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1. INTRODUCTION

At issue is one of the most significant questions in astronomy : What is the
nature of the beginning of the Universe? While there is at present a
widespread opinion that only one view (the “standard hot big bang,” or
SHBB) gives a viable picture of the physical origin of the Universe, there are
alternatives that need consideration in any dispassionate review of models
compatible with current evidence.

The concept of an expanding universe evolving from an initial singular
state arose from the work (1922-30) of A. A. Friedmann, G. E. Lemaitre,
and A. S. Eddington, together with E. P. Hubble’s (1929) determination of a
linear velocity-distance relation for distant galaxies. With the work of H. P.
Robertson and A. G. Walker (1933-35), the spatially homogeneous,
isotropic Friedmann-Lemaitre-Robertson-Walker (or FLRW) universes
were established as the standard universe models. The steady-state universe
(1952) of H. Bondi, T. Gold and F. Hoyle posited continuous creation in an
expanding universe without a beginning. However, the discovery (1965) of
the cosmic microwave background radiation (CMBR) firmly established
the SHBB as the accepted theory, accounting not only for that radiation
and the velocity-distance relation, but also for the observed abundances of
elements.

In recent times, (a) alternative theories have been proposed for the
redshifts observed for galaxies and QSOs; (b) new physical theories (such as
the grand unified theories, or GUTs) have resulted in a reappraisal of the
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effective equation of state of matter in the early Universe ; (c) new theories of
gravity have been proposed as alternatives to Einstein’s general theory of
relativity ; and (d) consideration has been given to more complex geom-
etries than the FLRW models that underlie the standard picture.

" In each case, new possibilities arise in which the origin of the Universe is
different from that in the standard picture. It is important to consider such
alternatives, particularly as there are a number of problems that are not
resolved by the SHBB ; without such an examination, the argument for the
standard view is clearly incomplete. (One cannot make a rational choice
between alternative explanations on the basis of an examination of only one
of them.)

2. BASIC RESULTS
2.1 The Nature of Redshift

The standard theory assumes that electromagnetic radiation (“light”
for short) travels on null geodesics (x*(4):kk® =0, k*k, =0, where
k* = dx®/dA) in the space-time of general relativity and is characterized by
the relations ¢ = vA, E = hv, relating the wavelength 4, frequency v, speed c,
and energy E of a photon. Then the redshift z = A4/ (where A4 is the
change in wavelength measured from spectra for light emitted at wave-
length ) is a direct consequence of measurable time dilation betweer the
source and the observer (25, 91, 111). There can be various sources for this
time dilation.

In the cosmological context, there is assumed to be a well-defined average
motion of matter at each point in the Universe, representing the “standard”
motion of matter there (24, 25); galaxies moving in this standard way,
characterized by a four-velocity u® (where u,u® = —1), are called “funda-
mental particles,” and an observer moving with four-velocity u* is denoted
as a “fundamental observer.” The cosmological redshift z, is the redshift
observed when both the source and observer move with this velocity (at
their respective space-time positions) and there are no local gravitational
redshift effects. However, there will be local Doppler redshifts zp,, zp, if the
source or observer is not moving at the standard velocity, and there may be
local gravitational redshifts zg,, zg, generated at the source or the observer
by local gravitational potential wells. (Notice that in each case the effect
could be a blueshift rather than redshift; this corresponds to a negative
value of z, and we shall assume this possibility without explicitly
mentioning it.) These contributions to the total redshift z are not
distinguishable from each other by any direct measurement of the received
radiation ; the measurable quantity is the total redshift z, given in terms of
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the other quantities by
14+2)=Q+zp) (1 +zg) (1 +2z) (14 zpo) (1 +zg,)- L.

The cosmological redshift depends on the path of the light ray from the
source to the observer. One can distinguish two contributions. The first
arises from the increase in relative distance of fundamental observers due to
integrated local relative motion of matter [characterized by the expansion
tensor 0, = hihju .. q) (24, 25), where h,y, = g, + Uy, projects into the rest-
space orthogonal to ¥*]. The second arises from the noninertial motion of
the fundamental observers, characterized by a nonzero acceleration vector
u* = u* ,u® (indicating that their world-lines are nongeodesic). The change
of redshift when moving a distance dl, measured by a fundamental observer
along a null geodesic in direction e* = h2k®/(uk°), obeys the equation (24,
25)

dz = dA/A = (0,,e"e® —1,e?) dl. 2a.
Thus one can write
(1 +Zc) = (1+ZEc+ZGc)7 2b

where zg, is the usual Hubble (expansion) term (obtained by integrating the
first term in Equation 2a), and zg, is what might be termed a “cosmological
gravitational redshift” (obtained by integrating the second term).

In the FLRW models, it is assumed that the other redshift contributions
are very small compared with the basic cosmological expansion effect. Then

Z=2,=2g, l+z=R()R(), 3.

where R(t) is the “radius function” of the Universe that represents the time
behavior of the distance between any pair of fundamental particles as the
Universe evolves (by the homogeneity and isotropy of these models, the
distances between all pairs of fundamental particles scale in the same way);
and t,, t, are the times of emission and observation of the light, respectively.
The observation of systematic redshifts indicates that the Universe is
expanding at the present time ¢,; so H, = (R~ *dR/dt)|, > 0.

2.2 Basic Equations

The standard results rest on three pillars : the conservation equations, the
Raychaudhuri equation, and the energy conditions. The form of these
equations depends on the nature of the matter in the Universe. It is assumed
here that the usual description of matter on a cosmological scale as a
“perfect fluid” is adequate at most times. Then (24, 25) the stress tensor of
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each component of matter or energy present takes the form
T;b = UUU,+p ha’bs 4a.

where p is the (relativistic) energy density of the fluid and p its pressure. To
complete the description of matter, we must give suitable equations of state
for the matter variables; in the hot early Universe, the “standard” theory
assumes (except during phases of pair annihilation) that these are

p=(1/3n  p=aT% 4b.
describing a “Fermi gas” with temperature T (107, 109).

THE CONSERVATION EQUATIONS The stress tensor T, of matter that does
not interact with other matter or radiation obeys the equations 7%, = 0. If
this matter is a perfect fluid (Equation 4a), the energy conservation
equation uy T, = 0 takes the form

dp/dt+(pn+p)(3/R) dR/dt =0 5.

where t is proper time measured along the fluid flow lines, showing the effect
of expansion or compression of the matter on its energy density. (The radius
Ris related to the volume V of a fluid element by the relation V oc R3) The
momentum conservation equation h3T%,, = 0 is

(u+pyi* = —h*dp/ox®, 6.

which shows how spatial pressure gradients generate acceleration (and thus
observable gravitational redshifts).

THE RAYCHAUDHURI EQUATION  Contracting the Ricci identity u®,,—u®,,
= R®,,.u¢ for u* and using Einstein’s field equations

R, —(1/2)Rg,p = KTy, 7.

it follows that the volume behavior of the fluid is controlled by the
Raychaudhuri equation (82, 24, 25, 45)

3R™142R/dt? = Aw? —o2) +1®,, — (k/2) (1 + 3p), 8.

where w? is the squared magnitude of the fluid vorticity and ¢ the squared
magnitude of the shear (or rate of distortion). Because d2R/dt? is the
curvature of the curve R(f), this equation shows how rotation tends to hold
matter apart and distortion to make it collapse, with (u+ 3p) the “active
gravitational mass density” that tends to cause collapse.

ENERGY CONDITIONS Various “energy conditions” have been proposed as
physical restrictions on the matter (45); for present purposes, the major
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such conditions are
u+p =0, 9a.
u+3p =0, 9b.

with Equation 9a needed for physical stability of matter (as follows from
Equations 5 and 6) and Equation 9b implying that the gravitational effect of
matter is attractive (see Equation 8). It is usually assumed that “reasonable”
matter obeys these conditions.

2.3  The Standard Models

The FLRW universe models (109, 45) are isotropic and spatially homo-
geneous, so their shear, vorticity, and acceleration are all zero. Thus the
Raychaudhuri equation (8) reduces to

3R™I2R/dt? = —(x/2) (u+3p). 10.

By energy condition Equation 9b, this implies that the curve R(t) of the
radius function against time always bends down. As the Universe is
expanding at the present time ¢,, a singular origin must have occurred less
than a Hubble time previously :

dt,:t,—1,] < 1/H,, R - 0. 11a.

t—1o0

Because of the definition of R(t),

(A) at this time 7, the distance between all fundamental particles goes
to zero like R(t).

At early times, Equations 4b and 5 show that T = T(R,/R), where (from
present observations of the CMBR) T, =~ 3 K ; thus,

t—>1,=>T — 00,y — 00,p — 0. 11b.

This is the basic origin of the hot big-bang prediction in the FLRW
universes :

(B) The Universe originates, and all physics breaks down, at the time
t - + 1, where the temperature, energy density of matter, and space-
time curvature diverge.

(For a more careful discussion, see 18.) Note that it is not merely the matter
in the Universe that originates here: The space-time itself (and indeed the
laws of physics) do not exist before this time. Now, Equations 4b, 5, and 10

© Annual Reviews Inc. * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1984ARA%26A..22..157E&db_key=AST

FTI8AARAGA. ~2Z27 “I57E

162 ELLIS

show that

w(t) = ft R()~' dt

To

converges, this implies that

(C) for each fundamental observer O, there exist particle horizons
limiting possible communication with other fundamental observers in
each direction at each time ¢; those further than the particle horizon
will be unobservable by any radiation, and no causal influence from
them can affect events in O’s history up to the time ¢ (45, 75, 85, 102).

The major properties characterizing the SHBB are (4)«(C) above and
Equation 11, which follow from Equations 4, 5, 9, and 10. The standard
results on the CMBR and element formation (i.e. the CMBR is relic
radiation from the hot early phase when T > 10° K, and the light elements
were synthesized when T =~ 10° K in the early Universe) can then be
deduced from these properties (107, 109). If current ideas on the GUT are
correct, at earlier times baryon creation will take place (42, 73, 116).
These models explain many features of the observed Universe in a
satisfactory way, in particular the CMBR and primordial element abun-
dances. However, they leave various other issues obscure, e.g. why the
Universe is so nearly uniform, and yet not uniform [physical processes
taking place after the creation of the Universe cannot be responsible
because of the particle horizons (C); (38, 57, 64)], and why the density of

. matter is so close to the critical value separating recollapsing universes from

ever-expanding universes (20, 38). Thus, one has the problem of explaining
why the Universe started off from very special initial conditions.
Additionally, the very concept of the creation of the Universe at such a
singular beginning is philosophically objectionable to some scientists ; they
wish to find an alternative picture of its origin (23, 41, 102).

2.4 The Cosmological Constant

When the cosmological constant A is taken into account, the field equations
(Equation 7) are altered to

R, —(1/2)Rgap+ Agap = KTy, 12,
which can be rewritten in the form

R.p—(1/2)Rg,p, = kT, 13a.
where

Ty = Tp—(A/K)gap; 13b.
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that is, the field equations can be regarded as the same as before but with an

altered stress-energy tensor. Writing the effective stress-energy tensor T, in
the form of Equation 4a, one finds that

W =pu+A/k, p=p—A/k, (u+3p) = (u+3p)—2A/n, 14a.

and so Equation 10 becomes
3R-'4*R/di> = — g(u+3p)' = 12‘-(u+3p)+A. 14b.

If the A-term is large enough, the argument by which Equation 10 leads to
Equation 11 no longer applies, for the effective active gravitational density
(u+3p) can violate the energy condition Equation 9b. If it does so at all
times, a singularity in the past can be avoided (cf. Equation 14b), and indeed
it has long been known (86) that there are FLRW universes with a large
positive cosmological constant that (a) start expanding from a state
asymptotically like the Finstein static universe [Eddington (23) suggested
that this was preferable to a “big bang” origin] ; or (b) collapse from infinity
to a minimum radius value R,,;, > 0 and then reexpand to infinity.

There are two problems with these models. Firstly, the deceleration
parameter q, = —(1/R)(d*R/dt?),/(H?) must be negative at all times in
these universes (for if it ever becomes positive, the universes must come from
a singular origin), but observations suggest that the present value of g, is
positive (114). Secondly, an alternative explanation for the CMBR must be
found in these cases, for it is not possible for this radiation to arise from a
hot early stage in such a universe. The reason is that if such a hot early stage
were to explain the CMBR, the asymptotic phase or turnaround caused by
A would have to occur during the early plasma phase before decoupling
when T > 3000 K ; thus inequality Equation 9b would have to be violated
by the effective matter (see Equation 14) for values of R less than (R_/1000).
But at that time, (1 + 3p) would be at least 10° times larger than at present,
while A would have the same value as at present (because it is constant);
violation of Equation 9b at that time therefore implies a value of A so large
that we would undoubtedly have detected it from gq,. It is difficult to find
alternative explanations for the CMBR (54). In addition, these models
require element abundances to be arbitrarily set by initial conditions in the
Universe (for the argument above shows the turnaround would occur long
before nucleosynthesis temperatures were achieved). Thus, these models
leave so many questions open as to not be presently viable.

One should note here that it follows from Equations 5, 9, and 14b that a
static FLRW universe model will necessarily be unstable. [ Perturbing R
from a static value R_will lead either to collapse or expansion (23, 25).] This
implies that even if we could find some other explanation for redshift
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(abandoning Equations 1 and 2) we would not expect a FLRW universe to
be static unless we abandon either Einstein’s field equations or the energy
conditions.

2.5 Implications

The discussion above makes clear the nature of the available alternatives if
one is to avoid the conclusion that the Universe originates in a SHBB. One
can question

1. the nature of the observed redshifts (Equations 1-3) by adopting either
a different theory of light propagation or a different astrophysical
interpretation;

2. the conservation laws and/or gravitational field equations (Equations 5—
7);

3. the nature of matter in the Universe, e.g. by assuming some effective
contribution to the matter stress tensor that violates the energy
conditions (Equation 9).

In each case one can avoid the existence of an initial singularity but must
carefully consider if the resulting theory gives a satisfactory account of the
microwave background radiation and element abundances. An additional
possibility is to consider different geometric assumptions. One can question

4. the assumption of exact spatial homogeneity and isotropy. Then at least
one of the shear, vorticity, and acceleration will be nonzero (so Equation
10 does not follow from Equation 8). Singularities will still occur in the
past (45, 102), but they can be so different from the SHBB in their
geometry and physics as to represent quite different initial situations.

3. ALTERNATIVE VIEWS OF REDSHIFT

3.1 Alternative Theories of Light

TIRED LIGHT An alternative theory of light propagation is the “tired light”
theory, in which light loses energy progressively while traveling across large
distances of extragalactic space. Thus we abandon Equation 2; then the
observed redshifts might occur in a static universe, where no SHBB occurs.
When a detailed mechanism for such an effect is proposed, various
problems occur (65); and attempts to check if it is true are negative (34).

ALTERNATIVE GEODESICS Two-metric theories may involve light traveling
on geodesics of another metric than that specifying length and time
measurements ; thus we effectively abandon Equation 2a. In general, these
theories will still require different field equations or energy violation to
avoid a singularity (see below). Furthermore, any such dynamic two-metric
theory is likely to run into causality problems (77).
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A particular case is Segal’s theory (92), where in effect two metrics are laid
down a priori from geometrical rather than physical principles (and are
singularity free). The theory therefore proposes a cosmology independent of
any gravitational equations; it démands a quadratic (magnitude, redshift)
distance relation rather than the linear one predicted by the FLRW
universes. The interpretation of the observations is the subject of a dispute
centering on the nature of the selection effects and the statistics used (70, 93,
98); but the weight of the evidence seems to be against the quadratic effect.
Additionally, the distribution of absorption lines in QSO spectra appears to
rule these models out (81).

3.2 Local Redshift Theories

LOCAL CAUSES The effective proposal is that for QSOs, the major source of
redshift is either zp, or zg, (13, 90); thus, Equation 1 remains true but we
abandon Equation 3. Then the redshift observed for these objects is no
longer necessarily a result of the expansion of the Universe. However, the
instability of the Einstein static universe still would lead us to expect an
expanding Universe if we stay within the general relativity/ FLRW
framework ; and as usual, it is accepted that galactic redshifts are evidence
of cosmological expansion. Thus, this proposal results in local variation of
the explanation, rather than an overall abandonment of the concepts of an
expanding universe and the hot big bang.

NEW LOCAL REDSHIFT PHYSICS In the second case, because of observed
associations between galaxies and QSOs with differing redshifts (2, 33), the
observed QSO redshifts are attributed to local effects of unknown nature:
thus we abandon Equation 1 in the case of QSOs. This interpretation
depends critically on the statistics of the image associations (117). Until the
nature of this “new physics” is specified, this is not a theory in competition
with the SHBB. As in the previous case, one again ends up with the
plausibility of an expanding universe with a singular origin anyhow.

4. ALTERNATIVE PHYSICS

4.1 Alternative Matter

ENERGY VIOLATION There are various proposals of alternative effective
equations of state for matter, which result in violations of the energy
condition (Equation 9b) through the existence of sufficiently large negative
pressures. Thus, as well as transient solutions, one also obtains steady-state
and periodic solutions (48); it is possible to avoid the initial singularity, e.g.
by starting from a static initial situation that then becomes unstable orin a
universe that goes from a collapse phase to a state of expansion (86). We
discuss in turn several ways of generating negative pressures.
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If the matter in the Universe has a bulk viscosity with the coefficient of
bulk viscosity proportional to density, negative pressures arise such that
energy violations sufficient to avoid an initial singularity occur (66, 113).
However, it is not expected that this coefficient would have such a
dependence on density in the case of ultrarelativistic fluids.

A classical conformal massive scalar field can generate violations of the
energy conditions (45), and a massless conformal field coupled to
pressureless matter can cause energy violations sufficient to cause a
“bounce” iristead of a singularity in a FLRW universe model (6). No such
field is known to exist, but this situation may be regarded as analogous to
the pion field, which mediates strong interactions in nuclear matter. The
field would only be significant when very high densities had been attained,
so the energy violation and bounce would occur for nuclear densities.
Insofar as this is an adequate model of the fields dominant at these early
times (which is unknown), the possibility arises of avoiding the singularity
itself; indeed, if k = +1 the universe model could “bounce” at each of a
series of singularities, as envisaged in Tolman’s oscillating universe (103).
 Energy violation may be expected to arise when quantum effects are
significant, for such violations may be regarded as the driving force for the
Hawking radiation emitted by black holes (14, 44). For example, if one uses
as the source of the gravitational field the expectation value of a quantum
field theoretical energy-momentum tensor for a quantized scalar field
possessing mass, coherence effects can give rise to negative pressures
sufficiently large to violate the energy conditions of the singularity
theorems. Then a Friedmann-like collapse can be arrested at elementary
particle dimensions and changed to an expansion (74).

A particular case where energy violation is expected to arise is in the
inflationary universe scenario (38, 53) of the GUTs, where a supercooled
metastable state of unbroken symmetry (a “false vacuum”) gives rise to an
effective cosmological constant A dominating other fields present. This in
turn gives rise to an effective energy density ¢’ = A/k and effective pressure
p' = —A/k;so(p+p) = 0 (the limiting case of Equation 9a), which allows
energy increase while conserving energy-momentum. (By Equation 5 the
matter expands while its density stays constant, as in the steady-state
universe, because of the negative pressures.) Now (u+3p) = —2A/k,soif A
> 0, then a violation of the energy condition (Equation 9b) must happen,
causing an exponential expansion (“inflation”). This expansion solves the
causal problems raised by horizons in the Universe because causally
connected regions are now much larger than a Hubble radius (38, 53). While
this energy violation cannot lead to avoidance of the initial singularity if
thermal equilibrium is maintained (39), this condition is not necessarily
fulfilled (79), and there is a possibility that the Universe could bounce and
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thereby avoid the initial singularity because of the energy violation (79). In
the standard scenario, the GUTs phase is preceded by a radiation-
dominated phase, with the usual singularity and horizons at early times;
but one could conceive of the Universe as being created in the exponentially
expanding state. Then its early properties will be those of the steady-state
universe, without a curvature singularity or horizon.

Overall, it is clear that energy violation, in principle, could allow for
avoidance of the initial singularity and permit a study of the Universe in its
pre-expansion phase (101). When quantum effects dominate the equation of
state, it is quite likely that such energy violation can occur.

OTHER EQUATIONS OF STATE There are other proposals for alternative
equations of state that do not violate the energy conditions but that
disagree with the radiation form (Equation 4b); one still has an initial
singularity, but it can be a cold or cool big bang, rather than a hot one (e.g.
40, 47, 84). The SHBB statements (4—C) and Equation 11 remain, except
that the temperature T does not diverge ; thus the basic view of the origin of
the Universe remains, with only relatively small details being varied.

4.2  Alternative Gravity

CLASSICAL THEORIES There are a large variety of classical (i.e. non-
quantum) theories of gravity proposed as alternatives to the general theory
of relativity (36, 112). In each case, one can work out the corresponding
application of the theory to the Robertson-Walker metrics and so obtain a
corresponding version of the origin of the Universe.

Many of these alternative theories can be written as close variants of
general relativity, with field equations of the form

R;b—(l/Z)Rgab‘FAab ={T, 13.

for some suitable choice of A,, and { [which will be given in terms of other
auxiliary fields, e.g. the scale function ¢ in scale-covariant theories such as
the Brans-Dicke theory (12, 106, 109), the creation field C in the original
Hoyle-Narlikar theory (46, 109), or the second metric y,, in Rosen’s
bimetric theory (87, 88); these auxiliary fields will satisfy their own field
equations]. Now just as in the transition from Equation 12 to Equation 13,
one can rewrite this equation in the form

Rab _(1/2)Rgab = K’I:ba 16a.
where
ab = (T — App)/xc; 16b.

that is, we can regard the new theory as described by Einstein’s equations
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with a new form of matter. Although T, satisfies the energy condition
(Equation 9b), T;, may not; if so, one may (as in the case of alternative
matter) find cosmological solutions with a nonsingular origin. A further
feature is now of importance. As is well known, the tensor (R,, —(1/2)Rg.;)
has vanishing divergence; and indeed this fact is responsible for the
standard form of the field equations (Equation 7). Equations 15 and 16
show that

A% = ((T™),, 17a.
T, =0 17b.

Now A,, may have a nonzero divergence or { , T°® may be nonzero. Thus,
although T, satisfies the conservation equations, in general T, does not, so
the energy or momentum of the matter fields are not conserved in this
theory; this is the origin of the possibility of matter creation in theories such
as the Hoyle-Narlikar theory. However, one should note the comment by
Lindblom & Hiscox (52): This procedure effectively constructs non-
conserved quantities within a conservative theory. One can rewrite such
theories in conservative form by putting the equations in the form of
Equation 16 (cf. 61).

If an alternative theory of gravity leads to sufficiently large equivalent
energy condition violations, a singularity can be avoided. This is possible,
for example, in the Hoyle-Narlikar theory (46), in theories with torsion (83,
105), and in bimetric theories (80, 87). If the gravitational field equations are
derived from a Lagrangian more complex than the general relativity
Lagrangian, in general we may expect energy violations to be possible.
Thus, if we introduce terms quadratic in the curvature invariants, a
“bounce” may be possible (67) ; when nonlinear Lagrangians are considered
that are arbitrary functions f(R) of the scalar curvature R, the singularity
can be avoided through a suitable choice of f(R) (4, 50); and if the
singularity is not avoided, one may nevertheless avoid the occurrence of
horizons (4). Again, if the matter fields are nonminimally coupled to the
curvature, singularity avoidance is, in general, possible (71).

CONFORMAL THEORIES A class of alternative theories that have attracted
particular attention are the variable-G or scale-covariant theories, such as
Dirac’s theory (21), the Brans-Dicke theory, the later Hoyle-Narlikar
theories, and the theory of Canuto and coworkers. In general, different
conformal gauges can be chosen in these theories that relate different metric
representations through appropriate choice of a conformal factor (15, 89).
This allows alternative explanations for observed redshifts ; effectively one
can switch terms in Equations 1 and 2, for when conformal transformations
are allowed, one can no longer clearly distinguish between expansion and
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acceleration of the fundamental particles. [ These depend on the conformal
frame used (66).] In fact, conformal transformations can be used to
transform the isotropic expansion of FLRW fundamental observers to
zero; so one can remove the singularities in the matter flow in FLRW
models by appropriate conformal transformation, i.e. by appropriate
choice of a conformal frame. (In fact, it is well known that all the FLRW
universe models are conformal both to flat space-time and to the Einstein
static universe.) The effective matter tensor in the field equations (Equation
16) will therefore, in general, violate the energy conditions, for this is what
makes it possible to transform the expansion to zero without violating the
Raychaudhuri equation. This may explicitly be seen to be true in the revised
Dicke theory for (2w + 3) < 0(83). It is therefore not surprising that in some
cases the massless scalar field in the Brans-Dicke theory can prevent the
occurrence of initial singularities in the Universe (37). The remarks above
lead us to expect that this will be a general feature of gauge-covariant
theories.

QUANTUM COSMOLOGY When investigating the behavior of the Universe at
very early times, a quantum cosmological model may be used to take
quantum gravitational effects into account; however, the construction of
such models is considerably hampered by the lack of a complete and
manageable quantum theory of gravity. Space limitations do not allow an
adequate discussion of such models in this article; rather, the reader is
referred to a recent excellent review article and the references therein (43).

Overall, it is easy to find alternative theories of gravitation where energy
violation may occur. There is no compelling reason to support these
theories against general relativity, except that it is clear that in the high-
density and curvature limit a quantum theory of gravity is ultimately
needed. Thus the quantum cosmology results (when agreement is reached
on them) are clearly of considerable significance for any discussion of the
origin of the Universe. Singularities might be avoided in the quantum case,
but if not, it seems possible that they will be less severe than in the classical
case; and at least horizons may not occur in these models.

5. ALTERNATIVE GEOMETRIES

There are two basically different variations of the standard FLRW
geometries : models that are spatially homogeneous but anisotropic, and
models that are spatially inhomogeneous.

5.1 Anisotropies

The family of spatially homogeneous but anisotropic evolving universe
models have been extensively studied (see 49, 55, 56 for recent reviews).
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While these universes may at some stage in their history be very similar to
the FLRW universes, they can have totally different singularity structures.
The kinds of singularity that can occur depend on whether the universes are
orthogonal or tilted.

ORTHOGONAL UNIVERSES These are spatially homogeneous universes in
which the matter flow vector is orthogonal (in the space-time sense) to the
surfaces of homogeneity ; thus, there is no motion of the matter relative to
these homogeneous space sections. The fluid flow is geodesic and rotation
free, and the surfaces of homogeneity are surfaces of simultaneity for all the
fundamental observers. The models comprise Bianchi orthogonal models
(the general case) and Kantowski-Sachs universes (a special “rotationally
symmetric” case).

In all these cases, because @ = u* = 0, the existence of a singularity
follows directly from the energy conditions (Equation 9) and the
Raychaudhuri equation (Equation 8); in essence, the Raychaudhuri
equation shows that the normals to the surfaces of homogeneity must
approach a point of intersection, but the fluid is moving along these
normals and so runs into a singularity where the density of matter
diverges.? The existence of the distortion term o2 in Equation 8 shows that
the singularity is in general worse than in the FLRW case ; indeed, usually
the singularity is shear dominated, the effect of the matter term being
negligible at early times. Limits on the amount of anisotropy come from
observed limits on the anisotropy of the CMBR and from observed light-
element abundances, compared with model predictions (55, 89, 100).

In these models, many different kinds of singularity structure can occur.
In the simplest (Bianchi I) case, the solution resembles the vacuum Kasner
solution ; the singularity may be a “cigar” or “pancake” singularity (55, 100).
If the cigar singularity occurs, horizons are broken in one spatial dimension
(45, 64). Generically (in Bianchi VIII or IX) there will be oscillatory
behavior, with a series of Kasner-like epochs taking place between
“bounces” off a potential wall (7, 64). These possibilities have been discussed
in a previous volume of this series (72). It seems agreed that the oscillatory
behavior continues right back to the origin of the Universe, so that the
initial behavior of the models can be characterized in a strict sense as
“chaotic” (3) ; unfortunately, this does not suffice to break the horizons in all
directions, as was once hoped (57).

While these singularities are geometrically quite different from the SHBB
through their anisotropic expansion (and in many cases oscillatory
behavior), which modifies (4), the essential features (B) remain ; the most

% See (18) for a careful discussion of the Bianchi cases and (16) for the Kantowski-Sachs case.
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significant difference is the possibility of horizon breaking in some
directions [so that (C) no longer holds in all directions].

TILTED UNIVERSES In this case, the surfaces of homogeneity are not
orthogonal to the matter flow. Thus, although they are strictly spatially
homogeneous in a rigorous sense, these universes appear inhomogeneous
to the fundamental observers, who move relative to the homogeneous
spatial sections (35). One can view this either as a result of their surfaces of
instantaneity not coinciding with the surfaces of homogeneity (51) or
because Doppler effects due to the peculiar velocity of the observer make a
uniform distribution of matter appear anisotropic (30).

In tilted universes the matter can move with vorticity and will have
nonzero acceleration unless the pressure is constant. Thus, the Ray-
chaudhuri equation for the fluid no longer directly implies that a singularity
occurs. However, the Raychaudhuri equation for the normals to the
surfaces of homogeneity implies that these normals become singular within
a finite proper distance ; this result shows that the spatially homogeneous
part of the Universe must end within a finite time. A careful analysis then
demonstrates that the Universe must be singular at this time (45).

There are two rather different ways the spatially homogeneous region of
the Universe can end in the past. (a) The first possibility is that an infinite
density (spatially homogeneous) singularity can bound this region ; then the
situation is essentially the same as in the case of the orthogonal universes,
except that the geometry can be more complex (because of the rotation and
acceleration of the matter). The Universe originates at this infinite density
singularity. (b) The second possibility (94) is that the density is finite at the
boundary of the spatially homogeneous region of space-time (which
represents late times in the Universe). The matter originates at early times in
a spatially inhomogeneous, stationary region of space-time, separated from
the spatially homogeneous region by a (Cauchy) horizon (18, 31).

It is easiest to understand this situation as follows (26, 27) : consider the
action of boosts of the Lorentz group through a hyperbolic angle f in two-
dimensional Minkowski space-time (Figure 1a). If a single matter flow line
through the origin P is spread over the space-time by repeating this action
infinitely often, the (infinite) family of flow lines thus generated intersect at P
and we have a model of Case (a) : the spatially homogeneous region I comes
to an end at a boundary where the matter density is infinite. This region
comprises the entire Universe (Figure 1b). Suppose, however, a single flow
line of matter that crosses from region I to region Il is spread around by the
same action of the Lorentz group. Then the surfaces of constant density
change from being spacelike to being timelike as the fluid crosses the
horizon H™ (&) (Figure 1c), so while the late part I of the model is spatially
homogeneous as before, the early part II is spatially inhomogeneous. This
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provides a model of Case (b). The limiting value of the density at the
boundary of these regions of space-time, shown by a zigzag line in Figure 1c,
is finite: it is the same as the density on the horizon H (&) (which is a
surface of homogeneity). However, the Universe cannot be extended
beyond this boundary, for a singularity occurs here. One can see this by
noting that in Figure 1c the light cone of any point is at 45°. The past null
geodesic to the left from any point in the space-time runs into the boundary
in a finite distance, but in that distance it crosses an infinite number of world
lines. Consequently, the density of matter measured in a frame of vectors
parallel propagated down this null geodesic will diverge. This parallel-
propagated frame is related to a group-invariant frame by a Lorentz
transformation that diverges at the boundary; and the density is perfectly
finite at each point if measured in this group-invariant frame. Thus, this
singularity is a nonscalar singularity (45) [colloquially known as a
“Whimper” (31)]. All curvature and matter invariants are regular as one
approaches the boundary ; the divergence occurs when the Ricci and matter
tensors are measured in a parallel-propagated frame.

This model gives a good representation of what happens in the full four-
dimensional Case (b) tilted Bianchi cosmologies. The spatially homo-
geneous region is bounded by a Whimper singularity on the one hand, and
a Cauchy horizon H™ (%) on the other ; the fluid crosses the Cauchy horizon
from an earlier spatially inhomogeneous region, which is also partially
bounded by the Whimper singularity. This singularity is causally null;
correspondingly (45, 75), there will be no particle horizon in the direction of
the Whimper singularity (but there will be one in the opposite direction ; cf.
the causal diagrams in 18). It is a “mild” singularity in that the temperature
and density of the matter is finite there. The fluid itself originates at a second
singularity (not shown in Figure 1c¢) that is timelike. Here, in general, the
density will diverge, but this will not always be the case: situations are
known (18) where the density is finite at this initial singularity (but where
the conformal geometry is singular). Thus, in such exact solutions of
Einstein’s equations—which have reasonable equations of state and obey
the energy conditions—two singularities occur, but there is a finite
maximum density for matter in the Universe ; hence, there is also a bound to
the temperature that will occur.

The plausibility of these universe models rests on their ability to give

Figurel Two-dimensional Minkowski space-time as a model for singularities. (a) The action
of “boosts” about P is shown. (b) A matter line through P, moved over the space by the boosts
about P, leads to a flow diverging from P. A matter singularity occurs. (c¢) A matter line not
through P, moved over the space by the boosts about P, leads to a flow that “piles up” toward
P but that does not converge there. A nonscalar singularity occurs.
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reasonable predictions for element production and compatibility with the
microwave anisotropy. Initial investigation (31, 60) is encouraging ; it seems
that current observational evidence is quite compatible with such singu-
larities. It should be mentioned that it is known that these models are of
zero measure in the set of all spatially homogeneous models (95, 96), and
this fact has been used as an argument against their occurrence. While this is
an interesting line of argument, its status is unclear because of the
uniqueness of the Universe. Additionally, it should be mentioned that if one
pursues this line, the SHBB FLRW models are an even smaller subset of the
spatially homogeneous models and thus, according to this argument, are
even more unlikely to occur than the Whimpers.

OTHER EFFECTS As in the previous case, one can consider spatially
homogeneous, anisotropic universes with other equations of state or
governed by other gravitational theories. Because of the shear in these
cosmologies, in many cases (e.g. for orthogonal fluids) one may expect the
singularities to be worse than in corresponding FLRW universes. Thus, for
example, while torsion can prevent singularities in FLRW universes, it
cannot do so in Bianchi I universes (99).

Where quantum field effects seem to make a significant difference is in the
evolution forward in time from the singularity ; for in anisotropic universes
there will be significant pair creation of conformally invariant particles, and
this will dissipate anisotropy and so drive the Universe toward a state of
isotropy (43, 115). Similarly, the effect of a false-vacuum inflationary
expansion in a Bianchi universe will be to make it evolve exponentially
toward the de Sitter (isotropic) solution (108). However, if the anisotropy in
the Universe is too large at the end of the quantum gravity era, the
inflationary phase will never take place (5a). Thus, quantum effects can
contribute to a limited extent toward Misner’s (63) vision of a situation
where any anisotropy or nonuniformity will be dissipated by physical
processes in the early Universe, so giving an “explanation” of presently
observed isotropy.

5.2 Inhomogeneities

As the fluid can now move with acceleration and rotation, the Ray-
chaudhuri equation does not directly imply the existence of a singu-
larity in the past. However, the powerful Hawking-Penrose singularity
theorems (45, 102) show that as long as suitable energy and causality
conditions are satisfied, singularities will indeed occur in a general in-
homogeneous universe model [essentially because the matter that thermal-
ized the microwave background radiation has sufficient energy to cause a
refocusing of all the null geodesics that generate our past light cone (45)].

In many cases the singularity will be essentially of the same character as
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in the spatially homogeneous case, often showing the same kind of
oscillatory behavior as the Bianchi IX cosmologies (7, 9; but see 5, 8, 57).
The major difference is that one can now additionally get timelike
singularities.

TIMELIKE INITIAL SINGULARITIES The existence of inhomogeneities at early
phases in a universe that is like a FLRW universe at late times implies that
“the initial big bang is not necessarily simultaneous. One can formulate
initial conditions in such a way that expansion of some parts of the universe
are delayed” (116). It has been proposed that such “lagging cores” could be
responsible for violent astrophysical phenomena such as QSOs (69, 71a).
The situation could be the time-reverse of the collapse to a black hole: this
case is called a “white hole” (71a). In this case, the singularity will be
surrounded for most of its life by an absolute particle horizon, into which no
particles may fall but from which particles may be ejected (76). Difficulties
arise concerning the existence of “white holes,” particularly in view of the
particle creation process that would tend to make them rapidly evaporate
away (76, 78).

However, there appears to be nothing preventing the existence of more
general timelike singularities that do not occur instantaneously, but
continue over a time (22), and that are not associated with such horizons
(104); the timelike part of the singularity may have the nature of either a
negative- or positive-mass singularity (62, 104). A new dynamics now
occurs, for the singularity both emits matter and radiation to the Universe
and receives them from it ; thus, it both acts on and can be acted upon by the
Universe. This relation of the singularity to the Universe is quite unlike that
in the spacelike singularity case where the singularity emits matter and
radiation to the Universe, and indeed determines all its initial conditions,
but cannot be affected by it. One now has the possibility of investigating the
dynamics of interaction of the singularity with the Universe.

These timelike singularities can occur as inhomogeneous segments of a
singularity that is spacelike elsewhere (62, 104). Indeed, it is clear that unless
one chooses very special conditions in the Universe (by setting to zero the
“decaying modes” of density perturbations), inhomogeneities will dominate
at early stages (97). Penrose argues on entropy grounds that the early
Universe should obey such rather special conditions (77, 78) ; his argument
depends on probability assumptions about the set of all possible
universes—assumptions that may be queried in view of the uniqueness of
the Universe.

The most intriguing possibility is if one or more isolated timelike
singularities occur, with most of the matter passing between them rather
than originating at them (45). This situation is closely related to the hope
that many people have that the present expanding phase of the Universe
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should result from a previous collapse phase, with the formation of isolated
singularities and subsequent reexpansion. Then the hot big bang phase is
like an inhomogeneous SHBB but is preceded by a previous collapsing
phase. The overall picture is like “cyclic” FLRW universes collapsing from
infinity or from a previous expansion phase and then reexpanding (with
most of the matter avoiding the singularities ; these must form because the
energy conditions are satisfied).

We do not have exact cosmological models where this situation occurs;
but two examples indicate it may be possible, namely the Reissner-
Nordstrom solution with test matter in it (45), and certain classes of
Whimper singularities where two horizons may occur (31) (if these exist ; no
exact solutions of this kind are known at present). In both these cases the
situation is probably unstable, but they show that it is not obviously
prohibited by the field equations. If it does occur, the conditions of the
present phase of expansion are determined by the two-way interaction
between the Universe and the singularity formed from the previous collapse
phase ; no energy violations or quantum effects are needed to cause such a
“bounce.”

ESSENTIALLY INHOMOGENEOUS UNIVERSES These are universe models con-
taining no epochs where the space-time is approximately spatially homo-
geneous; that is, they are never like a FLRW universe model. This
assumption, of course, goes against the usual “cosmological principle,”
which states a priori that the Universe is spatially homogeneous (109) ; but
that is an unverified and, indeed, possibly unverifiable (28) philosophical
statement that could be incorrect.?

One possibility is asymptotically flat models—an isolated dense universe
surrounded by empty space. An example of this kind is the recent Narlikar
& Burbidge (68) proposal, in which all detectable matter lies in an
expanding super-supercluster. While this kind of situation is a possibility,
many features remain to be explained, e.g. the element abundances and the
microwave background radiation. The specific Narlikar-Burbidge version
appears to be ruled out by QSO absorption-line measurements (81).

A related concept is that of a hierarchical universe, where clustering
occurs over all possible scales, so that each observer is within an effective
spherical inhomogeneity but the average density of matter goes to zero in
larger and larger volumes. In this model the Universe is spatially
homogeneous (19). However, this is difficult even to describe mathemati-
cally (as the description used depends completely on the scale of averaging);
it is not clear that the models proposed so far (10, 110) in fact represent the
hierarchical situation fully.

31t is false in the currently fashionable inflationary universe scenario, where major
inhomogeneities occur at the bubble walls.
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If we abandon statistical homogeneity, the only universe models that give
isotropic observations* are inhomogeneous, spherically symmetric models,
where we are near a center of symmetry (11). In order to explain the
microwave background radiation in such models, an intriguing possibility
is that there are two centers of symmetry in the Universe, with one in our
neighborhood and the other at the location of a timelike singularity. This
singularity would be surrounded by a massive fireball emitting blackbody
radiation ; thus the space sections of the Universe would look like Figure 2b,
with the fireball —like a supermassive star—at the antipodes. A space-time
diagram can be drawn as in Figure 2a. The timelike singularity at the
center of the fireball would continually emit radiation and particles into the
Universe as well as receive them from the Universe—it would be
dynamically interacting with the Universe (as discussed above). A re-
markable duality between such models and the FLRW universes is
possible, with each stage of the FLRW universes that occurred in the past as
a result of time evolution also occurring in these universes spatially as a
result of spatial inhomogeneity (32).

Perhaps the most radical such proposal is the completely static two-
centered universe possibility (17, 32), where the redshifts observed for
distant galaxies are purely cosmological gravitational redshifts (cf.
Equation 2b). High pressures are needed in these models to cause the
acceleration that underlies the gravitational redshift ; this is not impossible
but is perhaps uncomfortable. Two problems arise: Firstly, because of the
spherical symmetry, the (redshift, distance) law in such a universe must be
quadratic at the center, so (as in Segal’s theory discussed in Section 3.1) we
can test this model by seeing if a quadratic relation is indeed observed. The
usual data show a linear relation, contrary to expectation in such universes;
however, these data are analyzed on the assumption the Universe is a
FLRW universe, and selection effects play a crucial role in determining
which is the correct law. (Essentially the same analysis will apply here as in
the Segal theory.) The data still have not been examined using an analysis
that takes surface brightness effects fully into account. Secondly, philo-
sophical problems may arise because of the Earth being near the center
in these models. However, these qualms can be offset by noting that physical
conditions can favor the occurrence of life at this center in such universes
and by considering the a priori improbability of the FLRW universe
models (27a). On the positive side, it is intriguing to note that the
background radiation, still our best evidence for isotropy of the Universe,
would appear isotropic at every point in such universes (because its
temperature will be determined by the ratio of gravitational potentials at
the points of emission and reception of the radiation; and this is

* See, for example, (55) for a summary of the evidence that the Universe is isotropic about us.
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independent of the path the light follows to the observer). Thus, observed
isotropy of this radiation does not, in this case, imply that the Universe is
isotropic about our position. On the other hand, isotropy of galactic
redshifts would carry this implication.

The major interest of this model is the way in which it highlights the quite
different role the singularity can play as a continuing influence in the
evolution of the Universe. It is not a once-and-for-all event, but is instead a
continuing source and sink of matter and information; in this case, it
enables a steady state. The singularity has a different meaning than in the
FLRW universe.

While it is difficult to make a convincing case for a static universe of this
kind, it seems likely that expanding versions maintaining the essential
features of Figure 2 could account for all present observations. If the
expansion originated in a singularity, the model would then be essentially
like the delayed core models mentioned above ; but the expansion could, for
example, conceivably be preceded by a stationary phase or by a contraction
phase to some minimum radius with the singularity always localized in one
region of the Universe.

FURTHER EFFECTS As in the previous cases, one can consider the nature
of inhomogeneous cosmologies if energy violation, other gravitational
theories, or quantum effects are taken into account.

Perhaps the most intriguing new possibility is that the energy conditions
may be violated for essentially geometric reasons. The basic point here is
that the Finstein field equations are tested, and believed to hold, on a
particular scale (say, that of the solar system). In an inhomogeneous
situation it is not clear that the geometrically averaged space-time metric
representing the situation at other scales (say, that of clusters of galaxies)
will obey the same field equations; indeed, one would expect correction
terms (similar to the polarization terms in electromagnetic theory) to allow
for the spatial averaging that is taking place (29). However, there is no
guarantee that these terms will obey the energy conditions ; and, indeed, in a
turbulent situation they might be able to cause effective negative energy
densities so large as to avoid a singularity (59). Thus the space-time metric
averaged out to describe the Universe at the larger scale could be
singularity free (but small-scale singularities could still occur, e.g. local
black holes resulting from gravitational collapse of stars).

Figure 2 A two-centered universe, with our Galaxy near one of the centers. (a) Space-time
diagram of the Universe {two spatial dimensions suppressed). It is a cylinder, with a timelike
singularity at the other center. Our past light cone is shown. (b) Space section of the Universe
(one spatial dimension suppressed). The singularity lies behind a fireball, which is like a
supermassive star “over there.”
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6. CONCLUSION

If we assume the standard FLRW geometries, then different equations of
state or field equations resulting in sufficiently large effective energy
violation imply the possibility that there is no singularity at the beginning of
the present phase of expansion of the Universe. This expansion could start
from a stationary state (either a static phase or an exponentially expanding
phase) or could be a bounce from a previous collapse. Any “bounce” that
occurs must have taken place at very early times, if our present picture of the
origin of the microwave background radiation and the elements is correct.
It is plausible that quantum field effects could cause a bounce at extremely
early times, but the foundations of quantum cosmology need clarification
before such a statement is on firm footing; if this does not happen, the
quantum field effects probably at least make the singularity less severe (e.g.
by eliminating particle horizons).

A different geometry implies the possibility of quite different kinds of
singularity, which entail different concepts of creation. Finite density
singularities can occur at the beginning of the Universe in the case of tilted
homogeneous cosmologies, lessening the severity of the initial singularity.
(One must have some real singularity at any “beginning” of the Universe,
for otherwise we can continue the Universe past this event to earlier times,
thus showing that it was a “fictitious” singularity rather than a real one.) A
major difference in the case of inhomogeneous universes is the possibility of
timelike singularities, which continue to interact with the Universe over a
period of time—perhaps for the entire history of the Universe—rather than
the once-and-for-all interaction of the singularity in the standard theory,
where creation takes place at one time and then the singularity is only an
incident in the past.

There are two kinds of steady-state universe that seem to have the
potential of giving a reasonable description of the astrophysical evidence:
the original steady-state universe of Bondi, Gold, and Hoyle ; and the two-
centered static universe of Ellis, Maartens, and Nel. In both cases creation is
a continuously proceeding process—in the first case diffused through space
and in the second localized at a singular center of the Universe. However,
both of these models run into difficulties when compared in detail with
observational evidence.

The next major possibility is that the Universe started off in a steady-state
situation and then changed to an evolutionary phase, as in the Eddington-
Lemaitre expansion from an Einstein static state or the Starobinski
expansion from a de Sitter steady-state phase ; there may also be suitable
models expanding from an FEllis-Maartens-Nel static phase. A major
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problem with any such stationary-state origin is how the Universe chooses
when to break this phase and start the present evolutionary phase : “Since
the initial metric has a finite life-time, it could not exist as t - — 00, and
therefore some other metric should exist before it” (53).

If a bounce takes place, it either comes from a state that has existed for
indefinitely long in the past, perhaps collapsing from an infinite radius; or
else it is a rebounce following a previous state of expansion from a state of
high density, as in the “phoenix” universes that perpetually oscillate, and in
many ways give an attractive understanding of the history of the Universe
(20, 58). Each rebirth can take place either through effective energy
violation or quantum effects (when no singularity occurs) or through the
occurrence of isolated singularities that are sidestepped by most of the
matter and that interact with the Universe for a brief period.

A singularity will exist unless effective energy violation takes place ; it will
provide an initial boundary to the Universe as we know it. The singularity
could be “weak,” so that quantum mechanically one can follow the
Universe through to the era preceding the initial singularity ; that is, one
may be able to provide a theory of creation. Any such theory of creation of
the Universe must by necessity postulate some preexistent structure that
provides the basis for the equations used to describe creation (e.g. a
previously existing oscillating universe, Minkowski space, a de Sitter
universe, superspace, or pregeometry). These issues cannot be pursued
further here; we refer the reader to the Appendix of Linde’s (53) paper and
the references therein.

There are then a variety of possibilities available, both within standard
general relativity (where a variety of geometries are considered) and in
variations of that theory, for understanding the nature of the origin of the
Universe. The SHBB is one of this family but is by no means the only
conceivable member; further possibilities are not completely excluded
experimentally or theoretically.
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