
F.  Stadler, M. Stöltzner (eds.), Time and History. Zeit und Geschichte.
© ontos verlag, Frankfurt · Lancaster · Paris · New Brunswick, 2006, 155–180.

In the Beginning, At the End, and All in Between:

 Cosmological Aspects of Time

John Earman, Pittsburgh

1. Introduction

In recent decades, cosmology has transformed itself from a largely specula-
tive enterprise, with often weak or non-existent observational constraints, 
into something approaching an empirical science. While there is still con-
siderable room for speculation, the range and shape of possible answers to 
questions about large scale features of time — e.g., Is time infi nite/fi nite in 
the past/future? — can be discussed with increasing specifi city and with a 
growing hope that they can be settled in the foreseeable future. Th e purpose 
of this paper is to provide a framework for the discussion and to deliver some 
admittedly biased opinions about the likely outcomes of the discussion.

Th e paper is organized into three main sections. Section 2 deals with the 
discovery of the accelerating expansion of the universe and its implications 
for the fate of the universe. Section 3 takes up the question of whether time 
has a beginning. Section 4 deals with cosmological features of time in the 
middle ground. Conclusions are presented in Section 5.

2. A finite or infinite future?

2.1 Geometry as destiny

Not so long ago the discussion of the question that forms the title of this 
section was straightforward, at least in orthodox cosmology; and the answer 
was (to borrow a phrase from Krauss and Turner 1999) that geometry is 
destiny. Orthodox Big Bang cosmology described the large scale features of 
the universe using Friedmann-Robertson-Walker (FRW) models. Th e line-
element for the spacetimes in these models can be written as
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where a(t) is the scale factor (sometimes called the radius of the universe) 
and k = 0, −1, or +1, corresponding respectively to space sections of zero 
curvature, constant negative curvature, and constant positive curvature. Th e 
symmetries of the spacetime metric together with Einstein’s gravitational 
fi eld equations (EFE) force the stress-energy tensor to have the form that 
arises from a perfect fl uid characterized by a density ρ and a pressure p. It 
was assumed that the matter fi elds that make up this fl uid are normal in 
that they obey both the weak and strong energy conditions, which in the 
case of perfect fl uid will be satisfi ed if ρ ≥ 0 and there are no negative pres-
sures larger than ρ.1 Th e behavior of the scale is shown in Fig. 1, from which 
one sees that: if the universe is spatially open — the k = 0 or −1 cases — the 
universe expands forever, making time infi nite in the future; and if the uni-
verse is spatially closed — the k = +1 case — the universe recollapses to a big 
crunch, making time fi nite in the future. Th us, the geometry of the spatial 
sections of the universe dictates its fate.

Figure 1: Behavior of the scale factor in FRW models.

1 Th e stress-energy tensor Tab satisfi es the weak energy condition iff  TabV
aVb ≥ 0 for 

any timelike vector Va; for a perfect fl uid this will hold just in case ρ ≥ 0 and
ρ + p ≥ 0. Th e strong energy condition (SEC) requires that TabV

aVb ≥ ½Tr(Tab) for 
any unit timelike Va; for a perfect fl uid this will hold just in case ρ + 3p ≥ 0. See 
Wald (1984, pp. 219ff ) for details.
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Th e situation was even simpler in non-orthodox steady-state cosmology. 
As will be discussed in Section 3, steady-state cosmology describes the large 
scale structure of spacetime using (a portion of ) de Sitter spacetime, which 
expands forever.

Th e simplest versions of infl ationary cosmology modifi es the standard 
hot Big Bang model by postulating that shortly after the Big Bang — say, 
at 10–35 sec — the universe passed through an era of accelerating expansion 
where afinal /ainitial ∼ e60. But since the universe is supposed to exit this in-
fl ationary era by, say, 10–33 sec and resume its more leisurely expansion rate, 
the slogan that geometry is destiny retains its validity.

Th is situation was profoundly changed by the recent discovery of “dark 
energy”. Since this mysterious form of energy is a reincarnation of Ein-
stein’s cosmological constant, I will give a brief review of the history of this 
constant that refuses to die.

2.2 A very brief history of Λ

Einstein (1917) had two motives for introducing the cosmological con-
stant: fi rst, he wanted to harmonize his general theory of relativity (GTR) 
with Mach’s principle; and second, since he believed that the actual universe 
is uniform and static at large scales, he needed to modify his original fi eld 
equations in order to permit cosmological solutions with a uniform static 
distribution of matter. When Hubble’s measurements of the red shifts of 
galaxies revealed that the universe is not static but is in fact expanding, Ein-
stein abandoned the cosmological constant and would have nothing further 
to do with it. Reportedly, he called Λ his “biggest blunder”.2

Einstein’s orphan was adopted by two champions, Georges Lemaître and 
Arthur Stanley Eddington, who had rather diff erent reasons for the adop-
tion. Hubble’s early reports of the present value Ho of the (non-constant!) 
Hubble constant H := a a translated into an age of the universe of 2 bil-
lion years, which is less than the age of stars, as determined from theories 
of stellar evolution, and even less than the age of the earth, as determined 
by radioactive decay. Lemaître found that EFE with a positive cosmological 
constant permit homogeneous, isotropic cosmological models that expand 
from an initial singularity, then they enter a coasting phase in which the ex-
pansion rate slows down to a crawl, and fi nally they exit the coasting phase 

2 Th is is not a direct quotation but a remark attributed to Einstein by Gamov (1958, 
pp. 66–67).
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and resume an expansion rate that can be fi tted to Hubble’s measurements. 
By tuning the parameters of the model, the coasting phase can be adjusted 
to make the age of the universe as large as desired.

Eddington’s enthusiasm for Λ was based partly on a view of scientifi c ex-
planation that anticipated by half a century one of the motivations for in-
fl ationary cosmology; namely, the notion that a good scientifi c explanation 
should not rely on special initial conditions. GTR can produce the observed 
recession of the galaxies without invoking the eff ective repulsive force of a 
positive Λ; but the large velocities of recession have to be, so to speak, built 
into the model from the beginning. Eddington opined that “Th is … can 
scarcely be called an explanation of the large velocities” (1933, p. 37).

Eddington’s quasi-philosophical motivations for favoring a cosmologi-
cal constant do not seem to have persuaded many of his scientifi c contem-
poraries. And the need for Lemaître’s models seemed to fade as time wore 
on and Hubble’s estimated value of Ho declined, raising the estimate of the 
age of the universe. In the late 1960s and early 1970s there was a brief re-
vival of the Lemaître models as a means of explaining why the preponder-
ance of quasistellar objects (QSOs) had redshifts near z = 2, a value that 
will fall out of the models if these objects were emitting during the coasting 
phase and the scale factor at that phase was ⅓ of its present value. However, 
the models predicted that there should be a rapid fall off  of the intensity of 
QSOs when z > 2. When several bright QSOs for z > 2.2 were detected, 
Λ was put back on the shelf.

Still Λ refused to die. Th e 1980s saw the rise in the popularity of infl a-
tionary cosmology, which postulates an infl aton fi eld that gives rise to an 
eff ective cosmological constant in the very early universe. Th e initial motiva-
tions for this postulation came from the perceived explanatory inadequacies 
of the standard hot Big Bang model in the guise of the “horizon problem” 
and the “fl atness problem”. But infl ationary cosmology has scored a major 
empirical success in off ering a natural explanation of the nearly scale-free 
spectrum of density perturbations revealed by measurements of the cos-
mic microwave background radiation. However, the infl ationary paradigm 
seemed to have an Achilles heel: the simplest and most natural infl ationary 
scenarios imply that the current value of the density parameter (defi ned be-
low) should be near unity, whereas estimates from the measurements of the 
motion of galaxies and galactic clusters give an estimate of a contribution 
of matter of about 0.3. Th us, either much more complicated and artifi cial 
models of infl ation are needed, or else the infl ationary paradigm requires 
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the presence of a positive Λ or some surrogate for Λ to make up for the 
missing mass. Th e prayers of infl ationary cosmologists were answered at the 
end of the 1990s.3

2.3 Lambda redux

In 1998 two independent teams of astrophysicists reported that observa-
tions of  Type Ia supernovae indicated the rate of expansion of the universe 
is speeding up. To understand what this implies about the energy driving 
the accelerating expansion, it is helpful to work through some defi nitions. 
Th e deacceleration parameter q for the FRW models is given by

q a a
a

:=− 2

Th e density parameters ΩM and ΩΛ associated respectively with matter and 
the cosmological constant are

ΩM := 
8
3 2

πρ
H

,   ΩΛ := 
Λ
3 2H

where H is the Hubble constant introduced above. In FRW models

q = 
1
2

ΩM (1 + 3w) − ΩΛ

where w := p ρ  is the equation of state of matter. Since at the present time

ao >0 , an accelerating expansion ao >0  means that qo < 0. Equation (4) 
then implies that either there is a positive Λ or else a strange form of matter 
with w < − ⅓, violating the strong energy condition (SEC).

To discuss the latter possibility in more detail, rewrite the fi rst term on 
the rhs of (4) as the sum of two terms, one for normal matter (‘N ’) satisfy-
ing the weak and strong energy conditions, and one for strange matter (‘S ’) 
satisfying the weak energy condition but violating the SEC:

q = 
1
2

[ΩMN (1 + 3wN) + ΩMS (1 + 3wS)] − ΩΛ

Since at the present time wN << 1,

qo ≈ 
1
2

[Ωo
MN  + Ωo

MS (1 + 3wS)] − ΩΛ

3 For a more detailed history of the cosmological constant, see Earman (2001).
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So to get qo < 0 requires either Λ > 0 or a strange form of matter-energy in 
suffi  cient quantity to dominate normal matter. Th e term “dark energy” has 
been coined to cover both possibilities.

Because of the radical nature of these conclusions it is important to note 
that they are supported by multiple independent lines of evidence, of which I 
will mention a few: X-ray observations of galactic clusters confi rms the con-
clusion that ao >0; CMB-measurements give Ωo

tot := Ωo
MN + Ωo

MS + ΩΛ
o  ≈ 1,

whereas observations of the dynamics of galaxies gives Ωo
MN ≈ 0.3, which 

together imply that 70% of matter-energy is in the form of dark energy; and 
measurements of the integrated Sacks-Wolf eff ect confi rm that dark energy 
is a large fraction of the total.

2.4 Possibilities for explaining accelerating expansion

Going beyond orthodox GTR opens a Pandora’s box of possibilities for ex-
plaining the accelerating expansion of the universe. For example, adding an 
1/R term to the Hilbert action for GTR leads to fi eld equations that allow 
accelerating expansion without dark energy (see Carroll, Duvvuri, Trodden, 
and Turner 2003). While this particular possibility appears to be ruled out 
by solar system tests (see Chiba 2003), there are no doubt more subtle mod-
ifi cations of GTR that give accelerating expansion without dark energy and 
that are in accord with other extant observational constraints. Going further 
afi eld to speculative theories of quantum gravity, an eff ective cosmological 
constant can result from the extra spatial dimension postulated by M-the-
ory (see Gu and Hwang 2002); and the causal sets approach to quantum 
gravity leads to a fl uctuating value for Λ (see Ahmed at al. 2004). I will not 
open this Pandora’s box here but will confi ne myself to orthodox GTR.

If the possibilities are confi ned to those that can be described within 
orthodox GTR and if the FRW cosmologies are used to model the uni-
verse, then as explained above, the cause of the accelerating expansion can 
be identifi ed as dark energy. But the second “if ” necessitates a note of cau-
tion since the actual cosmos is not exactly homogeneous and isotropic (as is 
assumed in the FRW models), although suitable averaging over large vol-
umes will produce a model with these features. Kolb et al. (2005) claim that 
“back reaction” eff ects of smoothing inhomogeneities over a volume on the 
order of the size of the current Hubble volume can produce accelerated ex-
pansion. Let gab and Tab be respectively the actual, exact metric and stress-
energy tensor for an inhomogeneous universe, and let gab and Tab denote 
respectively the smoothed-out metric and the smoothed-out stress-tensor. 
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Th e Einstein fi eld equations may not be satisfi ed by the pair consisting of 
the Einstein tensor Gab (computed from gab) and Tab. If not, the diff erence
Gab − Tab can be interpreted as an extra source term, which may violate the 
SEC even though the exact Tab does satisfy it. Th ere is no doubt that this 
phenomenon is mathematically possible (as was fi rst noted by Ellis 1984). 
But care needs to be exercised in order to separate out real eff ects from 
gauge-dependent artifacts since the computation of the back reaction relies 
on the choice of gauge (see Ellis and Buchert 2005). Th en it needs to be 
demonstrated that the magnitude of a gauge-independent back reaction ef-
fect can be great enough to explain the actually observed accelerated expan-
sion while being consistent with other observational constraints. Ishibashi 
and Wald (2005) argue that it is implausible that such a demonstration will 
be forthcoming.

Th ese issues can also be investigated by studying features of inhomoge-
neous cosmological models satisfying Einstein’s fi eld equations. Hirata and 
Seljak (2005) show that within this class of models, if the vorticity vanishes 
(as indicated by observations and as required by infl ationary cosmology), 
the deacceleration parameter q̂ cannot be negative unless the SEC is vio-
lated, where q̂ (which is now a function of spatial position as well as time) is 
defi ned in terms of the time rate of change of the local expansion of matter. 
It could be objected that what matters to the supernovae Type Ia observa-
tions is not the deacceleration parameter q̂ but rather the deacceleration pa-
rameter q  that appears in the luminosity distance(dL)-redshift (z) relation. 

Expanding dL in a Taylor series in z gives dL = 
z

H
 + 

1

2

- q

H
z2 + O(z3), where 

q  and the Hubble parameter H  are now functions of the direction of obser-
vation as well as of the spacetime location of the observer. While q  can be 
negative without a violation of the SEC, Hirata and Seljak (2005) argue that
q  < 0 requires anisotropic expansion and, thus, that if there are accelerat-
ing directions (q  < 0) then there are also deaccelerating directions (q  > 0). 
Th ere is no observational support for the latter. Furthermore, it is a mystery 
how such a variation in q  can be reconciled with the observed isotropy of 
the CMB.

While the controversy over whether dark energy is needed to explain ac-
celerating expansion is apt to continue for the foreseeable future, at this 
juncture it seems that the weight of the evidence strongly favors the pre-
sumption that dark energy is the cause, and I will discuss the fate of the uni-
verse under this presumption.
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2.5 Th e fate of the universe

Th ree categories of dark energy can be distinguished in terms of the equa-
tion of state: a true cosmological constant corresponds to the case wΛ = −1; 
so-called quintessence corresponds to the case −1 < wQ < − ⅓; and so-called
phantom matter corresponds to the case wP < −1. Th e implications for the 
fate of the universe can be discussed by noting that if the equation of state 
wX does not change with time, then the matter-energy density ρX scales as 
a−3(1 + wX). Th e major possibilities can be divided as follows.

1) A true Λ is entirely responsible for ao >0. Th en, regardless of whether 
k = 0, −1, or +1, the universe will expand forever. However, since the scale 
factor increases faster than the horizon distance, an observer comoving with 
the expansion will see a universe that becomes increasingly empty, dark, 
and cold. In sum, we get Eternity with a Big Chill. It is dubious that crit-
ters such as ourselves can survive the Big Chill to experience Eternity (see 
Krauss and Starkman 2000).

2) Λ = 0 and quintessence is entirely responsible for ao >0. Th en if the 
equation of state wQ does not change we again get Eternity with a Big Chill. 
If wQ does change as the universe expands, then the fate of the universe has 
to be discussed in terms of particular models for quintessence.

3) Λ = 0 and phantom matter is entirely responsible for ao >0. If the 
equation of state wP does not change, ρP (t) → +∞ in a fi nite time, and the 
universe ends in a Big Smash. Before the end, there is a Big Rip in which 
gravitationally bound systems are ripped apart (see Caldwell et al. 2002; 
Caldwell et al. 2003). Again if wP does change as the universe expands, then 
the fate of the universe has to be discussed in terms of particular models for 
phantom matter. It is far from clear how seriously to take phantom matter 
since it violates not only the SEC but it also the dominant energy condi-
tion4, leading to the possibility of acausal propagation and making it dif-
fi cult to build stable models in QFT (see Carroll, Hoff man, and Trodden 
2003).

4 Th e stress-energy tensor Tab satisfi es the dominant energy condition iff  for any future 
directed timelike vector Va, −TabV

a is a future directed timelike or null vector. Th is 
condition conjoined with the conservation of Tab (i.e. aTab = 0, which is entailed 
by EFE) implies that matter-energy is not transmitted faster than light: if Tab van-
ishes in some achronal spacetime region, then it vanishes throughout the domain 
of dependence D(S ), which consists of all spacetime points p such that every end-
less non-spacelike curve that passes through p meets D(S ). See Hawking and Ellis 
(1973, Lemma.4.3.1).
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4) Th ere are many mix-and-match possibilities. For example, suppose 
that quintessence is entirely responsible for ao >0 and that there is small 
negative Λ, so small that it cannot be detected by current observations. Th en 
as the universe expands, the attractive force due to the negative Λ will even-
tually dominate the repulsive force of quintessence, and the universe will 
begin to contract. On the other hand, a negative Λ will never come to domi-
nate phantom matter and prevent a Big Rip followed by a Big Smash.

A major challenge for observational and theoretical astrophysics is to sort 
through these possibilities to determine the equation of state of dark energy 
and, thus, the fate of the universe.

3. Does time have a beginning?

Specifying what it means for a general relativistic spacetime to be fi nite in 
the past turns out to be a more diffi  cult task than might be imagined. To 
illustrate the point, one might take the following as a necessary and suf-
fi cient condition for such fi niteness: for any global time slice S (i.e. con-
nected spacelike hypersurface without edges) — which may be thought of as 
representing “now” — any past directed timelike curve with future endpoint 
on S and no past endpoint has a proper length less than or equal b(S ) < ∞. 
Th is condition suff ers from multiple defi ciencies. First, there are spacetimes, 
such as Gödel spacetime, which do not intuitively count as being tempo-
rally fi nite in the past but which vacuously satisfy the condition because 
they possess no global time slices. Second, unless restrictions are put on the 
choice of S the condition in question would yield incorrect results. For ex-
ample, with (x, t) an inertial coordinate system for (1 + 1)-dim Minkowski 
spacetime, delete all the points on or below t = 0. Th is spacetime should 
count as fi nite in the past direction, but the condition in question fails if S 

is given by t = 1 2+ x . Th ird, the condition wrongly counts the surgically 

mutilated Minkowski spacetime shown in Fig. 2 as being temporally fi nite 
in the past.
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Figure 2: (1 + 1)-dim Minkowski spacetime with spacelike strips 

(heavy lines) removed. Light cones are at 45°. Every timelike curve 

has fi nite proper length.

Coming up with a more adequate analysis that is applicable to any general 
relativistic spacetime is a ticklish problem. But the problem need not be 
tackled here since the cosmological models under consideration belong to 
a special class of models having features that make it obvious how to de-
cide whether time in a model in the class is fi nite or infi nite in the past/fu-
ture. All of these models have a global time function t whose level surfaces 
t = const are Cauchy surfaces (i.e. each is intersected exactly once by every 
timelike curve without endpoint). Moreover, level surfaces t = const are or-
thogonal to a congruence of timelike geodesics, and the lengths of geodesic 
segments between any two levels are all the same; these geodesics are the 
longest timelike curves between the levels. Such a t induces a natural met-
ric of time, and one can say that time is fi nite in the past (respectively, the 
future) iff  the range of t is bounded from below (respectively, the future). 
Th e class of FRW models is a subclass of the class whose members admit 
a natural time metric, and the cosmic time t of the line element (1) has the 
properties enumerated above. If this t is bounded (from above or below), 
then the scale factor a (t) approaches 0 as the t approaches the bound. For 
the standard FRW Big Bang model that best fi ts the actual universe, the 

t

etc.. . .

etc.

. . .

→ +∞

→ +∞

→ +∞

−∞ ←

−∞ ←
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lower bound is around 14 billion years. Th e bound rises by only a few sec-
onds for the simple infl ationary models that insert an infl ationary era after 
the Big Bang. Th us, assuming the validity of the models, the actual universe 
had a beginning, not in the sense that there is a fi rst instant of time, but in 
the sense that time in the actual universe is fi nite in the past.

Within orthodox classical GTR speculation about what happened before 
the Big Bang is physically meaningless since there is no way to extend the 
FRW models as solutions to EFE even in the distributional sense of solu-
tion. Of course, this didn’t stop some cosmologists from speculating. For 
example, R. C. Tolman (1934) speculated about oscillating models in which 
a spatially closed universe cycles through expanding and contracting phases. 
He admitted that “our diff erential equations for the motion of the model 
are not suffi  cient to describe the mechanism of passage through the lower 
limit of contraction” (1934, p. 428). Nevertheless, he thought that “the exist-
ence of which [i.e. the passage through a = 0] is physically inevitably nec-
essary” (ibid.). His confi dence was based on the notion that the initial and 
fi nal singularities were artifacts of the idealizations of the models. Th e sin-
gularity theorems of Hawking and Penrose undermine this confi dence by 
showing that past timelike or null geodesic incompleteness is to be expected 
under quite generic conditions, at least if energy conditions discussed in the 
preceding section are assumed to hold. It is interesting to note that Tolman 
thought that in his Λ = 0 oscillating model the entropy of successive cy-
cles would increase. Reading this backwards in time, Steinhardt and Turok 
(2002, p. 126003–1) argue that the lengths of the cycles decreases suffi  cient-
ly rapidly in the past direction that the sum of the cycles lengths is fi nite, 
giving a beginning of time.

Steady state cosmology, despite the name and despite the fact that it does 
not involve a Big Bang5, does imply that time is fi nite in the past. Th is can 
be seen from the fact that the line element used in steady state cosmology 
is just the de Sitter metric written in a coordinate system that is adapted to 
fl at space slices of de Sitter spacetime. Th ese fl at slices cover only a portion 
of the spacetime, a portion that is timelike geodesically incomplete in the 
past (see Fig. 3).

5 Th is phrase was invented by the steady state cosmologists as a term of derision.
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Figure 3: De Sitter spacetime as an hyperboloid embedded in a fl at 

space. Th e upper portion can be covered by a family of fl at spacelike slices.

Th is portion is past timelike geodesically incomplete.

In addition to the simple infl ationary models referred to above, there are 
also more elaborate models that entail “eternal infl ation” in the future direc-
tion. Th e picture presented by the latter is that of thermalized regions set in 
an infl ating background. As time goes on, the thermalized regions expand 
and new ones come into existence; but since the background expands so 
much faster than the thermalized regions, the universe is never completely 
thermalized and infl ation continues forever. Could it be that infl ation is also 
eternal in the past direction and that the initial Big Bang singularity and, 
indeed, all cosmological singularities in the past are avoided? Some hope for 
a positive answer comes from the fact that some of the Hawking-Penrose 
singularity theorems use the SEC, which is violated by infl ationary mecha-
nisms. However, a negative answer has been claimed by infl ationary cos-
mologists who have extended the Hawking-Penrose theorems by proving 
past timelike or null geodesic incompleteness using only the weak energy 
condition or no energy condition at all (see Borde and Vilenkin 1994, 1997; 
Borde, Guth, and Vilenkin 2003).

On the other side, Ellis and Maartens (2002, 2004) have argued that 
these theorems are based on overly restrictive assumptions, in particular that
k = 0 or −1 and/or that H > 0 for all past times. As for the fi rst assump-

flat space
slices

t
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tion, it is not excluded by infl ation that k = +1 even though infl ation does 
drive k/a2 towards 0 and the density parameter towards 1. And in any case,
k = +1 or Ωo

tot  > 0 is not excluded by present observations which give

Ωo
tot = 1.02 ± 0.02. Ellis and Maartens show that if k = +1, eternal infl a-

tion to the past can be achieved in that, without having to invoke negative 
energy densities, there is no past singularity. Th ey explicitly exhibit three 
models of this type, whose scale-factor behavior is illustrated in Fig. 4. In 
two of these models the scale factor has a minimum value a

*
 > 0, which can 

be set large enough that Planck-scale quantum gravity eff ects are avoided. 
Just how physically plausible these models are remains to be seen since 
some of them seem to require fi ne tuning of initial conditions. And in any 
case these models do not conform to the most recent astronomical observa-
tions that indicate that before entering the present accelerating phase, the 
universe was expanding (a>0 ) but deaccelerating (a<0 ).

Figure 4: Th e behavior of the scale factors in three models of eternal 

past infl ation: Phoenix (A), Awakening (B), Emergent (C). From Ellis

and Maartens (2002).

More interesting, but also more speculative, are the implications of 
quantum gravity for the beginning of time. For example, the extra spatial 
dimensions postulated by string theory or M-theory may permit a smooth 
continuation of time through what on orthodox GTR is seen as an impass-

t

a(t)

A

B

C
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able initial spacetime singularity (see Khoury et al. 2001, 2002; Steinhardt 
and Turok 2002). I will concentrate here on the implications of the other 
main line of research on quantum gravity, referred to as loop quantum grav-
ity (LQG), which attempts to quantize the gravitational fi eld by applying 
the canonical quantization program to classical GTR.

In LQG version of the FRW models, there is a self-adjoint operator cor-
responding to the classical quantity 1/a and acting on the Hilbert space of 
spatially homogeneous, isotropic quantum kinematical states. It is found 
that the spectrum of this operator is bounded from above, giving a fi rst in-
dication that the classical singularity has been removed (see Bojowald 2001 
and Ashtekar et al. 2003).6 A complete proof of removal would require that 
the quantum dynamics gives an unambiguous evolution through the classi-
cal singularity. And it is just here that we meet a seemingly paradoxical im-
plication of the approach of LQG. Written in Hamiltonian form, Einstein’s 
fi eld equations comprise a constrained Hamiltonian system. For such a sys-
tem a subset of these constraints, called the fi rst class constraints, generate 
gauge transformations — that is, transformations that connect two state de-
scriptions that are regarded as descriptions of the same physical situation. In 
the case of GTR one of the fi rst class constraints is the Hamiltonian con-
straint. Since this constraint generates the motion it appears that motion is 
pure gauge, with the changing state descriptions not describing any genuine 
change of physical state but just redescriptions of the same physical state. I 
will not pause to comment on this “frozen time” picture but simply push on 
to summarize the rest of the story.7

In LQG the “dynamics” is obtained by solving the Hamiltonian con-
straint equation, which restricts the physically allowed states. For the case 
at issue this constraint equation comes in the form of a diff erence equa-
tion rather than a diff erential equation. If the scale factor a is regarded as 
a “clock variable”, then the constraint equation provides a “time evolution” 
of the quantum state through discrete steps of the clock variable. Th e key 
point is that this evolution equation does determine a unique continuation 
through the classical singularity, at least in the k = 0 case (but see Green 
and Unruh (2004) where it is shown that in a spatially closed FRW model, 

6 Th e issue of singularity resolution in loop quantum gravity turns out to be much 
more complicated than indicated above; see Bunneman, J. and Th iemann, T. 2006 
“On (cosmological) singularity avoidance in loop quantum gravity”. Classical and 
Quantum Gravity 23: 1395–1427.

7 See Isham (1992) and Kuchař (1992) for a discussion of this and related issues.
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the use of the scale factor as a “clock variable” is problematic). Note, how-
ever, that the continuation involves the passage through the Planck regime 
where, according to LQG, the spacetime of classical GTR is not valid even 
as an approximation. Th us, although the continuation through the classical 
singularity tempts one to say that LQG justifi es speaking of what happens 
prior to the Big Bang, “prior to” here does not refer to a time order in the 
sense of classical special and general relativity. Th e verdict of LQG is that 
there is a beginning for classical relativistic time in our universe (insofar as 
our universe is described by the LQG quantization of a an FRW model).

4. In the meantime

4.1 Asymmetries of time and asymmetries in time8

Many philosophers and physicists subscribe to the notion that temporal 
asymmetries of physical processes and perhaps also asymmetries of time it-
self are grounded in entropic behavior. Th is viewpoint must cope with twin 
puzzles which Boltzmann was forced to confront but which he did not suc-
cessfully resolve. Grant that the microdynamics of the physical processes we 
encounter are such that if a system is in a state of low Boltzmann entropy 
SB(t ) at t, then it is very likely that at t + Δ, for some suitable Δ > 0, SB(t + 
Δ) > SB(t ). But what is the justifi cation for the posit of initially low entro-
py? And even if this posit is granted, what justifi es the normal expectation 
that at t − Δ, SB(t − Δ) < SB(t )? Th e latter question becomes pressing when 
it is realized that if the laws governing the microdynamics are time reversal 
invariant, then the very apparatus that leads to the prediction that SB(t + Δ) 
> SB(t ) also leads to the prediction that SB(t − Δ) > SB(t ). Th us, if we are 
told that a thermally isolated system consists at t of an ice cube in a glass of 
lukewarm water, we would normally predict that a few minutes after t the 
ice cube will have partly melted and the temperature of the water will have 
decreased, and also that a few minutes prior to t the ice cube would have 
been less melted and the temperature of the water would have been higher. 
But according to what was just said, the Boltzmann apparatus does not un-
derwrite this asymmetry of inference.

Th e current dogma is that modern cosmology comes to Boltzmann’s res-
cue in that the answers to the initial state puzzle and the asymmetry puz-

8 Th is section summarizes some of the conclusions of Earman (2006), to which the 
interested reader is referred for details.
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zle lie in the fact that the very early universe was in an extraordinarily low 
entropy state. Here “very early” means shortly after the Big Bang, if one is 
using a standard hot Big Bang model, or shortly after the universe reheats, 
if one is using an infl ationary model. It might seem counterintuitive to say 
that a thermalized state of a homogeneous and isotropic universe has low 
entropy, but (the story goes) intuitions are misleading because they neglect 
the gravitational contribution to entropy — since gravity tends to clump 
matter, a smooth state is very improbable.9

I have two objections to this dogma. Th e fi rst is that it is very likely that it 
is (to echo Pauli) not even false. Th e Boltzmann entropy for a deterministic 
dynamical system is defi ned by choosing a coarse graining and then setting 
the value of the entropy for a coarse-grained state to be proportional to the 
log of the measure μ(V ) of the volume V of the micro-state space compat-
ible with the coarse-grained state in question, where μ is a normed measure 
on the micro-state space that is invariant under the deterministic fl ow. In 
the cosmological setting, however, it is doubtful that this formalism yields 
coherent results. An intimation of the diffi  culties can be gleaned from fea-
tures of the model that Hawking and Page (1988) used to try to answer the 
question of how probable it is that infl ation initiates. Th ey investigated a 
FRW-φ model in which the matter content is given by a minimally coupled 
massive scalar fi eld φ. Th e state space X for this system is four-dimensional 
and can be coordinatized using the scale factor a of the FRW model, the 
fi eld φ, and their respective conjugate momenta pa and pφ. As the discussion 
from the previous section would lead one to expect, the equations of mo-
tion have the form of a constrained Hamiltonian system with the one and 
only constraint being the vanishing of the Hamiltonian H = 0. Th e three-
dimensional subspace C ⊂ X where the constraint is satisfi ed is called the 
constraint surface. A reduced phase space free of gauge redundancy can be 
formed by choosing a two-dimensional surface Σ that is transverse to the 
dynamical trajectories on C. Th en the pullback of the (degenerate) sym-
plectic form ω = dpa ∧ da + dpφ ∧ dφ defi nes a volume measure (2)μ on Σ 
that is invariant under dynamical evolution.10

9 Th is idea has been promulgated by Penrose (1979, 1989, 2004). It is accepted by 
physicists who worry about the foundations of statistical mechanics, e.g. Lebowitz 
(1993, 1999) and by philosophers of science, e.g. Price (2004).

10 Alternatively, as noted by Hollands and Wald (2002), an invariant volume measure 
(3)μ can be defi ned on C by the volume element (3)ε given by the condition dH ∧ (3)ε 
= (4)ε, where (4)ε := dpa ∧ da ∧ dpφ ∧ dφ is the Liouville volume element for X.
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Now a crucial fact is that (2)μ(Σ) does not normalize.11 Since this result 
holds for the k = +1 FRW model, the non-normalizability cannot be blamed 
on the infi nity of space implied by the k = 0 and k = −1 models. One could 
still try to assign fi nite measures to coarse grained states as follows. Let
M ⊆ Σ be the region corresponding to a coarse grained state m. Set
(2) Pr(m) = 0 in case (2)μ(M ) < ∞; set (2) Pr(m) = 1 in case (2)μ(M ) = ∞ and 
(2) μ(Σ − M) < ∞; and set declare (2) Pr(m) undefi ned otherwise. Th en it is 
easy to show that (2) Pr is a fi nitely additive, partial probability measure on 
the coarse graining. Hawking and Page found that the third case of ill-de-
fi nedness holds for the probability of infl ation. And one should be prepared 
to fi nd that (2) Pr(mi) is ill-defi ned for the contemplated smooth, thermal-
ized initial coarse grained state mi of the universe. Even if (2) Pr(mi) is well-
defi ned, the best that one can hope for as an explication of the notion that 
the universe begins with a low entropy state is that (2) Pr(mi) = 0, which 
makes conditional probabilities (2) Pr(ml /mi) of later coarse-grained states 
ml ill-defi ned if conditional probability is given its usual interpretation.

My second objection is that even if there were an appropriate normal-
ized measure and even if the Boltzmann entropy of the very early universe 
is well-defi ned and has a low value, it seems dubious that the latter explains 
the thermodynamic asymmetries of the kinds of systems typically encoun-
tered by critters like us. It is, of course, a truism that if some asymmetry does 
not follow from the laws of physics, then its origins must be sought in ini-
tial/boundary conditions. But it is a fallacy to reason: Th e thermodynamic 
asymmetries we observe today are traceable to the conditions of the early 
universe; the early universe was in a low entropy state; therefore, the low 
entropy of the early universe is the key ingredient in explaining the ther-
modynamic asymmetries we observe today. I will mention two among many 
reasons for thinking that there is a gap in the argument. First, Boltzmann 
entropy is not a spatially localized quantity but rather a global property of 
the system — in this case the system consisting of the entire universe — and 
the value of this entropy places only weak constraints on the entropy of the 
small subsystems of the kind we are interested in (e.g. the ice cube in the 
glass of water), and this is especially so since these subsystems are not dy-
namically isolated. Second, if the argument worked, it should work even 
better if the entropy of the early universe were even lower than it is in the 
actual universe because, for example, the state is completely homogeneous 

11 Th e same holds for the (3)μ(Σ) of Hollands and Wald (2002).



John Earman172

and isotropic. But in this case the galaxies and solar systems would not have 
formed and the universe would not develop localized systems that are in 
thermal disequilibrium and that display the familiar thermodynamic arrow 
of time.

In sum, I think that, despite the rosy pronouncements to the contrary, 
we are far from an understanding the role that cosmology plays in the local 
physics of thermal systems.

4.2 Black holes and black hole evaporation

Th e FRW models describe only the large scale structure of the universe — the 
homogeneity and isotropy assumed by the models appears only at scales 
above 10 mega parsecs. At smaller scales many interesting and disturbing 
things can happen — in particular, the formation and evaporation of black 
holes.

Classical GTR predicts the formation of black holes through the proc-
ess of gravitational collapse of stars of up to 10 M:. In addition, the cores 
of galaxies can collapse to form black holes with masses ranging from mil-
lions to billions of solar masses. Th ere is very strong evidence that our uni-
verse is well populated by both solar mass and supermassive black holes. It 
is also possible that tiny black holes with masses of the order of 10−19 M: 

could have formed in the early universe. Th ere is currently no observational 
confi rmation of these primordial black holes, but if they do exist they would 
provide a test for predictions about black hole evaporation described be-
low.

An observer who falls through the horizon of a black hole has his fate 
sealed: twist and turn how he will, his world line can be extended for only 
a fi nite amount of proper time (see Fig. 5)12, and even before the theoreti-
cal bound on his time expires, he will expire by being torn apart by the tidal 
forces of the black hole. Th us, even though time itself may be infi nite, the 
fact that the universe is well populated with black holes means that even
observers idealized to escape the normal eff ects of aging can have an in-
principle bound to their future existence.

12 Th e standard conventions of conformal diagrams are in eff ect, e.g. light cones are at 
45°. I+ denotes future null infi nity, the terminus of outgoing light rays; and ι° de-
notes spatial infi nity.
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Figure 5: Conformal diagram of black hole formation in spherically 

symmetric gravitational collapse. γ is the worldline of an observer who 

falls through the black hole horizon.

Suppose that the absence of evidence for white holes — the time reverses 
of black holes — is evidence for their absence. Th en the combination of this 
evidence with the evidence for the existence of black holes would be evi-
dence for a pervasive temporal asymmetry. It is currently a matter of specu-
lation as to whether this black hole-white hole asymmetry is purely de facto 
or whether it is indicative of some deep lawlike asymmetry.13

Th e discussion to this juncture was limited to classical GTR. But now we 
must consider quantum eff ects. Stephen Hawking showed that in the pres-
ence of a black hole a quantum fi eld will thermalize so that, eff ectively, a 
black hole radiates with a thermal spectrum. Th is prediction of black hole 
radiation does not depend on any nascent quantum theory of gravity but 
simply uses quantum fi eld theoretical calculations for a quantum fi eld prop-
agating on a spacetime background supplied by classical GTR. Th e next step 
does take a step towards quantum gravity by calculating the back reaction of 
the radiation on the spacetime geometry of the black hole. Th e prediction 
is that the black hole will lose mass and its horizon area will shrink. Pre-
sumably these semi-classical calculations will break down when the Planck

13 Penrose (2004, Sec. 30.9) takes the latter alternative.
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regime is reached. But if the black hole does evaporate completely and if the 
result can be described to good approximation in classical GTR, then the 
upshot will be something like that pictured in Fig. 6.14 Th e time required for 
a solar mass black hole to evaporate is very long indeed — on the order of 
1067 years; but if the universe expands forever, there is no shortage of time.

Figure 6: Conformal diagram of conventional treatment of black hole 

evaporation.

An observer who falls through the horizon of an evaporating black hole is 
still doomed. But two even more ominous things emerge. First, the evapora-
tion results in a naked singularity, i.e. a singularity visible from future null in-
fi nity I+. Second, a quantum fi eld propagating on this spacetime undergoes 
a transition from a pre-evaporation pure state to a mixed post-evaporation 
state, at least assuming that the pre-evaporation state was pure. (Consider 
the subalgebra of observables A(Σ2) associated with a thin neighborhood of 
the post-evaporation time slice Σ2 of Fig. 6. Correlations between observa-
bles belonging to A(Σ2) and observables belonging to the subalgebra A(B ) 
associated with a region B in the interior of the black hole are established 
by the presence of a common cause in the form of the Hawking radiation. 
Since B and a thin sandwich of Σ2 are relatively spacelike, [A(Σ2), A(B)] = 0.

14 See Wald (1994, Ch. 7) for an overview.
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Consider a state ω on the global algebra of observables that encodes the 
correlations between A(Σ2) and A(B). It follows that the restriction of ω 
to A(Σ2) is a mixed state.) Such a pure-to-mixed transition is necessarily 
non-unitary, which is the precise content of what is called the Hawking “in-
formation loss paradox”.15 So desperate are some commentators to resolve 
this paradox that they are prepared to believe six contradictory things be-
fore lunch, such as “black hole complementarity”. Part of the desperation is 
based on the misguided notion that loss of unitarity is a disaster that must 
be avoided at all costs. On the contrary, unitarity is not essential to conser-
vation of probability, and a respectable amount of QFT can be done without 
it.16 One result of coming to terms with the pure-to-mixed state transition 
is that black hole evaporation involves a violation of time reversal invariance 
and, thus, is a possible source for time’s asymmetries.17

It must be emphasized, however, that the preceding discussion is based 
on semi-classical quantum gravity and that a full theory of quantum gravity 
may present quite a diff erent picture of black hole evaporation. And in fact, 
the proponents of LQG have recently claimed that on the basis of the reso-
lution of black hole singularities in LQG, it is reasonable to think that the 
depiction of black hole evaporation in Fig. 6 will be replaced by something 
more like of Fig. 7 (see Asktekar and Bojowald 2005). It is argued that, 
analogously to the FRW case, the quantum evolution continues through the 
classical singularity and that a pure state remains pure and, in this sense, no 
information is lost.18 Note, however, that as in the FRW case, the classical 
singularity is not resolved in the sense of being replaced by smooth classical 
relativistic spacetime structure; rather it is replaced by quantum spin-foam 
where a description in terms of classical relativistic spacetime does not have 
even approximate validity. It is but cold comfort to tell an observer who falls 
into a black hole that, within a fi nite time, he will dissolve into quantum 
spin-foam rather than splatting on a classical spacetime singularity. On the 
other hand, it is real comfort to tell an external observer that the strange 
things he is seeing are the results of quantum spin-foam rather than a naked 
singularity of classical GTR; for the latter is a source of genuine unpredict-

15 See Wald (1994, pp. 178–181) and Belot et al. (1999).
16 See Wald (1994, pp. 181–183) for a defense of this viewpoint.
17 See Wald (1980) and Earman (2002).
18 As in the FRW case, “quantum evolution” means that some suitable clock variable 

is chosen and that the Hamiltonian constraint equation is used the track the quan-
tum state through discrete steps of the clock variable.
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ability since classical GTR places no restrictions on the pathologies that can 
devolve from such singularities, whereas the former is subject to the laws of 
LQG.

Figure 7: Loop quantum gravity paradigm for black hole evaporation. 
H is the dynamical horizon. From Ashtekar and Bojowald (2005).

5 . Conclusion

For what it is worth, I list my bets regarding cosmological aspects of time.

1.  I would off er better than even odds that time is infi nite in the future be-
cause the universe will expand forever; but I would also bet that no one 
will be around to collect the stakes since critters like us will perish in the 
Big Chill.

2.  I would bet that time in the sense of classical special and general relativity 
does have a beginning because classical spacetime dissolves into quantum 
foam in the fi nite past. I would not be surprised to learn — but would not 
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bet — that the correct quantum theory of gravity resolves the initial Big 
Bang singularity. But until the shape of this sought-after theory is more 
clearly discerned, I would decline bets about the sense in which the reso-
lution of the Big Bang singularity legitimates talk of what happened “be-
fore” the Big Bang.

3.  I would off er high odds that the explanation of the local temporal asym-
metries of concern to us is not to be found in a low entropy state for the 
very early universe.

4.  I would bet that our universe is populated with black holes and that these 
objects are not really black but radiate with a thermal spectrum, as Hawk-
ing predicted. But I would try to beg off  bets on the upshot of black hole 
evaporation, except insofar as I could bet against such expediencies as 
black hole complementarity.

Bets aside, it is satisfying to refl ect on how much we have learned over the 
past few decades about cosmological aspects of time. It is humbling to realize 
how much we still don’t know. And it is inspiring to learn that we can discern 
pathways that will lead — we can hope — to a resolution of our ignorance.
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