarded, so by Hawking’s argu-
near a closed null geodesic on the horiZdi81,9. But if  ment, one might think that there would be an instability as
there is some diverging mechaniglike the diverging effect the Cauchy horizon separatifi¢yfrom P is approached from
of a wormhole in a spacetime with CTCs constructed from ghe R side. But, as we have shown, with retarded potentials
wormhole[7]) near the horizon, the amplitude of the wave in R, T3"T,, does not diverge as the Cauchy horizon sepa-
packet will decrease with time due to this mechanism, andating R from P is approached from th& side, indicating
this may cancel the effect of the blue-shift of the frequencyno instability. Why? Because one can always find frames
making the energy finite and thus rendering the future chrowhere the passing photon energies are bounded as the
nology horizon classically stable. Unfortunately, in our mul- Cauchy horizon is approached. Hawking’s argument works

2

1
o+ = Rabkakb) A2, (155

whereA is the cross-sectional area of the bundle of rays,
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only if one can pick a particular frame like the frame of a “retarded” are defined relative to the global time direction
timelike observer crossing the Cauchy horizon and observin de Sitter space—the covering space of our multiply con-
the blow up of the energy in that framéThus Hawking’s nected de Sitter spageThen regionF+R (including the
approach is observer-dependent, while our approach wit€auchy horizon separating from R) forms a causal unit,
TabT,, is observer-independeptHawking’s timelike ob-  and regiorP+ £ (including the Cauchy horizon separatifg
server would be killed by these photons. But, as we havdrom £) forms another causal unitSee Fig. 4b, where the
shown,R is in a pure vacuum state in our model, so there arawo null surfaces partially bounding the gr## R region to
no timelike observers in this region, and no preferred framethe past and future are identified. Similarly for the null sur-
If there were timelike particles of positive mass crossingfaces partially bounding th@+ £ region) An event in F
from P to R through the Cauchy horizon, we have shailuh ~ +R and an event irP+ £ are always causally independent
and Gott[30]) that these would cause a classical instability;in physics: they can never physically influence each other
but there are none. There are, as we shall show in the nestough they may be mathematically connected by some
subsection, no real particles in regiofsand R (because causal curvegnull curves or timelike curvés Though F
these are vacuum stajesd no real particles in regicgfiand  +R and P+ £ are connected in mathematics, they are dis-
P until the vacuum state there decays by forming bubbles atonnected in physics. They are separated by a Cauchy hori-
a timelike separationr|>r, from the origin (, will be  zon. When we consider physics #ft- R, we can completely
given in the next subsectidanThus, there are no particles forget regionP+ £ (andvice versa Though in such a case
crossing the Cauchy horizons separatidigrom R and 7  the Cauchy horizon separating+ R from P+ L is a null
from L. Thus, there is no instability caused by particlesspacetime boundary, we do not need any boundary condition
crossing the Cauchy horizons; and since there are no timeliken it because the topological multi-connectivity# R has
observers in regiorR to be hit by photons as the Cauchy already given rise to a periodic boundary condit{@ich is
horizon separatin@R from P is approached, there is no in- a kind of self-consistent boundary conditjofin Fig. 4b this
stability, as indicated by the fad®®T,, does not blow up as is shown by the fact that the null curves partially bounding
that Cauchy horizon is approached. As indicated in Fig. 4bF+7R to the past and future are identifigdlhis periodic
region 7+ R is one causally connected region which can beboundary conditionthe self-consistent conditigpris suffi-
pictured as partially bounded to the future by the future lightcient to fix the solutions of the universe. For example, in our
cone of an event Eand bounded to the past by the future multiply connected de Sitter space model, the stability of the
light cone of an event E; but E and Ere identified by the Cauchy horizon requires that the regions with CT@sgnd
action of the boost, so these two light cones are identified{) must be confined in the past and in these regions all
creating a periodic boundary condition for regidi+R. As  quantum fields must be in vacuum statas we have already
our treatment using ,, T2 with images indicates, retarded remarked, the appearance of any real particles there seems to
photons created itF+R cause no instability. Particles with destroy the Cauchy horizdB0]). This gives rise to an arrow
timelike world lines crossing the Cauchy horizons separatingf time and an arrow of entropy in this model.
F+R from P+ L would cause instability by crossing an  F+R is a Hausdorff manifold with a null boundary, and
infinite number of times between the future light cones of Ethus 7+ R is geodesically incomplete to the past. But, the
and E, thus making an infinite number of passages througtgeodesic incompleteness & R may not be important in
the regionF+ R (alsoP+ L) shown in Fig. 4b. However, as physics because in the inflationary scenario all real particles
we have shown, there should be no such particles with timeare created during the reheating process after inflation within
like world lines crossing the Cauchy horizons separating bubbles created in regioft and these particles emit only
+7R from P+ L, and no photons crossing these horizonsretarded photons which never run off the spacetime because
either, since the potentials A+ R are retarded, while the here the geodesic incompleteness takes place only in the past
potentials inP+ £ are advanced. Thus, we expéet R and  direction. On the other hand, we can smoothly extefd
P+ L to both be stable, and causally disconnected from each R to P+ L so that the total multiply connected de Sitter
other.(See further discussion in the next subsecjion. spaced 9B is geodesically complete but at the price that it is
Thus, the principle of self-consistenf78,179 produces not a manifold at a two-sphei&ec. IX A). This model de-
classical stability of the Cauchy horizons and naturally givesscribes two physically disconnected but mathematically con-
rise to an arrow of time in our model of the Universe. nected universe$The analogy between the causal structures
in region 7+ R and regionP+ £ might motivate us to iden-
tify antipodal points in our multiply connected de Sitter
space, as we did for the simply connected de Sitter space
From the above discussion we find that in the multiply (Sec. VIIl). The spacetime so obtained is a Hausdorff mani-
connected de Sitter space regigrand regioriP are causally  fold everywhere. It is geodesically complete but not time
independent in physics: the self-consistent potentiaFiis  orientable. For computing the energy-momentum tensor of
the retarded potential, while the self-consistent potenti& in vacuum polarization, we must take into account the images
is the advanced potential, thus an eventArcan never in-  of antipodal points in addition to the images produced by the
fluence an event if?, andvice versaF andP are physically boost transformation. Further research is needed to find a
disconnected though they are mathematically connected. Helf-consistent vacuum for this spacetiine.
we choose the potential iR to be retarded, then the poten-  Now we consider formation of bubbles A+ R in mul-
tial in £ must be advancedNote that here “advanced” and tiply connected de Sitter spadelhe results(and the argu-

F. Bubble formation in the multiply connected de Sitter space
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ments for 7+ R in the previous paragraphalso apply to
region P+ L, except that while inF+R bubbles expand in
the future direction, ifP+ L they expand in the past direc-
tion; here “future” and “past” are defined with respect to
(0/971)2 wherer is the time coordinate in the global coordi-
nates of de Sitter spadeRegionR (for its fundamental cell
see Fig. 4 which is multiply connected has a finite four-
vqumeV|=§7rbr§ (hereb=gBIry, B is the de Sitter boost
parameter. If the probability of forming a bubble per vol-
umeré in de Sitter space ig, then the total probability of
forming a bubble inV, is P,=%mbe.

RegionZ (its fundamental cell is shown in Fig) #as an

infinite four-volume and thus there should be an infinite

number of bubble universes form¢#9,98. The metric in
region F is given by Eq.(72) with 0<7<ew, 0<I<p,
0<6<7r, and O< <27 (see Fig. 4a it is multiply con-
nected(periodic inl with period 8). In order that the infla-
tion proceeds and the bubblegvhich expand to the
future—as expected with the retarded potential in regign
do not percolate, it is required thak e., where 5.8<10°°
< €4<0.24[95]. Gott and Statlef99] showed that in order

PHYSICAL REVIEW [38 023501

For the case ob=27, in order that there be less than a
5% chance that a bubble forms W (and thus less than
0.05% chance i), € should be less than>210 3. This
should be no problem because we expect that this tunneling
probability e should be exponentially small. Thus it would
not be surprising to find regio® and regionF for epochs
0<7<719=0.086 clear of bubble formation event@nd
clear of real particles which is all we require.

Also note that there may be two epochs of inflation, one at
the Planck scale caused W ,p)ren= — Jan/9607%rg [EQ.
(97] which later decays in regioff at > 7, into an infla-
tionary metastable state at the GUT scale produced by a po-
tential V(¢), which, still later, forms bubble universes.

X. BABY UNIVERSE MODELS

Inflationary universes can lead to the formation of baby
universes in several different scenarjéd4,32-38. If one of
these baby universes simply turns out to be the original uni-
verse that one started out with, we have a multiply connected
solution in many ways similar to our multiply connected de
Sitter space. There would be a multiply connected region of

that we on earth today should not have witnessed anothé¢TCs bounded by a past Cauchy horizon which would be

bubble colliding with ours within our past light con@vith
95% confidencee must be less than 7.6010 * for 0=0.1
(for 2 =0.4 Gott[88] found €<0.01). In our multiply con-

stable because of the self-consistency requirement as in the
previous section, and this would also engender pure retarded
potentials. Thus, in a wide class of scenarios, the epoch of

nected de Sitter space, for inflation to proceed, there shoul@TCs would be long over by now, as we would be one of the
be the additional requirement that bubbles do not collidemany later-formed bubble universes. Also, the model might

with images of themselvegroducing percolation A neces-
sary condition for a bubble formed i& not to collide with
itself is that from timer when the bubble forms to future
infinity (7—o0) a light signal moving along thé direction
[wherer andl are defined in Eq(69) and Eq.(71)] propa-
gates a co-moving distance less th@i2, which leads to the
condition thatr> ro=r,In[(€”?+ 1)/(e”?—1)]. In fact this

either be geodesically complete to the past or not. This might
not be a problem in physics since we would in any case have
a periodic boundary condition; and because with its pure
retarded potentials, no causal signals could be propagated to
the past in any case. There are several different baby uni-
verse scenarios—any one of which could accommodate our
type of model.

is also a sufficient condition, which can be shown by the First, there is the Farhi, Guth, and Guv2] method of

conformal mapping between regidf in the multiply con-

creation of baby universes in the lab. At late times in an open

nected de Sitter space and region F-O in Misner space délniverse, for example, an advanced civilization might im-

fined by Eqs(81)—(83). If the collision of two light cones in
F occurs beyond the hyperbotd—x?—y?—2z?=1 (t>0)
in Misner spacéi.e., in the region Q) the corresponding two

plode a masginterestingly, it does not have to be a large
mass—a few kilograms will dowith enough energy to drive
it up to the GUT energy scale, whereupon it might settle into

light cones(and thus the bubbles formed inside these lightd Metastable vacuum, creating a small spherical bubble of

cones$ in F will never collide becaus&—x?—y?—z?=1 in
F corresponds tar—o in F. It is easy to show that the

false vacuum with &v=A/8w metastable vacuum inside.
This could be done either by just driving the region up over

condition for a light cone not to collide with its images the potential barrier, or by going close to the barrier and

within F-O is thate®(t?—x?)—y?—z>>1, where {,x,y,2)

is the event where the light cone originates. By B{) this
condition corresponds  to €[ (t/ry)?2—1]>1+(t/ry)?
—2(t/ry)cosé. Sincet>r, and —1<cosé<1, asufficient
condition is eP[(t/rg)?—1]>1+(t/rg)2+2(t/ry), i.e.
e°(t/ro—1)>1t/ry+1 which is equivalent to 77
=roIn[(€”?+1)/(e”?—1)]. Therefore all bubbles formed af-
ter the epochry in F in the multiply connected de Sitter
space will never collide with themselves. The®< 7, part
of the fundamental cell inF has a finite four-volume/,
=V, [cost(r/ro)—1]. The total probability of forming a
bubble inV, is P, =3 wbe[ cost(ry/ro)—1]. Forb=27 we
haV87020.086’0, V||:0.011\/|, and thUSP||20011P| .

tunneling through. The inside of this vacuum bubble would
contain a positive cosmological constant with a positive en-
ergy density and a negative pressure. This bubble could be
created with an initial kinetic energy of expansion with the
bubble wall moving outward. But the negative pressure
would pull it inward, and it would eventually reach a point of
maximum expansioifa classical turning point after which

it would start to collapse and would form a black hole. But

occasionally(probability P= 10" 10 tor typical GUT scales
[32]) when it reaches its point of maximum expansion it
tunnels to a state of equal energy but a different geometry,
like a doorknob, crossing the Einstein-Rosen briflgj@4].

The “knob” itself would be the interior of the bubble, con-
taining the positive cosmological constant, and sitting in the
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metastable vacuum state with= A/87. The “knob” con-
sists of more than a hemisphere of an initially staft
closed de Sitter universe, where the bubble wall is a surface
of constant “latitude” on this sphere. At the wall, the cir-
cumferential radius is thus decreasing as one moves outward
toward the external spacetime. Just outside the wall is the
Einstein-Rosen neck which reaches a minimum circumferen-
tial radius atr =2M, and then the circumference increases to
join the open external solution. This “doorknob” solution
then evolves classically. The knob inflates to form a de Sitter
space of eventually infinite size. It is connected to the origi-
nal spacetime by the narrow Einstein-Rosen bridge. But an
observer sitting at =2M in the Einstein-Rosen bridge will
shortly hit a singularity in the future, just as in the Schwarzs-
child solution. So the connection only lasts for a short time.
The interior of the “knob” is hidden from an observer in the
external spacetime by an event horizonr a&t2M. Eventu-
ally the black hole evaporates via Hawking radiatjds5],
leaving a flat external spacetint@ctually part of an open big
bang universewith simply a coordinate singularity at=0
as seen from outsid¢See Fig. 7.

From the point of view of an observer sitting at the center N,
of V=A/87 bubble, he would see himself, just after the ) ) ) )
tunneling event, as sitting in a de Sitter space that was ini- F'C- 7- A schematic Penrose diagram of a self-creating Uni-
tially static but which starts to inflate. Centered on this ob-Yerse based on the baby universe model of Farhi, Guth, and Guven.
server's antipodal point in de Sitter space, he would see 4/¢ 'dentfyMyN, with M2N,, to obtain a model of the Universe
bubble of ordinary/=0 vacuum surrounding a black hole of ¢'¢2Und itself. M1N, is the future light cone of everM, ) In this
massM. The observer sees his side of the Eins'[ein-RosernOdeI the closed null curves generating the Cauchy horiza) (
bridge and an event horizon Bt 2M which hides the ex- rBass through a hot big bang region, where the dense absorber can

. - . . ake the Cauchy horizon stable against vacuum polarization ef-
ternal spacetime at late times from him. From the point Olfects. The metastable de Sitter phase is shown in grey. It decays

view of the de Sitter observer, the black hole also evaporategiong a hyperboloicH? near the bottom of the figure to form a

by Hawking radiation, eventually leaving an emp#=0  single open bubble universe with a hot big bang phase and an epoch
bubble in an ever-expanding de Sitter space. This infinitelysf recombination which is also shown. After recombination a super-
expanding de Sitter space, which begins expanding at th@uvilization creates, at the right, an expanding bubble of de Sitter
tunneling event, is a perfect starting poiiust like Vilen-  metastable vacuum. This reaches a point of maximum expansion at
kin's tunneling universefor making an infinite number of which point it tunnels to a doorknob-shaped configuration. The tun-
bubble universes, as this de Sitter space has a finite begineling epoch is shown by the dashed line: just below the dashed line
ning and then expands forever. Now suppose of these is how the spacetime appears just before tunneling, and just above
open bubble universes simply turns out to be driginal the dashed line is how the spacetime appears just after the tunnel-
open universe where that advanced civilization made thég. Just after the tunneling, the geome(yst above the dashed
baby de Sitter universe in the first plageig. 7). Now the line) from left to right goes from infinite radiuevhere future null
model is multiply connected, with no earliest event. There ignfinity Z** meets the dashed linéo a minimum radius =2M at

a Cauchy horizon@H, see Fig. ¥ separating the region of the neck in the Einstgin-Rosen pridgehere the inside and outside
CTCs from the later region that does not contain them. Thi!ack hole event horizons meet just below the word “black hole”
Cauchy horizon is generated by ingoing closed null geode_t-hen toa ra_d|us>2M_at the surface of the de Sitter bub_ble, reach-
sics that represent signals that could be sent toward the bla¢f1|§1 a maximum radius at the equator of the de Sitter bubble

. . : 'knob” and finally decreasing to =0 at the center of the bubble at
hOIeZ Wh'?h then tunnel across the Euclldgan tunneling Secthe extreme right. The de Sitter bubble expands foreMer.is at
tion jumping across the Einstein-Rosen bridge and then CON—_" "0 the laft of M. is another o bubbl . formi

. 2 pen bubble universe forming

tmu'?]g haS ingoing Sllggalbsblto _en;‘er Jhes_de Sitter space angut of the metastable de Sitter vacuum. It is diamond-shaped—the
reach the open singie bubble "_” eae itter s . turns bottom two lines representing the expanding bubble wall and the
out to be the original bubble in which the tunneling eventtop two lines representing future null infinity for that bubble.

occurs. A retarded photon traveling around one of thoseyithin this bubble the de Sitter vacuum decays to a hot big bang
closed null geodesics will be red-shifted more and more oyhase along a hyperbolold® shown as a curved line crossing the
each cycle, thus not causing an instability. Another noveljamond. Another open bubble universe forms to the righvigf
effect is that although these null generators are convergingecall, M,;=M,. These two bubble universes both form after the
just before the tunneling event, they are diverging just afteCauchy horizorCH as do an infinite number of others. The black
the tunneling event, having jumped to the other side of theole singularity is shown, as well as the fact that the black hole
Einstein-Rosen bridge. Thus, converging rays are turned intevaporatesN;N, is a CTC; CTCs occur on thi;N, side of the
diverging rays(as in the wormhole solutigrduring the tun-  Cauchy horizorCH. After CH, there are no CTCs.
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neling event without violating the weak energy condition.to estimate our future prospects, would come to similar con-
These closed null geodesics need not be infinitely extendiblelusions. However, if our universe is open, it has an infinite
in affine distance toward the past. It would seem that it camumber of galaxies, and it would likely have some super-
be arranged that the renormalized energy-momentum tensoivilizations powerful enough to succeed at such a creation
does not blow up on this Cauchy horizon so that a selfevent, or at least have so many super-civilizati@sinfinite
consistent solution is possible. Using the method of imagesjumbeyj that even if they each tried only a few times, then
note that theN-th image is fromN cycles around the multi- some of them(again an infinite numbgmwould succeed. In

ply connected spacetime. The path connecting an observer fact, if the probability for a civilization to form on a habit-
the N-th image will have to traveN times through the hot able planet like the Earth and eventually succeed at creating
big bang phase which occurs in the open bubble after th@ universe in the lab is some finite number greater than zero
false vacuum with V(¢<d)=A/87 dumps its false (even if it is very low, then our universéif it is an open
vacuum energy into thermal radiation as it falls off the pla-bubble universgshould spawn an infinite number of such
teau and reaches the true vacuMfp=¢,)=0. Thus, to  Paby universes. _

reach theN-th image one has to pass through the hot opti- | NiS notion has caused Harrisf88] to speculate that our
cally thick thermal radiation of the hot big barig times. Universe was creatgd n th!s way in the lab by some super-
And this will cause the contribution of the-th image to the C|V|I|zat|.o.n. IN & Previous universe. He noted correctly that 'f.
renormalized energy-momentum tensor to be exponentiallggfseer:'vt'kl:zﬁn%gi'n L?nil\J/ glysirssecfsgtecéeﬁe trr?ianzv babyhuml;j
damped by a factoe N wherer=nzo>1 (wheren is the ' y > way shou

. . ) ) greatly outnumber the parent universes, and that (peing
number density of target particles,is the thickness of hot not special are simply likely to live in one of the many baby

material,o; is_ the total cross-sectionLi [26] has calculated universes, because there are so many more of them. Here he
the renormalized energy-momentum tensor of vacuum polafg sing implicitly the formulation of Gotf63] that accord-
ization W|th_the effect of at_)sorptlon. L[26] has estlmatec_i ing to the Copernican principle, out of all the places for
the fluctuation of the metric of the background spacetimgnigjiigent observers to be, there are, by definition, only a
caused by vacuum polarization with absorp.t|on., which is &gy, special places and many non-special places, and you are
small number in most cases. If the absorption is caused b¥imply more likely to be in one of the many non-special
electron-positron pair production by a photon in & photon{aces. Thus, if there are many baby universes created by
electron collision, t2he maximum value of the metric fluctua-jnejligent supercivilizations in an infinite open bubble uni-
tion is (69 ,4,) max~ 1§/ (rel), wherelp is the Planck lengthte  yerse, then you are likely to live in a baby universe created in
is the classic.al raq_ius of .electroh, is the spatial distance thjg way. Harrison uses this idea to explain the strong an-
between the identified points in the frame of rest relative t%hropic principle. The strong anthropic principle as advanced
the absorbef26]. If we takeL to be the Hubble radius at the py Carter[62] says that the laws of physics, in our universe
recombination epoch 10°° cm), we have 69,.,)max  at least, must be such as to allow the development of the
~10"'° Thus, we expect that the renormalized energy-ntelligent life. Why? Because we are here. It is just a self-
momentum tensor will not blow up at the Cauchy horizonconsistency argument. This might lead some to believe, par-
[26], so that a self-consistent solution is possible. ticularly with inflationary cosmologies that are capable of
The tunneling event is shown as the epoch indicated byroducing an infinite number of bubble universes, that these
the dashed line in Fig. 7. During the tunneling event, thegifferent universes might develop with many different laws
trajectory may be approximated as a classical space with fousf physics, given a complicated, many-dimensional inflation-
spacelike dimensions solving Einstein’s equations, with theyry potential with many different minima, and many differ-
potential inverted, so that this Euclidean section bridges thent low energy laws of physics. If some of these did not
gap between the two classical turning poirits.such a case, allow the development of intelligent life and some of these
the concepts of CTCs and closed null curves should be gentid, well, which type of universe would you expect to find
eralized to contain a spacelike interval. Thus, there are nejjourself in?—one that allowed intelligent observers, of
ther closed null geodesics nor closed timelike geodesics wit ourse(By the same argument, you are not surprised to find
the traditional definitions. ACCOfding to u;23], this kind of yourse|f on a habitable p|anet_Earth_a|though such habit-
spacetime can be stable against vacuum polarization. able planets may well be outnumbered by uninhabitable
As Farhi, Guth, and Guvef82] note, the probability for  ones—Mercury, Venus, Pluto, exdhus, there may be many
forming such a universe is exponentially small, so an expomore universes that have laws of physics that do not allow
nentially large number of trials would be required before anintelligent life—you just would not find yourself living there.
intelligent civilization would achieve this feat. If the meta- |t has been noticed that there are various coincidences in the
stable vacuum is at the Planck density, the number of trialphysical constants—like the numerical value of the fine
required is expected to be not too large; but if it is at thestructure constant, or the ratio of the electron to proton mass,
GUT density which turns out to be many orders of magni-or the energy levels in the carbon nucleus—which, if they
tude lower than the Planck denSity, then the number of trialWere very different, would make inte”igent life either impos_
becomes truly formidableR~ 10‘1018) [32]. Thus, Farhi, sible, or much less likely. If we observe such a coincidence,
Guth, and Guveh32] guess that it is unlikely that the human according to Cartel62], it simply means that if it were oth-
race will ever succeed in making such a universe in the lab atrwise, we would not be here. Harris88] has noted that if
the GUT scale. Gofft63], applying the Copernican principle intelligent civilizations made baby universes they might
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well, by intelligent choice, make universes that purposelyducing a shell of matter which converts the stretching of the
had such coincidences in them in order to foster the develSchwarzschild cylinder to collapsing as well which then
opment of intelligent life in the baby universes they createdmatches onto the collapsing de Sitter solution. This phase
If that were the case, then the majority of universes wouldransition may occur in segments which then merge as noted
have laws of physics conducive to the formation of intelli- by Barabes and Frolof56,57. The de Sitter solution then
gent life. In this case, the reason that we observe such coibounces and becomes an expanding de Sitter solution which
cidences is that a previous intelligent civilization made themcan in turn spawn an infinite number of open bubble uni-
that way. One might even speculate in this scenario that iferses. This all happens behind the event horizon of the
they were smart enough, they could have left us a message bfack hole. Within the de Sitter phase, one finds a Cauchy
sorts in these dimensionless numb@sheme that resonates, horizon like the interior Cauchy horizon of the Reisner-
by the way, with part of Carl Sagan’s thesis @Gontac}. Nordstrom solution, but this inner Cauchy horizon is not
However, it is unclear whether any super-civilization would unstable because the curvature is bounded by the de Sitter
be able to control the laws of physics in the universes theyalue so the curvature is not allowed to blow up on the inner
created. All, they might reasonably be able to do would be tdorizon. (This is an argument that one could also rely on to
drive the baby universe up into a particular metastablgoroduce self-consistent multiply connected de Sitter phases
vacuum[32]. But then, such a metastable vacuum inflates inwith CTCs—if needed.This model thus produces, inside the
the knob, and an infinite number of bubble universes formblack hole, to the future, and behind the event horizon, an
later, with perhaps many different laws of physics dependingxpanding de Sitter phase that has a beginning, just like
on how they tunnel away from the metastable vacuum and/ilenkin’s tunneling universe. If one of those bubble uni-
which of the many potential minima they roll down into. verses simply turns out to be the original one in which the
Controlling these phase transitions would seem difficultblack hole formed, then the solution is multiply connected
Thus, it would seem difficult for the super-civilization that with a region of CTCs. This would make every black hole
made the metastable state that later gave rise to our univerpeoduce an infinite number of universes. This would be the
to have been able to manipulate the physical constants in oglominant mechanism for making new bubble universes,
universe. Harrison’s model could occur in many generationssince the number of black holes in our universe would ap-
making it likely that we were produced as great, great, ... pear to greatly outnumber the number of baby universes ever
great grandchildren universes from a sequence of intelligertroduced by intelligent civilizations, since the tunneling
civilizations. Harrison[33] was able to explain all the uni- probability for that process to succeed is exceedingly small.
verses by this mechanism except for the first one. For that, he Smolin[34,35 has proposed that this type of mechanism
had to rely on natural mechanisms. This seems to be aworks and furthermore that the laws of physi@s the
unfortunate gap. In our scenario, suppose that “first” uni-bubble universesare like those in our own but with small
verse simply turned out to be one of the infinite ones formedrariations. Then, there would be a Darwinian evolution of
later by intelligent civilizations. Then the Universe—note universes. Universes that produced many black holes would
capital U—would be multiply connected, and would have ahave more children that would inherit their characteristics—
region of CTCs; all of the individual universes would owe with some small variations. Soon, most universes would
their birth to some intelligent civilization in particular in this have laws of physics that were fine-tuned to produce the
picture. maximum number of black holes. Smoli&4,35 points out

All this may overestimate the importance of intelligent that this theory is testable, since we can calculate whether
civilizations. It may be that bubbles of inflating metastablesmall changes in the physical constants would decrease the
vacuum are simply produced at late times in any big bangwumber of black holes formed. In this picture we should be
cosmology by natural processes, and that baby universes proear a global maximum in the black hole production rate.
duced by natural processes may vastly outnumber those pr®@ne problem is that the laws of physics that maximize the
duced by intelligent civilizations. Such a mechanism haswumber of black holes and those that simply maximize the
been considered by Frolov, Markov, and Mukhari®5]. = number of main sequence stars may be rather similar, and the
They considered the hypothesis that spacetime curvature faws that maximize the number of main sequence stars might
limited by quantum mechanics and that as this limit is ap-well simply maximize the number of intelligent observers,
proached, the curvature approaches that of de Sitter spacand the anthropic principle alone would suggest a preference
Then, as any black hole collapses, the curvature increases fis us observing such laws, even if no baby universes were
the singularity is approached; but before getting there it willcreated in black holes. Another possible problem with this
convert into a collapsing de Sitter solution. This can be donenodel, pointed out by Rothman and E[liE36], is that if the
in detail in the following way. Inside the horizon, but outside density fluctuations in the early universe had been higher in
the collapsing star the geometry becomes Schwarzschildmplitude, this would form many tiny primordial black holes
which is a radially collapsing but stretching cylinder. This (presumably more black holes per comoving volume than in
can be matched onto a radially collapsing and radiallyour universg¢ so, we well might wonder why the density
shrinking cylinder in de Sitter space as described by the mefluctuations in our universe were so small. One way out
ric in Eq. (72) with the time 7 being negative and the coor- might be that tiny black holes do not form any baby uni-
dinatel being unbounded rather than periodic. Both surfaceserses, but this seems a bit forced since the de Sitter neck
are cylinders with identical intrinsic curvature, but with dif- formed can be as small as the Planck scale or GUT scale and
ferent extrinsic curvature. This mismatch is cured by intro-it would seem that even primordial black holes could be
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large enough to produce an infinite number of open bubble A, B, A,
universes. “'
Another possibility is the recycling universe of Garriga
and Vilenkin [36]. In this model there is a metastable
vacuum with cosmological constard;, and a true lowest
energy vacuum with a cosmological constant A is at the
GUT or Planck energy scale, whil&, is taken to be the
present value ofA (as might be the case in a flAt-mode).
As long asA,>0, then Garriga and Vilenkin assert that
there is a finite(but smal) probability per unit four volume
that theA , state could tunnel to form a bubble &f; state,
which could therefore inflate, decaying into bubbles/Aof
vacuum, which could recycle forming ,; bubbles, and so Aq
forth. They point out that depending on the coordinate sys-
tem, a bubble of\ , forming inside aA ; universe could also
be seen as &, bubble forming inside of a\, universe.

Take two de Sitter spaces, one with and one withA,, and . /- 8 A self-creating Universe model based on Garriga and
Vilenkin's recycling Universe. In a region of cosmological constant

cut each along a vertical §|!CG/\(= Wp) in the embt'addlng A4, a bubbleB of cosmological constant, is formed by tunneling
space. They can then be joined along an appropriate hypegs the epochBB,. The expanding bubble wall is represented by
bola of one sheet representing a bubble wall, with the  BB,. At a later time, within bubbléd a bubbleA forms at epoch
universe lying to thaV<W, side and the\; universe lying  AA; by tunneling. The expanding bubble wall is shown Ag,.
to the W>W, side. Slicing along hyperplanes witi+W Inside bubbleA the cosmological constant i§;. In the limit where
= const gives a steady-state coordinate system f@f ani-  A;=A, we can plot this in a single de Sitter space. Now we iden-
verse in which a bubble of , vacuum appears. Slicing along tify the two hypersurfaces denoted ByAA, to obtain a model of
hyperplanes withv —W=const, however, gives a steady- the Universe creating itself. The Cauchy horizon bounding the re-
state coordinate system forAs, universe in which a bubble gion of CTCs is indicated b¢H. After CH there are no CTCs. If
of A, appears. So, one can find a steady-state coordinatei=A2 this_ reo!uces to our multiply connected de Sitter magel
system in which there is &, universe, with bubbles ok, 7R shown in Fig. 4b).
inside it, and bubbles ok ; inside these\ , bubbles, and so
forth. If the roll down is slow, within theA, bubble as it would the covering spacéa simply connected Garriga-
forms, as in Gott's open bubble univerg9], then it will  vVilenkin mode) be. If our multiply connected model was
have at least 62-folds of inflation with A=A, before it  geodesically incomplete to the past, so would the covering
falls off the plateau into the absolute minimum /&g, and  space(a simply connected Garriga-Vilenkin mogdle also.
this will be an acceptable big bang model which will have In our model, there would be a strong self-consistency rea-
the usual big bang properties except that it will eventually beson for pure retarded potential, whereas in the Garriga-
dominated by a lambda termy,. Being bubble universes, Vilenkin recycling model, there would be no such strong
they will all be open with negative curvature as in Gott's reason for it. With pure retarded potentials throughout, the
model [89] but they will be asymptotically open de Sitter issue of whether the spacetime was geodesically complete to
models at late times witla(t)=rq sinh{/rp) and A=A,.  the pastis less compelling, as we have argued above, and our
Garriga and Vilenkin[36] wondered whether such a recy- model, having a periodic boundary condition, would not
cling model could be geodesically complete toward the pasieed further boundary conditions, unlike a simply connected
Such a outcome, they pointed out, would violate no knowrrecycling model that was geodesically incomplete to the past.
theorems and should be investigated. They hoped to find Thus, there are a number of models in which baby uni-
such a geodesically-complete-to-the-past model so that iterses are created which can be converted into models in
could be eternal without a need for a beginning. However, irwhich the Universe creates itself, if one of those created
the special case, where;= A ,, one can show that the recy- baby universes turns out to be the original universe that one
cling steady state solution becomes a simple single de Sittatarted with. Since these models are all ones in which there
space geometry withh ;, and the usual steady-state coordi- are an infinite number of baby universes created, this multi-
nate system in a single de Sitter space is not geodesicallyly connected outcome must occur unless the probability for
complete to the past. a particular multiple connectivity to exist is exactly zero. In
Now take this recycling model where it turns out that oneother words, it should occur, unless it is forbidden by the
of the A; bubbles formed inside ah, bubble inside a\ ; laws of physics. Given quantum mechanics, it would seem
region is, in fact, the\ ; region that one started out with. In that such multiple connectivities would not be absolutely for-
this case, we would have a multiply connected model such asidden, particularly in the Planck foam era.
we are proposing which would include a region of CTCs We should note here that, in principle, there might even
(Fig. 8. (If A=A, this model is just the multiply con- be solutions that are simply connected in which there was an
nected de Sitter space we have considerdcbur multiply early region of CTCs bounded to the future by a Cauchy
connected model was geodesically complete to the past, swrizon followed by an inflationary region giving rise to an
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infinite number of bubble universes. The models consideredupposed that the first-cause was a singularity, but questions
so far have all obeyed the weak energy condition, and thesabout its almost, but not quite, uniformity remained. Besides,
models have all been multiply connected; in other wordsthe big bang singularity just indicated a breakdown of clas-
they have a genus of 1, like a donut, since one of the latesical general relativity, and with a proper theory-of-
baby universes is connected with the original one. Considegverything, one could perhaps push through to earlier times.
an asymptotically flat spacetime with two connected worm-nflation has solved some of these problems, but Borde and
hole mouths that are widely separated. The existence of theilenkin have shown that if the initial inflationary state is
wormhole connection increases the genus by one. Instead aietastable, then it must have had a finite beginning also.
a flat plane, it becomes a flat plane with a handle. To do thisyitimately, the problem seems to be how to create something
the wormhole solution must violate the weak energy condi-out of nothing.
tion [7]. It must have some negative energy density material, So far, the best attempt at this has been Vilenkin's tun-
for it is a diverging lengconverging light rays entering one neling from nothing model and the similar Hartle-Hawking
wormhole mouth, diverge upon exiting the other mouFor ~ no-boundary proposal. Unfortunately, tunneling is, as the
a compact two dimensional surface, the integrated Gaussiatame suggests, usually a process that involves tunneling
curvature over the surface divided byrds equal to 1 minus  from one classical state tanother thus, with the Wheeler-
the genus. Thus, the integrated Gaussian curvature over@eWitt potential and “energy’E=0 that Hartle and Hawk-
sphere(genus=0) is 4, while the integrated Gaussian cur- ing adopted, the Universe, we argue, should really start not
vature over a donufgenus=1) is zero, and the integrated as nothing but as a8® universe of radius zero—a point. A
Gaussian curvature over a Figure 8 pretagknus=2) is  point is as close to nothing as one can get, but it is not
—4m. Negative curvature is added each time the genus isothing. Also, how could a point include the laws of phys-
increased. Conversely, positive curvature can be added i@s? In quantum cosmology, the wave function of the Uni-
reduce the genus by 1. When a donut is cut, so that it reverse is treated as the solution of a Sctinger-like equation
sembles a letter “C,” the ends of the letter “C” are sealed (the Wheeler-DeWitt equatiognwhere the three-sphei®®
with positive curvature(two spherical hemispherical caps radiusa is the abscissa and there is a poteriti§h) with a
would do the job, for exampje Our solutions are already metastable minimum at(a=0)=0, and a barrier with
multiply connected, so they might in principle be made sim-U(a)>0 for 0O<a<a,, andU(a)<0 for a>a,. Thus, the
ply connected by the addition of some extra positive masgvolution can be seen as a particle, representing the universe,
density, without violating the weak energy condition. An ex-starting as a pointa=0, at the bottom of the metastable
ample of this is seen by comparing Grant sppt8| with  potential well, withE=0. Then it tunnels through the barrier
Gott's two-string spacetimgg]. Grant space is multiply con-  and emerges a=a, with E=0, whereupon it becomes a
nected, ha,,=0 everywhere, and includes CTCs. It can beclassically inflating de Sitter solution. It can then decay via
pictured as a cylinder. Gott's two-string spacetime is simplythe formation of open single bubble univer§g9,98. The
connected, but is identical to Grant space at large distancgstoblem with this model is that it ignores the “zero-point-
from the strings. It also contains CTCs. It can be pictured agnergy.” If there is a conformal scalar fietgl, then the “en-
a cardboard cylinder that has been stepped on and thestgy” |evels should beE,=n+ L. Even forn=0 there is a
stapled shut at one end, like an envelope. There are twozero-point-energy.” The potential makes the system be-
corners at the closed end, representing the two strings, bave like a harmonic oscillator in the potential well n@ar
the cylinder continues outward forever toward its open end=g. A harmonic oscillator cannot sit at the bottom of the
(so it is like a test tube, a cylinder closed on one)efithe  potential well—the uncertainty principle would not allow it.
two strings provide positive energy densitye. they do not  There must be some zero-point-energy and the particle must
violate the weak energy conditipnCTCs that wrap around have some momentum, as it oscillates within the potential
the two strings far out in the cylindéwhich is identical to a  yell when the fielde is included. Thus, when the “zero-
part of Grant space; see Laurerjd&7]) can be shrunken to  noint-energy” is considered, we see that the initial state is
points by slipping them through the strings—but they be-not a point but a tiny oscillating (@a=<a,) big bang uni-
come spacelike curves during this process. Thus, Gott spaggyse, that oscillates between big bangs and big crunches
represents how a multiply connected spacetime with CTC&hough the singularities at the big bangs and big crunches
(Grant space can be converted into a simply connectedmight be smeared by quantum efféctFhis is the initial
spacetime with CTCs by adding to the solution material thagassical state from which the tunneling occurs. It is meta-
obeys the weak energy condition. A similar thing might in staple, so this oscillating universe could not have existed
principle be possible with these cosmological models. Sincgorever: after a finite half-life, it is likely to decay. It reaches
our multiply connected versions already obey the weak enmayimum radiusa,, and then tunnels to a classical de Sitter
ergy condition, so would the associated simply connectediate at minimum radiua, wherea,<a,. The original os-
versions. cillating universe could have formed by a similar tunneling
process from a contracting de Sitter phase, but such a phase
would have been much more likely to have simply classi-
cally bounced to an expanding de Sitter phase instead of
The question of first-cause has been a troubling one fotunneling into the oscillating metastable state at the origin. In
cosmology. Often, this has been solved by postulating a unithis case, if one found oneself in an expanding de Sitter
verse that has existed forever in the past. Big bang modelishase, it would be much more likely that it was the result of

XI. CONCLUSIONS
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classical bounce from a contracting de Sitter phase, rathérhus, it is possible to find self-consistent solutions. When
than the result of a contracting de Sitter phase that had turanalyzing classical fields in this model, the only self-
neled to an oscillating phase and then back out to an expandonsistent solution without a blow up as the Cauchy horizon
ing de Sitter phase. Besides, a contracting de Sitter phade approached occurs when there is a pure retarded potential
would be destroyed by the formation of bubbles whichin the causally connected region of the model. Thus, the
would percolate before the minimum radius was evermultiply connected nature of this model and the possibility
reached. of waves running into themselves, ensure the creation of an
In this paper, we consider instead the notion that the Unjarrow of time in this model. This is a remarkable property of
verse did not arise out of nothing, but rather created itselfthis model. Interestingly, this model, although having no ear-
One of the remarkable properties of the theory of generaliest event and having some timelike geodesics that are infi-
relativity is that in principle it allows solutions with CTCs. hitely extendible to the past, is nevertheless geodesically in-
Why not apply this to the problem of the first-cause? Usuallycomplete to the past. This is not a property we should have
the beginning of the Universe is viewed like the south polethought desirable, but since pure retarded potentials are es-
Asking what is before that is like asking what is south of thetablished automatically in this model, there are no waves
south pole, it is said. But as we have seen, there remaifropagating to the past and so there may be no problem in
unresolved problems with this model. If instead there were &hysics with this, since there are never any waves that run
region of CTCs in the early universe, then asking what wa®ff the edge of the spacetime. The region of CTCs has a
the earliest point in the Universe would be like asking whatfinite four-volume equal to #brg/3 and should be in a pure
is the easternmost point on the Earth. There is no easterivacuum state containing no real particles or Hawking radia-
most point—you can continue going east around and arountion and no bubbles. After the Cauchy horizon for a certain
the Earth, always traveling to the east. If the Universe conamount of proper timédepending on the bubble formation
tained an early region of CTCs, there would be no first-probability per fourvolumeé) no bubblegor real particles
cause. Every event would have events to its past. And yet thirm, but eventually this model expands to infinite volume,
Universe would not have existed eternally in the p@ste  creating an infinite number of open bubble universes, which
Fig. 1). Thus, one of the most remarkable properties of gendo not percolate. At late times in the de Sitter phase a par-
eral relativity—the ability in principle to allow CTCs— ticle detector would find the usual Hawking radiation just as
would be called upon to solve one of the most perplexingn the usual vacuum for de Sitter space.
problems in cosmology. Such an early region of CTCs could There are a number of problems to be solved in this
well be over by now, being bounded to the future by amodel. The chronology projection conjecture proposes that
Cauchy horizon. We construct some examples to show thahe laws of physics conspire so as to prevent the formation of
vacuum states can be found such that the renormalize@TCs. This conjecture was motivated by Hiscock and
energy-momentum tensor does not blow up as one apgKonkowski's result that the energy-momentum tensor of the
proaches the Cauchy horizon. For such a model to work thadapted Minkowski vacuum in Misner space diverges as the
Universe has to reproduce at some later time the same co@Gauchy horizon is approached. But as we have shi®&0h
ditions that obtained at an earlier time. Inflation is particu-the adapted Rindler vacuum for Misner space {B§,)ren
larly useful in this regard, for starting with a tiny piece of =0 throughout the space i#=2; thus, this is a self-
inflating state, at later times a huge volume of inflating stateconsistent vacuum for this spacetime since it solves Ein-
is produced, little pieces of which look just like the one we stein’s equations for this geometry. It is true tRayp)en
started with 64]. Many inflationary models allow creation of remains formally ill-defined on the Cauchy horizon itself
baby inflationary universes inside black holes, either by tunf £=0 in Eq.(32) with b=27], a set of measure zero. But it
neling across the Einstein-Rosen bridge, or by formation a# not clear that this creates a problem for physics, since
one approaches the singularity. If one of these baby unieontinuity might require that this formally ill-defined quan-
verses simply turns out to be the universe we started withiity be defined to be zero on this set of measure zero as well,
then a multiply connected model with early CTCs boundedsince it is zero everywhere else. In fact, a treatment in the
by a Cauchy horizon is produced. Since any closed null geoEuclidean section shows this is the case, for in the Euclidean
desics generating the Cauchy horizon must circulate througsection, if b=2, (T,p)en=0 everywhere, including af
the optically thick region of the hot big bang phase of the=0. Other counter-examples to the chronology protection
universe after the inflation has stopped, the renormalizedonjecture have also been found, as discussed in Sec. V.
energy-momentum tensor should not blow up as the CauchMawking himself has also admitted that the back-reaction of

horizon is approached. vacuum polarization does not enforce the chronology protec-
As a particularly simple example we consider a multiply tion conjecture.
connected de Sitter solution where an evenisopologi- One of the remarkable properties of general relativity is

cally identified with an event Ethat lies inside its future that it allows, in principle, the formation of event horizons.
light cone via a boost transformation. If the bobst27, we  This appears to be realized in the case of black holes. Just as
show that we can find a Rindler-type vacuum where theblack hole theory introduced singularities at the end, stan-
renormalized energy-momentum tensor does not blow up agard big bang cosmology introduced singularities at the be-
the Cauchy horizon is approached but rather produces a coginning of the universe. Now, with inflation, we see that
mological constant throughout the spacetime which selfevent horizons should exist in the early universe as [88I).
consistently solves Einstein’s equations for this geometrylnflationary ideas prompt the suggestion that baby universes
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may be born. If one of the baby universes simply turns out toroached. Yet, in the early universe this may turn out to be
be the one we started with, then we get a model with aran advantage, since to produce the ordinary entropy arrow of
epoch of CTCs that is over by now, bounded toward theime we observe in the universe today, we must necessarily
future by a Cauchy horizon. We have argued that the diverhave some kind of natural low-entropy boundary condition
gence of the energy-momentum tensor as one approaches tifiethe early universgs8,59. This could occur on the Cauchy
Cauchy horizon does not necessarily occur, particularlyiorizon that ends the period of CTCs. .
phase where absorption occurs. sgrface_, as old problems are put to rest, so it might seem that
If the energy-momentum tensor does not diverge as thdiSProving the chronology protection conjecture would be a
Cauchy horizon is approached, other problems must still b&!l order. But, proving that there are no exceptions to the

tackled. The classical instability of a Cauchy horizon to theChmnOIOQJy protection conjecture, ever, would seem an

future (a future chronology horizonin a spacetime with equally daunting task_. This is particularly true since we cur-
CTCs is one. But this problem is solved in a world with rently do not have either a theory of quantum gravity or a

retarded potentials for a Cauchy horizon that occurs to Ou}hegry;]of—ev?r:ythmg.t byi bl ith th del
past(a past chronology horizgrand which ends an epoch of erhaps Z 'moti t"t;‘""“S prlo tem IWtI' € mr? € WE
CTCs. It thus seems easier to have a Cauchy horizon in thlé"’.we proposed 1S that thé simpiest solutions we have ob-

early universe. At the microscopic level, quantum mechanic§alned so far dare T)Ot g(ejodesmal(;)_/t_complete to tEe past. Bl.“
appears to allow acausal behavior. Indeed the creation aﬁ’&;. mgly nze no 8!:.” ary ct:ondl '_?_R.S'?ﬁe we have tabperl-
annihilation of a virtual positron-electron pair can be viewed® I%I oun arﬁ/ con _|f|0nt w:js ga .t tI'SI us Thay ncl) €a
as creation of a small closed loop, where the electron travelPrOP'€M 1N PNysics If relarded potentals are the only ones
ing backward in time to complete the loop appears as a poglloweq. AIterna?lver, as Garriga and Vilenkin have indi-
itron. So, why should the laws of physics forbid time travel cated,_ I Wou_ld violate no known theqrems for some type of
globally? Indeed one of the most remarkable properties ofec_yclmg unlye_rs_e(makmg bubble universes W't.h'n bubble
the laws of physics is that although they are tif@PT) universesad infinitun) to exist that was geodesically com-
symmetric, the solutions we observe have an arrow of tim Iet.e to the pgst._lf suc_:h solutions exist, it might be possible
and retarded potentials. Without this feature of the solutionsﬁ f;nd a Tocl)lgtlon In dwh.|ch”there W"I’lst ar; e?kzly epotch of C-IIICbS
acausal behavior would be seen all the time. Interestingly, iI];.a \INO.L(; t_e_geo esma:_ y (l:)orgkr))le e'tﬁ letpas as well by
our model, the multiply connected nature of the spacetim<§Imloy identifying an earlier bubble with a later one.

geometry forces an arrow of time and retarded potentials. Thus, a qumper of important questions remain, and we
would not minimize them. The models presented here, how-

Thus, it is the very presence of the initial region of CTCs that X . ) )
produces the strong causality that we observe later on. Thig/e" do have some interesting and attractive properties, sug-

: ; ; esting that thisypeof model should be investigated further,
is a very interesting and_unexpected property. An _entrop;gnd that weshouldask the question:

arrow of time is automatically produced as well, with the Do the | f ohvsi tthe Uni f being it
region of CTCs in the simplest models sitting automatically 0 teh avr\)/s ot physics prevent the Universe from being its
in a cold vacuum state, with the universe becoming heate§WN Mother:

after the Cauchy horizon. Recently, Cassidy an'd. Hawking ACKNOWLEDGMENTS
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