
PHYSICAL REVIEW D, VOLUME 65, 083507
Steady-state eternal inflation
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Since the advent of inflation, several theorems have been proven suggesting that although inflation can~and
generically does! continue eternally into the future, it cannot be extended eternally into the past to create a
‘‘steady-state’’ model with no initial time. Here we provide a construction that circumvents these theorems and
allows a self-consistent, geodesically complete, and physically sensible steady-state eternally inflating uni-
verse, based on the flat slicing of de Sitter space. This construction could be used as the background spacetime
for creation events that form big-bang-like regions, and hence could form the basis for a cosmology that is
compatible with observations and yet which avoids an initial singularity or beginning of time.
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I. INTRODUCTION

Following the discovery of the cosmic expansion, cosm
ogy became dominated by two alternative paradigms.
first, the big bang~BB!, is based on general relativity applie
to a physical system obeying the cosmological principle~CP!
of spatial homogeneity and isotropy. In the BB, the obser
universe evolved in a finite time from a dense singular s
before which classical space and time did not exist. The s
ond, the steady state~SS!, is based on theperfectcosmologi-
cal principle~PCP! that the statistical properties of the un
verse are independent also of time. In the SS, the univ
always has and always will exist in a state statistically like
current one, and time has no beginning@1,2#.

Observations of the thermal microwave background a
evolution in quasars and galaxies turned most astronom
away from the SS, and its proponents were forced to m
their models only ‘‘quasisteady,’’ with expansion and co
traction cycles explaining the observed evolution@3#. But
while the SS has approached the BB, the BB has also
proached the SS, in the form of ‘‘eternal inflation:’’ there is
broad consensus among its architects that inflation—n
considered by many to be an indispensable part of the
cosmology—never ends once it begins@4,5#. Rather, infla-
tion always continues somewhere and continually spa
new thermalized regions, creating a mixture of inflating a
noninflating areas that approaches some quasisteady-
distribution eternally into the future@6#.

The SS cosmology is appealing because it avoids an
tial singularity, has no beginning of time, and does not
quire an initial condition for the universe. This led some
hope that inflation could be extended eternally into the p
to likewise avoid these unpalatable necessities@7#. Attempts
to do this failed, however, and these failures have motiva
the formulation of several singularity theorems attempting
show that under very general assumptions inflating spa
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must contain singularities, so that inflation can be at b
‘‘semi-eternal’’ into the future@8,9#. The most recent such
theorem, for example, attempts to show that an observer
lowing ‘‘almost any’’ geodesic will have finite past prope
time as long as its ‘‘locally measured Hubble constant’’
ways exceeds some positive minimum value@9#, implying
that inflating spaces are generically past geodesically inc
plete.

This is an odd result as it applies to—and hence appe
to forbid—the seemingly physically reasonable classical
cosmology~which can itself be considered a form of etern
inflation!. In this paper we attempt to resolve this incongru
by carefully examining the implications of the singulari
theorems and providing a construction that allows for
physically reasonable geodesically complete eternally infl
ing spacetime in which physical observers can have ind
nitely long past proper time. In Sec. II we examine the cl
sical SS cosmology in light of the singularity theorems, a
show how to construct a self-consistent and physically r
sonable model with its essential features. Eternal inflation
based on the same~de Sitter! spacetime as the SS cosmolog
and in Sec. III we show how our construction might be us
to formulate a viable truly eternal model of inflation wit
big-bang-like regions embedded in an eternally inflati
background. We conclude in Sec. IV.

II. THE STEADY-STATE UNIVERSE

Let us now review the classical SS model. The backbo
of this theory is the PCP, which holds that an observer a
randomly chosen position in space and time measures ph
cal properties of the universe that are isotropic and that
statistically indistinguishable from any other such observ
This principle places strong conditions on a cosmology t
satisfies it. The spatial part of the PCP implies that spacet
can be described by the Friedmann-Robertson-Wa
~FRW! metric with scale factora. The measurable Hubble
parameterH[(1/a)da/dt[ȧ/a must be a constant in cos
mic time t, implying exponential expansion. The univer
must be spatially flat, lest there be a time-varying ratio of
curvature scale to the Hubble radius. The physical ma
©2002 The American Physical Society07-1
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ANTHONY AGUIRRE AND STEVEN GRATTON PHYSICAL REVIEW D65 083507
density must also be constant in time. Because of the Hu
expansion, this implies that particles must be continually c
ated so as to keep this density constant. This requires tha
number of particles created in a given four-volume be p
portional to the four-volume itself.~Mechanisms for doing
this are generally considered somewhat artificial, detrac
from the aesthetic appeal of the SS; but this is not impor
for the present argument.!

A subtle question that should be asked at this point
why have we stated that the universe is expanding~rather
than contracting! and that particles are being created~not
destroyed!? This is necessary if the arrow of time~AOT! is
to point in the direction of entropy creation: to maintain
SS, both microscopic and coarse-grained entropy must
average, be created as the universe expands at a consta
per unit physical volume. In other words, if either micr
scopic or coarse-grained entropy were created as the univ
contracted, the entropydensitywould change in time, violat-
ing the PCP. The ‘‘thermodynamic AOT’’ defined by entrop
creation is in turn linked to the electromagnetic AOT. T
latter specifies, for example, that while moving charges
emit radiation~creating an asymptotically spherical outgoin
wavefront that is either eventually absorbed or propagate
infinity!, an incoming spherical wavefront cannot ‘‘mirac
lously’’ assemble into a local electromagnetic field that c
move charges. Conditions sufficient to ensure this beha
are that the ‘‘retarded’’ rather than ‘‘advanced’’ potentials a
appropriate~which is tied to the thermodynamic AOT! and
that there be no radiation incoming from infinity~the ‘‘Som-
merfield radiation condition’’! @10,11#. This last condition is
discussed below; for now note only that in a SS model
thermodynamic and~hence! electromagnetic AOTs are ex
plicitly linked to the direction of the expansion.

The metric for an exponentially expanding FRW univer
can be written

ds252dt21e2Ht~dx21dy21dz2!, ~1!

with H constant chosen positive so thata5eHt increases ast
increases as required by the preceding argument. This
well studied metric: that of the flat slicing of de Sitter spa
@12#. 4-dimensional de Sitter spacetime can be thought o
a hyberboloid in 5-dimensional Minkowski space; see Fig
One may coordinatize this hyperboloid in a variety of wa
to yield slices of constant time that are open, flat or clos
In our case the PCP has singled out as physically approp
the flat expanding system shown in Fig. 1: slices of cons
time are the nearly diagonal parabolas, with thet→2` sur-
face J 2a null surface. Comoving observers emerge fro
past timelike infinityi I

2 in the lower-right corner, with future
light cones that open in the direction of expansion, which
toward future timelike infinity at the top of the diagram.

However, as we can see from the figure, this slicing d
not cover the entire hyperboloid. So the universe descri
by Eq. ~1! is geodesically incomplete; geodesics like th
labeled ‘‘X’’ in Fig. 1 can go ‘‘through t52` ’’ into the
uncharted region. This singularity atJ 2is exactly what the
singularity theorems@8,9# point to, so let us look at the equa
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tions here. Consider a massive particle~the analogous argu
ment can be made for light!. Its geodesic equations in th
metric ~1! read

t91He2Htx8250, ~e2Htx8!850, ~2!

where prime denotes a derivative with respect to the pro
time t of the particle. Integrating the latter givese2Htx85v,
with v constant. Substituting into the former leads to

t822e22Htv251, ~3!

remembering the normalization of the proper time. Now co
sider the particular class of geodesics withv50. Then Eq.
~3! simply readst8251 so thatDt5Dt and for any value of
t the particle stays in the region of spacetime covered by
coordinates of the flat slicing. So these~comoving! geodesics
are in fact complete in the region of spacetime described
Eq. ~1!. Now consider a geodesic withvÞ0. Equation~3!
leads to

E
t i

t f dt

11v2e22Ht
5t f2t i . ~4!

The LHS is unbounded ast f→1`, showing that the region
of spacetime described by Eq.~1! is geodesically complete to
the future. But it tends to a finite constant ast i→2`, im-
plying that along this geodesic there is only a finite prop
time sincet52`. Hence the region described by Eq.~1! is
geodesically incomplete to the past. This sort of argumen
the basis for the recent singularity theorem of Ref.@9#.

FIG. 1. A diagram of de Sitter space, with lines of equal time
the flat slicing~the nearly diagonal parabolas! and comoving geo-
desics~emerging fromi I

2 in the lower-right! shown. Thet→2`
lightlike surface is labeledJ 2. The nearly vertical line labeled ‘‘X’’
represents a comoving geodesic in the closed slicing, and ‘‘P’’
‘‘ 2P’’ are, respectively, points in ‘‘region I’’~the portion of the
spacetime covered by the shown flat slicing coordinates! and ‘‘re-
gion II’’ ~the uncovered portion!.
7-2
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STEADY-STATE ETERNAL INFLATION PHYSICAL REVIEW D65 083507
What does this mean? Is the steady-state model b
defined? We will address this question from several persp
tives. First, consider what a particleX on such a trajectory
that came ‘‘from the outside’’ into the region described
the metric~1! would look like to the geodesically complet
comoving observer it passes at timet. It would appear to be
a particle with energym0A11v2e22Ht, wherem0 is its rest
mass. This is time dependent and ast→2` particleX has an
arbitrarily large energy. That particles likeX are forbidden
can be seen in several complementary ways. First, considX
to be propagating ‘‘backwards in time’’ towardJ 2. If X has
anynonzero interaction cross section with any particle in
universe that has nonzero physical number density, then
ticle X will interact with an infinite number of them with
arbitrarily high energy. It would create, then, a ‘‘spray’’ o
particles in a light-cone opening towardJ 2, violating the CP
to an abritrarily great degree asJ 2 is approached.1 Now
consider X to be propagating forward in time, startin
‘‘from’’ J 2. Then for the same reason,X would interact with
an abitrarily large number of particles, yielding a spray
high-energy particles filling a light-cone openingaway from
J 2, rendering any time-slice inhomogeneous. Even supp
ing the particle to somehow avoid all interactions, it would
simply by virtue of its asymptotically infinite energy—sti
pick out a preferred position, and violate the PCP.2 In short,
enforcing the PCP ast→2` acts a boundary condition o
J 2 that forbids any physical particles from entering the
universe from ‘‘elsewhere.’’ The only allowed physic
things in the SS are particles or photons or observers tha
created within the spacetime or particles or observers
have world lines approaching the inextendible comov
geodesics in their infinite past.

Another way of looking at the situation is by asking wh
is in the region on the other side ofJ 2, labeled as ‘‘region
II’’ in Fig. 1. Note first that no signal or particle created
region I can escape into region II, because to do so it wo
have to travel along a spacelike path, or somehow backw
in time so as to exist before it was created. Thus region
will see J 2 as a boundary from which no particle or info
mation emerges. This is exhibited in the conformal diagr
for the flat slicing of de Sitter spacetime~Fig. 2!: the future
light-cone of any point in region I fails to intersectJ 2.
Conceive now some physical beings residing in region II.
what sort of universe do they live? Consider first the elec
magnetic AOT. A point in region II couldnot experience an
incoming spherical wave from infinity traveling along a lig
cone opening towardJ 2 ~because no particles can emer
from there!. It could, however, send such a wavefrontaway
from J 2. This provides the Sommerfield radiation conditio
in region II as long asthe electromagnetic AOT points awa
from J 2, i.e. toward thebottomof Figs. 1 and 2, with co-
moving observers emerging from the point labeledi II

2 . Now,

1Note also that when viewed forward in time, this requires coll
tive, anti-entropic behavior by an increasingly large number of p
ticles ast→2`.

2A homogeneous family of such incoming particles can satisfy
CP but only on one of the flat spatial sections.
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noting that the boundary condition onJ 2 picks out the flat
slicing as preferred in region II, just as the PCP did in reg
I, we are strongly motivated to apply the PCP in region II
in region I ~which would also link the thermodynamic an
cosmological AOTs as before!.3 Turning the page upside
down, we see that region II now closely resembles regio
and that the ‘‘no incoming particles’’ boundary condition o
J 2 ~which, recall, followed simply from causality in regio
I! is exactly the necessary condition to prevent the sort P
violating particles previously discussed in the context of
geodesic completeness of region I. And further, the inabi
of particles created in region II to travel along spaceli
paths or into their own past prevents any particles from tr
eling from region II into region I, completing the circle.

In essence, this construction partitions the full de Sit
spacetime into a self-consistent set of two no
communicating SS universes. An observer in region I d
not see anything in its past light cone from an observer
region II because that other observer cannot signal into
past, and vice versa. Seen in this way the boundary cond
forbidding physical particles from following geodesic
acrossJ 2 into one universe is in no way strange or unre
sonable, as it follows directly from the forbidding of causa
ity violations in the other universe.~One could similarly par-
tition de Sitter spacetime by any non-timelike boundaryB
away from which time flows. ButJ 2 is special: any space
like B would allow no eternal observers, and any other nulB
would be less symmetric; moreover,J 2 is the onlyB that

-
r-

e

3It does not appear strictly necessary to enforce the PCP in re
II, though this makes the construction simpler; all that is rea
necessary is that—as suggested but not required by the Som
field condition—there is a globally well-defined AOT that preven
particles created in region II from passing throughJ 2. The PCP is
a sufficient but probably not necessary condition.

FIG. 2. Conformal diagram for de Sitter space. Equal-time
slices are curved and spacelike; comoving geodesics are str
and timelike. The null surfaceJ 2representst→2` in both region
I ~aboveJ 2) and region II~below J 2). Shaded regions represen
future ~‘‘ F’’ ! and past~‘‘ P’’ ! light cones of point ‘‘P’’ and its anti-
pode ‘‘2P,’’ andJ I

1 is future timelike infinity for region I, whilei I
2

and i I
0 are its past-timelike and spacelike infinities. The left a

right ~dotted! edges are identified.
7-3
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ANTHONY AGUIRRE AND STEVEN GRATTON PHYSICAL REVIEW D65 083507
can be ‘‘irrelevant’’ by allowing interesting physics to occ
throughout the full de Sitter spacetime even while no inf
mation flows fromB.!

The two universes resulting from the partition may not
identical, despite sharing the null boundary, becausei II

2

~which is the beginning point of all region II comoving ge
desics! is not necessarily the same asi I

2 . The universes can
be made identical, however, providing a more economic
and perhaps more elegant construction, through the iden
cation of antipodal points on the hyperboloid~demonstrated
by equating the two pointsP and2P in Figs. 1 and 2!. This
identification maps region I onto region II~and vice versa!,
and J 2 onto itself. The resulting spacetime was called t
‘‘elliptic interpretation’’ of de Sitter spacetime by Schro¨-
dinger@13# ~who advocated a fully ‘‘timeless’’ model distinc
from our own!, and was studied mathematically in Ref.@14#.
It has some appealing features: for example, unlike in
usual de Sitter spacetime,any event is connectable via
non-spacelike geodesic to the world line of an immortal o
server following a timelike geodesic. For our SS constr
tion, this implies that a physical observer that has exis
forever can affect~i.e., can send signals to! all of the space-
time ~though there exist events that cannot signalto the im-
mortal observer, because the required signal would be sp
like, or travel ‘‘back in time’’ throughJ 2!.

Neither the identified nor non-identified spacetimes c
tain closed timelike curves. Without the identification, t
spacetime manifold is time-orientable in the mathemat
sense that it is possible to continuously divide non-space
vectors into two classes which can be labeled ‘‘future’’ a
‘‘past.’’ In our construction these labels will only correspon
to the physical AOT in one of the two regions. With th
identification the spacetime is still a manifold but is n
mathematically time-orientable. The physical AOT is, ho
ever, still well-defined and no physical observer will see
reverse.

While our construction is self-consistent for any physic
observer with an origin in the spacetime, one might nev
theless ask what a meta-physical invisible observer~with its
own arrow of time! might see as it follows for example on
of the comoving geodesics of the closed slicing which cov
the full de Sitter spacetime~shown in Fig. 1 and labeled a
‘‘X’’ !. Moving in region I towardJ 2, it would observe that
the clocks on the comoving observers it passes@at huge ve-
locities as per Eq.~3!# would read earlier and earlier time
but that the clock of any one such observer would be turn
at an ever-slower rate. Passing throughJ 2 it would see the
timesdiverge to minus infinity but theratesfreeze. Emerging
into region II ~or in the identified case into another part
region I!, it would see the times increasing from minus i
finity and the rates increasing again. It would perceive no
ing singular happening, interpreting the time reaching min
infinity and back as due to the infinite length contracti
between the comoving observers as its speed relative to t
momentarily becomes the speed of light.

III. ETERNAL INFLATION

The construction we have outlined gives either one or t
past- and future-eternally inflating regions of spacetime,
08350
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is not a viable cosmological model for the same~observa-
tional! reasons the classical SS is not. It could, howev
provide the background for events that create big-bang-
regions, one of which could describe our environment.

One possibility, based on ‘‘old inflation’’@15,16#, was dis-
cussed by Vilenkin in Ref.@17# but considered not to be
viable because the background spacetime~the flat de Sitter
slicing! is geodesically incomplete—the very problem
which we have outlined a solution. To construct such
steady-state inflation model, one may simply take the
universe described above and replace the particles
bubbles4 in which the scalar field will eventually roll down
to the true vacuum@18#; the interior of each bubble look
like an open FRW cosmology to observers inside it@19#. For
a suitably flat inflaton potential~as in ‘‘open inflation’’
@18,20#!, the FRW regions can be nearly flat, homogeneo
and have scale-invariant density perturbations just as in s
dard inflationary cosmology. Like the particles in the S
model, the number of bubble nucleation events in a giv
four-volume is proportional to the four-volume itse
@19,21,22#. For non-overlapping bubbles, this would yield
model obeying the PCP, as the physical number density
the bubbles of a given size on each space-like surface w
be independent of time. However, the bubbles do tend
overlap: given a volumeV at a timet, bubbles formed after
some earlier timet0 at a ratel per unit 4-volume fill all ofV
except a fraction

f inf5exp@2lQ#5expF24pl~ t2t0!

3H3 G ~5!

for (t2t0)@H21 and V→`, whereQ is the 4-volume be-
tweent0 and t in the past light cone of a point inV @16,17#.
Then f inf→0 as t0→2` and inflation seemingly halts
However, as argued in Ref.@17# this is not necessarily the
case. One can show thatif a large but finite sphere of comov
ing volumeṼ contains a fractionf inf.0 of inflating volume,
then the inflating phase’s physical volume increases w
time in that comoving volume, and its distribution at an
time is a self-similar fractal of dimensionD5324pl/3H4

up to a scaleL} log(t2t0) @that is,V(r ) f inf(r )}r D for r ,L#.
As t0→2` the distribution becomes fractal on arbitrari
large scales and, becauseD,3, the inflating fraction of an
arbitrarily large region tends to zero even though parts infl
indefinitely. The global structure of the spacetime is still a
parently de Sitter, however, as all inflating regions are c
nected in spacetime and the fractal ‘‘skeleton’’ of inflatin
phase cannot be in any way affected by the regions of
vacuum. Note also that—although bubble intersections
common—the interior of any given bubble formed at timet

4Not all of the arguments carry over directly. For example, unl
the X particle, a physical observer~somehow! beginning in an in-
flating region could, without encountering anything else, follow
timelike geodesic~necessarily always passing through locally
Sitter space! towardJ 2 and~noticing nothing! pass through it. The
observer would then quickly encounter a bubble and realize th
was traveling into the future of its surrounding region.
7-4
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STEADY-STATE ETERNAL INFLATION PHYSICAL REVIEW D65 083507
will be essentially homogeneous ifl/H4 is small enough: it
can be shown@16# that throughout all time, on average on
(80p/9)(l/H4) bubbles formed prior tot will intersect the
chosen bubble, and that the fractional volume of
chosen bubble filled with bubbles formed aftert is also
(80p/9)(l/H4).

If the disquieting feature of this model that events of ze
probability occur in the universe~infinitely often! is
accepted,5 there is still cause for concern because an infin
fractal doesnot satisfy the CP. Note, however, that the d
tribution f inf(r ) about eachinflating point is the same, and i
independent of time. Thus the inflating part of the unive
does satisfy a ‘‘perfect’’~stationary in time! version of the
‘‘conditional cosmographic principle’’~proposed by Mandel-
brot @23# as a generalization of the CP! that the statistical
distribution of inflating volume around any point is isotrop
and does not depend upon that pointon the conditionthat the
point is itself inflating. This principle, which holds for bot
the inflating and thermalized regions, could therefore se
as a replacement for the PCP in constructing an SS unive
though it is a radical departure from the CP that implictly
explicitly lies at the heart of almost all known cosmologic
models.

The fractally inflating model just described is, howev
not the only conceivable possibility, and we can sketch ou
number of possible variations that could satisfy the usual
and might~or might not! improve upon the model.

First, relaxing the PCP to the CP, the nucleation ratel
could tend to zero at ‘‘early times’’ so that the number
nucleation events in the past light cone of any point is fin
This would preventf inf from vanishing at any finite time
~and the fractal distribution would, as in future-eternal infl
tion, have an outer scale above which it becomes homo
neous!. This would, however, come at the great expense
introducing a preferred point in time.

Second, eternal inflation could occur in some 411 or
higher-dimensional manifold and somehow nucleate~311!-
dimensional bubbles incapable of filling the space. T
would also preventf inf from vanishing.~A related possibility
is that big-bang cosmologies could be formed within the
tersection of bubble walls in a higher-dimensional spaceti
A model of this sort has been proposed in Ref.@24#. Our
construction might be applied to make the inflating bulk et
nal.!

Third, thermalized or slowly-rolling regions could re
enter inflation. In the ‘‘recycling’’ scenario of Ref.@25# this
occurs due to quantum fluctuations of the inflaton. Th
might be some way in which the fraction of inflating spa
could be a finite fraction of ‘‘all’’ space but is extremel
difficult to see how to compute this volume fraction in a
unambiguous way.

5Constructing a steady-state model is different from constructin
model evolved from an initial condition in that one must choose
state of the system at some particular time, and then show tha
state maintains itself and does not ‘‘self-destruct’’ by evolving in
anything else. Thusassumingthat some region is inflating is al
lowed~despite the odds! as long as this assumption self-consisten
leads to the same configuration at a later time.
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Fourth, in the recent ‘‘cyclic’’ model of Ref.@26# the uni-
verse consists of two repeatedly colliding~311!-dimensional
flat branes embedded in a~411!-dimensional bulk. An~in-
destructible! observer on one of the branes sees a flat sp
which is almost always exponentially expanding, and
which particles are periodically created when an ‘‘ekpyroti
collision occurs between the branes. Averaged over suffic
time, the expansion is exponential and the model come
resemble a quasisteady-state to an observer on the brane
argument of Ref.@9# applies to geodesics on the brane, all
which cannot then be fully extended~because they encounte
J 2 a finite proper time in their past.! Here as in the classica
SS all the matter that is created in this model~in the brane
collisions! originates at rest in the comoving frame~defined
here by those collisions!, so no physical particles follow the
geodesics intersectingJ 2. Nevertheless, as in the SS th
construction described herein may aid in constructing a g
bal, geodesically complete spacetime for this scenario.

IV. CONCLUSION

We have argued that the geodesically incomplete flat s
ing of de Sitter spacetime can be completed in a s
consistent and physically sensible way by considering it
be one of two similar or identical regions of a full de Sitt
spacetime that is partitioned by the flat slicingt→2` null
surfaceJ 2. Our construction follows naturally from causa
ity constraints which forbid each region from sending p
ticles or information into the other region. It also sugge
intimate links between the arrows of time, the cosmic exp
sion, and the~perfect! cosmological principle.

Although our arguments have been largely classical, t
may have interesting implications for the formulation
quantum field theories~QFTs! in de Sitter space. Both the
‘‘two universe’’ and identified models are geodesically com
plete and seem therefore to provide a more satisfactory b
ground for QFTs than would an eternally inflating spaceti
with a boundary. How~and whether! this quantum mechani
cal formulation can be achieved constitutes an interes
subject for future research@27#.

Our construction may be applied to extend standard th
ries of future-eternal inflation into the eternal past, thou
we do not claim that such models are problem-free. In p
ticular, on any equal-time slice the inflating regions form
fractal distribution of infinite volume and yet a vanishin
volume fraction, and the cosmological principle must be r
placed by some sort of ‘‘conditional’’ cosmological princip
that can hold for infinite fractals. For those deeming the
features undesirable, we have listed a number of poss
ways in which they might be avoided by other models.

Speaking more generally, what makes constructing ete
models of the universe both appealing and difficult is th
almost all, at bottom, have the same essential features
avoid a preferred time~as seems highly desirable!, the model
must enforce some sort of~quasi!steady state. For the 2n
law of thermodynamics to hold universally, the univer
must then expand lest it be always in equilibrium, and to
~quasi!steady this expansion must be~quasi!exponential.
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Though not rigorous, these arguments lead somewhat
avoidably to the flat slicing of de Sitter spacetime or so
variant of it.6 Thus we suspect that a construction like th

6Chaotic ‘‘eternal’’ inflation@28# may conceivably be an exceptio
to this, as the inflaton potential in the inflating region tends
approach the Planck energy and it is unclear how one is to
about a global structure of the universe at all.
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proposed here may be necessary in any reasonable mod
an eternal universe that avoids a beginning of time.
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