AS.Z16!

T

Q.J! R. astr. Soc. (1975) 16, 245-264

Cosmology and Verifiability’

G.F.R.Ellis

(Physics Department, Boston University and Department of Applied Mathematics
and Theoretical Physics, Cambridge)t

(Received 1975 April 14)1

SUMMARY

The way in which one obtains a cosmological model from basic principles
is discussed. It is shown that some of these principles are of necessity
unverifiable. The observed isotropy of the universe leads to a uniformity
assumption which can be codified in various ways, leading to slightly dif-
ferent world models. The overall structure of these world models is dis-
cussed in detail, and the different ways in which different parts of the
universe are accessible to observation can then be made explicit.

THE COSMOLOGICAL PROBLEM

Relativistic Cosmology aims to determine the structure of the universe
from a fusion of the results of astronomical observations with know-
ledge derived from local physical experiments. The problem of deter-
mining this structure (I) is centred on the fact that there is only one
universe to be observed, and that we effectively can only observe it from
one space-time point. Because it is a unique object, we cannot infer its
probable nature by comparing it with similar objects; and (on the scale
we are considering) we are unable to choose the time or position from
which we view it. Our predicament is analogous to that of a pre-
maritime man living on a small island in an ocean, who observes around
him a host of other small islands apparently scattered at random on a
seemingly limitless sea. Unable to move from his island, his theory of
the world in which he lives can only be based on this partial view.

UNVERIFIABLE ASSUMPTIONS

Given this situation, we are unable to obtain a model of the universe
without some specifically cosmological assumptions which are completely
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unverifiable. Because we wish to talk about regions we cannot directly
influence or experiment on, our theory is at the mercy of the assump-
tions we make. To illustrate this, consider the possibility that our friend
on the island might be of a theological disposition; and might have
decided that there was in fact only one island in the world, surrounded
by an ocean which ended at a beautifully painted diorama constructed
by an artistic and kindly God, giving him the illusion of a limitless sea
covered by islands. In an exactly analogous way, a modern cosmo-
logist who was also a theologian with strict fundamentalist views could
construct a universe model which began 6000 years ago in time and
whose edge was at a distance of 6000 light years from the solar system.
A benevolent God could easily arrange the creation of this universe
not only so that suitable fossils would be present in the Earth (having
been created, together with the rest of the universe, 6000 years ago) to
imply a long geological history, but also so that suitable radiation was
travelling towards us from the edge of the universe to give the illusion
of a vastly older and larger expanding universe. It would be impossible
for any other scientist on the Earth to refute this world picture experi-
mentally or observationally; all that he could do would be to disagree
with the author’s cosmological premises.

What has been violated here is the expectation that the ordinary laws
of everyday physics, carefully and correctly applied, will lead to correct
inferences about what exists; for such application of these laws leads
(in these unusual universes) to expectations different from what would
actually be there. To exclude this possibility, we invoke the first of our
unverifiable assumptions about the universe: whenever normal physical
laws can be applied, they correctly predict the structure of the universe. 1
shall call this the local predictability assumption. There are two facets
to this requirement : firstly, that the normal physical laws we determine
in our space-time vicinity are applicable at all other space-time points.
This demand for uniformity in Nature is necessary for reasonable pre-
dictions to be made about distant parts of the universe; for otherwise
there is too much arbitrariness in what we can suppose. Without this
guide, we have no suitable set of rules to tell us what to expect. In any
case we have a set of physical laws which are locally valid, and the
established scientific policy—based on the ‘Occam’s razor’ or ‘minimal
assumption’ attitude— is to continue extrapolating, applying these laws
in larger domains and to more distant points, unless something makes
it clear that this is the wrong procedure. Note that this does not exclude,
for example, theories in which the gravitational constant varies; all this
amounts to (assuming we know the law which determines how this
‘constant’ varies) is that local physical laws are rather more complex
than we might originally have supposed. The second aspect of this
statement is the implication that we keep on applying these laws as long
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as this is possible; and the resulting expectations are fulfilled. It is this
aspect (expressed mathematically in the requirement that space-time be
inextendible (2)) which prevents our universe model beginning or ending
at an edge such as the one described above.

Having adopted this principle, one might hope it would not be neces-
sary to make further unverifiable assumptions in order to obtain a
reasonably unique cosmological model from our observations. How-
ever, the nature of the observations we are able to make prevents
fulfilment of this hope. Two facts lead to this conclusion. First, we are
unable to examine directly space-time itself, or the distribution of
matter in it; rather we observe particular objects—stars, galaxies, quasi-
stellar objects, dust, and so on—in space-time, and only when we have
somehow determined their intrinsic properties can we deduce their dis-
tribution and the properties of the intervening space-time (3). Second, we
simply do not have the astrophysical information needed to determine
their nature sufficiently accurately. This is partly because there is a wide
variation in the properties of individual objects in each class; partly
because we simply do not understand the nature of some of the classes
of objects we are observing; and to a very large extent because the light
we receive from the more distant objects was emitted a long time ago.
Thus we need to have a satisfactory theory of their time-evolution in
order to determine their intrinsic properties at the time they emit the
light by which we observe them. We do not have such a theory. So, for
example, having obtained measurements of the radio brightness of a
radio source, we are unable to determine directly from our measure-
ments whether we are receiving radiation emitted from a bright source
a long time ago, or from a weaker source which is relatively nearby, or
from a weak source which is very far away but appears anomalously
bright because of the curvature of the intervening space-time. The
situation is similar to that of the isolated man on the island if he is able
to measure accurately the apparent sizes of the other islands, but does
not know their intrinsic sizes. Any particular island he sees might be
a small one nearby, or a much larger one a long way off. A new prin-
ciple is needed to order the observations.

As presented thus far, the argument may sound rather weak; it may
seem that introduction of a new principle is a counsel of expediency
rather than necessity. Might it not be that given sufficient time for
increased understanding of the astrophysics involved, the problem would
eventually simply go away; for then we would have sufficient informa-
tion to use the observed objects as ‘standard candles’ which could be
reliably used to chart the universe? This is most unlikely to be the case,
not only because of the nature of the difficulties encountered in astro-
physics, but because of one fundamental aspect of our present know-
ledge of the universe which has not been mentioned so far.
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This crucial feature is that the universe appears to be isotropic about
us to an extraordinary accuracy. In particular the number counts of
distant radio sources show that their average distribution is the same in
all directions; the X-ray background radiation is isotropic to better
than § per cent; and the microwave background radiation is isotropic
to better than o-2 per cent (4). No matter what direction we choose in
order to obtain information about the large-scale structure of the
universe, we obtain the same answer as for any other direction. Thus
there seem (on a cosmological scale) to be no preferred directions about
us; we are unable to point in a certain direction and say ‘the centre of
the universe lies over there’; in fact we are unable to say that any direc-
tion is particularly different from any other.

To consider the consequences of this, suppose our astonished friend
on his island found that his observations lead to the same conclusion.
He would then be able to use this fact to construct for himself models
of his world, even though he did not know the distances of the islands
he observed. He would, after a while, discover there were two possible
situations. Either the islands could be scattered uniformly over a uni-
form ocean in such a way that all islands were roughly the same distance
from the island nearest to them, and so that the world looked very
much the same to any observer on any island (¢f. Fig. 1(a)); or they
could be distributed in some other way, for example with all the islands
that looked smaller a much smaller distance from their nearest neigh-
bours than all the islands that looked larger (cf. Fig. 1(b)). The common
feature of all these other ways of arranging the islands would be that
they were all centred on his own island; by measuring the positions of
all the islands in the sea one would with complete certainty deduce that
his own island was at the centre of the visible part of the world. Although
he himself would not be able to point out any direction as the direction
to the centre of the world, an intelligent observer on any of the other
islandshe could see would indeed be able to do so;and all such observers
would point at his own island!

The situation in relativistic cosmology is precisely similar. We can
construct all space-times which would give exactly isotropic observa-
tions about one particular galaxy; and they are either exactly spatially
homogeneous and isotropic space-times, which are isotropic about every
galaxy—in this case, all galaxies are equivalent—or they are centred on
that one galaxy. This galaxy is then at the centre of the universe (5). The
actual universe, which is not exactly isotropic about us, may then be
expected to be very similar to one or other of these idealized possibilities.

In ages gone by, the assumption that the Earth was at the centre of
the universe was taken for granted. As we know, the pendulum has
now swung to the opposite extreme; this is a concept that is anathema
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FiG. 1(a). An arrangement of particles which is statistically isotropic about
every particle (P and Q are equivalent). (b) An arrangement of particles
which is statistically isotropic about P, but not about any other particle
(P and Q are not equivalent).

to almost all thinking men. This is partly because we now believe that
our Galaxy is no different from millions of others; more fundamentally,
it is due to the Copernican-Darwinian revolution in our understanding
of the nature of man and his position in the universe. He has been
dethroned from the exalted position he was once considered to hold.

It would certainly be consistent with the present observations that we
were at the centre of the universe, and that, for example, radio sources
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were distributed spherically symmetrically about us in shells charac-
terized by increasing source density and brightness as their distance
from us increased (6). Although mathematical models for such Earth-
centred cosmologies have occasionally been investigated, they have not
been taken seriously; in fact, the most striking feature of the radio
source counts is how this obvious possibility has been completely dis-
counted. The assumption of spatial homogeneity has inevitably been
made, and has led to the conclusion that the population of radio sources
evolves extremely rapidly (7). What has therefore happened is that an
unproven cosmological assumption has been completely accepted and
used to obtain rather unexpected information about astrophysical
processes.

It seems likely that reasonable theories will continue to be based on
this assumption. One may adopt this view simply because our own
Galaxy seems a rather undistinguished place to be the centre of the
universe, or because of deeper philosophic reasons. In any case, we shall
accept the implied attitude, and turn to consider the different ways it
can be formalized. Important differences in our concept of the universe
arise if we formalize it in different ways.

UNIFORMITY PRINCIPLES

The traditional way of codifying the view that we occupy an average,
rather than a highly special, position in the universe is to adopt the
Cosmological Principle (8): that is, the assumption that the universe is
spatially homogeneous. This principle implies the existence of a cosmic
time, and states that all measurable properties are the same at the same
cosmic time. In particular, our observations of the isotropy of the
universe would mean that all other observers viewing the universe at the
same time would find their observations equally isotropic. Hence one
obtains as idealized universe models the exactly spatially homogeneous
and isotropic (or Robertson—Walker) space-times (9). Thesearesupposed
to represent the smoothed-out structure of the universe: a more realistic
universe model can be obtained by superimposing small perturbations
on this completely smooth substratum.

The Cosmological Principle is a positive statement with far-reaching
consequences. An alternative way of proceeding is to make a negative
statement. Thus we might make the assumption: we are not at the centre
of the universe. (I shall refer to this as the Copernican Principle.) As has
been indicated above, this principle together with the observed isotropy
of the universe about us again leads us to perturbed Robertson-Walker
space-times as models of the observed universe.

To illustrate the differences between these two approaches, consider
once again our marooned natural philosopher. Having formulated for
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himself a ‘Cosmological Principle’—that every part of the world is
identical with every other part—he triumphantly announces his homo-
geneous and isotropic world model: the world is a completely smooth
ball. Not only are all points equivalent to each other, but for every
point, observations made in any direction are equivalent to observa-
tions made in any other direction. His lady-friend—who has been
around all the time, but engaged on other enterprises—now correctly
but somewhat unkindly points out that the world does not look very
uniform to her. This necessitates him explaining that the world model
was not meant to be an exact model of the world, but only an approxi-
mate one showing its basic, overall structure; a more adequate model
would be obtained by thinking of a lot of islands scattered all over the
idealized smooth ball. The homogeneity is meant to be understood in
some unspecified statistical sense.

As his friend’s reaction is not completely positive, he broods over-
night and the next day formulates his ‘Copernican Principle’— that their
own island is not at the centre of the world. He then easily convinces
her that this principle—not being stated as an exact requirement of
uniformity—is readily amenable to a statistical discussion; and that
(because of the isotropy of the world about their island) it leads to the
conclusion that the world they see is approximately a smooth ball with
islands scattered over it in a uniform way. He is delighted to find she
accepts the principle as compelling, and the resulting world-model as an
obvious consequence. The new formulation has the advantage that
unlike the Cosmological Principle which only applies to highly idealized
models of the world, the Copernican Principle can be applied to realistic
world models; and so is a more satisfactory way of formalizing the
assumption.

Nevertheless, in practice these principles may be interpreted so as to
lead to the same ideas about the observed universe. The problem lies
elsewhere, as our friend realizes with a sinking feeling when his com-
panion asks him ‘Gee, does that mean there are islands just like ours in
all the parts of the world we can’t see?. This question puts him in a
quandary. His Cosmological Principle made a definite prediction about
all the unobservable areas over his horizon, namely that conditions
there are the same as conditions near him. But he has no observational
information whatever about these regions, nor will he ever obtain such
information in the foreseeable future; so this conclusion is a direct result
of his completely unverifiable assumption about the world. If he merely
assumes the Copernican Principle, this orders his world the same way
in the observable region, because he knows that in this region the world
is nearly isotropic about him. But he does not have any such informa-
tion about the unobservable regions, and accordingly the Copernican
Principle (as formulated here) makes no particular prediction about

© Royal Astronomical Society * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?%3F%3F%3F%3FQJRAS..16&amp;db_key=PHY

RAS. 16!

252 G.F.R.ELLIS Vol. 16

these hidden regions. Indeed, according to the available evidence they
could be totally different from the areas near him. Thus there could be
many more islands, or many fewer, or no islands, or perhaps a conti-
nent in some part or other; or perhaps his whole concept of the world
as a roughly uniform ball might be wrong, for while it might have that
form near him, it could be, for example, that the region he saw was just
the top of a mountain based on some landform of completely unknown
shape.

The situation in cosmology is essentially the same. The Cosmological
Principle determines a complete universe model; the Copernican Prin-
ciple only a model of the observed part of the universe. The first model
is satisfying because it is complete, but unsatisfying because it makes
predictions about parts of the universe which are beyond observation;
one has only one’s faith in the integrity of this principle to validate these
predictions. The second model is satisfying in that it only attempts to
state conditions in the observable parts of the universe, but is therefore
also unsatisfying, as there are further regions of the universe which it
does not attempt to describe. Attempts to resolve this by setting up
some intermediate principle seem unlikely to help. For example, we
could postulate a weak cosmological principle: that we are at a typical
position in the universe; but the effect is essentially the same as that of
adopting the strict form of this principle (which is the form actually
used in most writing on the subject). One could alternatively give
different formulations of the Copernican Principle, such as the Sample
Principle (our observed region of the universe, if sufficiently large, cons-
titutes a fair sample of the universe); or the statement ‘we do not
occupy a privileged position in the universe’. We obtain essentially the
same world-models as when using the original form of the Copernican
Principle (a problem arising here is that it is not absolutely clear what
‘privileged’ should be understood to mean). These alternative formula-
tions do not solve the essential dilemma.

UNIVERSE MODELS

In order to be more precise, I shall briefly sketch the universe models
obtained when these two principles are used. In doing so, I shall take
General Relativity with vanishing cosmological constant (/) as the
theory correctly describing the effect of gravity and determining the
structure of space-time; similar models would be obtained if /4#0, and
from closely related theories, such as the Brans-Dicke theory. I shall
also take the conventional interpretation (10) of the observations, rather
than one of themoreexoticalternatives (11)(whichexplaincertain puzzling
features at the expense of introducing various new problems of inter-
pretation). To give an idea of these universe models, consider the
picture of the (curved) space-time obtained when two space dimensions
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are suppressed ; the resulting diagram is a space-time diagram with only
one space dimension, representing the total history of the universe. The
curvature of space-time results in the space-sections being represented
by curved lines; at each point we may think of the local time direction
as being orthogonal to the space-section at that point.

When the Cosmological Principle is applied, the exactly homogeneous
and isotropic world models resulting can, in general, be represented as
in Fig. 2 (there is an exceptional case which we shall return to later).
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Fic. 2. Universe model based on Cosmological Principle.

The surfaces of constant time are surfaces of spatial homogeneity, so
all physical quantities are identical at each of the events on any one of
these surfaces. The complete histories of galaxies are represented by
world lines, showing the spatial position of the galaxy at each time; the
separation of these world lines at any one time represents the distance
between the galaxies at that time. The present time is represented by the
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surface ¢ = 1,. The present expansion of the universe is represented by
the way the world lines intersect later surfaces of constant time at wider
separations; conversely, as one considers earlier times, the galaxies are
closer together. Continuing back in time, the matter particles are ever
closer together, and consequently the density of the matter is ever higher;
and within a finite time in the past, the density and temperature of the
matter become infinite at the initial ‘big bang’. It is convenient to choose
the time parameter so this occurs when ¢ = 0. Mathematically, a singu-
larity in our world model occurs here; physically, known local
theory breaks down here: we are unable to predict to earlier times. Thus
our universe model is finite in past time: the matter and radiation, and
space-time itself, do not exist at earlier times, so this represents the
beginning, or origin, of the universe model.

The second important feature of these universes is that, like the
matter, the radiation in the universe is compressed in the past, and
becomes indefinitely hot at early times. This means there is a finite time,
ts, (¢, > ty > 0) when the radiation is sufficiently intense to ionize the
matter, and at earlier times (i.e. for #, > ¢ > 0) the universe is filled with
a plasma which is opaque to electromagnetic radiation. The third impor-
tant feature is our past light cone, i.e. the history in our past of light
which we see at this instant (12). This represents the part of space-time
from which it is now possible for us to receive directly signals in the form
of electromagnetic, gravitational or any other type of radiation. It
bounds the part of space-time from which we could have received any
signal or other form of communication because particles and signals are
unable to travel faster than light, and the light cone represents signals
impinging on us at the speed of light. Thus we can only be influenced by
events lying in, or on, this past light cone.

We can immediately identify seven regions in this idealized universe
model, which have essentially different observational status. Region R,
is the part of our past light cone since the recombination of the primeval
plasma (i.e. for z, > ¢t > t,). This is the set of events from which we
may receive information by means of electromagnetic waves, in parti-
cular by light or radio observations, and by any other form of radiation
(such as gravitational waves). It is the maximal part of the universe we
can actually hope to see (part of this light cone is blocked off from our
view by intervening matter; we can only actually receive radiation from
a particular event on our past light cone if nothing opaque intervenes).
Region R, is the part of our past light cone prior to recombination (i.e.
for t; > t > 0). While we cannot receive information from these events
by electromagnetic radiation, because the plasma absorbs or scatters
photons passing through it, we can in principle ‘see’ these events by
using very sensitive gravitational wave and neutrino telescopes. Thus
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we can, in principle, directly probe this region by observing radiation
other than electromagnetic radiation.

Region Rj; (the interior of our past light cone since decoupling) is a
part of space-time which we cannot observe by any form of radiation.
However, we have sufficient information available (from our direct ob-
servations on our light cone, and from other kinds of information such
as geological data) to be able to have a general idea of what conditions
are like here. For example, we see the Andromeda galaxy at a certain
time in its history; by determining its velocity, we can with reasonable
certainty plot its previous motion, that is, determine its world line in
R,. In principle, the same applies to the region R,, the interior of our
past light cone prior to decoupling; but, in practice, we are unable to
form a very precise picture of what is happening here because of the
damping effect of the plasma: fairly arbitrary initial conditions lead to
much the same final state, so, conversely, observation of the final state
gives rather little information as to the initial conditions.

Regions R; and R, are parts of the universe with which we can have
had no causal communication. The difference between these two regions
is that the galaxies whose histories are represented by world lines in R;
are galaxies we could possibly have observed by light or radio waves
emitted at some stage in their history; whereas we could never have
received such signals from the galaxies whose world lines lie in R,.
Thus while we can predict something about the matter in R; by extra-
polating from our observations of this matter at earlier stages of its
history, we have virtually no information about the matter in R; at any
stage of its history, and so are quite simply unable to predict the state
of this matter from any observational information available to us. Some
of this matter could in principle have been observed by gravitational
wave or neutrino telescopes; but even when such observations are
feasible in practice, we will most probably obtain very little information
about the distribution of the matter from these observations. The rest
of the matter in this region could not have been observed by us by any
form of radiation whatsoever ; nevertheless, we could in principle detect
that some of this matter exists because of the effects (such as that due to
its gravitational Coulomb field) it has on our past light cone. However,
no way is known to decode these effects to determine what distribution
of matter is causing them; thus we cannot decide if a particular distor-
tion is due to a large distant object or a smaller nearby object (this is a
difficult problem involving the ‘constraint’ equations of General Rela-
tivity); so we cannot determine the detailed distribution of matter any-
where in Rg. Finally R, represents a different form of unpredictability;
it denotes the singularity at the origin of this universe model, where the
ability of known physical laws to predict breaks down. This breakdown
arises not because of a lack of data, but because attempts to predict
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using the local predictability principle and presently established local
physical laws lead to a contradiction. The universe model may therefore
be thought of as beginning at this time; the picture we obtain throws no
further light on this origin.

Provided we make one further assumption, the Copernican Principle
leads to a rather similar universe model. The extra assumption we have
to make to ensure our universe model is reasonable is the Causality
Assumption (13): it is not possible for an observer to encounter himself.
Obvious problems concerning the nature of free will arise in a space-
time in which an observer’s world line can twice approach the same
space-time point, so that he (as a young man) meets himself there (as an
old man). The assumption that this cannot happen has to be made
explicity inthiscase (14) (it wasautomatically fulfilledin theexactly homo-
geneous and isotropic space-times). Having made this assumption, we
obtain a universe model (see Fig. 3) divided into regions R, — R, with
the same significance as in the previous model. The regions R; and R,,
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particle of galaxies world line
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our past
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F1G. 3. Universe model based on Copernican Principle.
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and the parts of R near R,, are very similar to the corresponding regions
in the previous case; the present picture is just a more accurate (so
‘bumpy’) representation of these regions than the idealized (smooth)
one. Thus the past light cone R, may develop caustics and self-inter-
sections; after such caustics or self-intersections it no longer bounds R,
but rather lies inside R;(x15). Our information is not good enough to let us
have precise geometrical concepts of regions R, (the part of our past
light cone prior to recombination) and R, (the part of our chronological
past (16) prior to recombination) on the basis of the available data (again,
part of R, may now lie inside R,). However, we may be confident of cer-
tain features; particularly that there are very high density and tempera-
ture regions in R, and that there exists at least one singularity, R,, here
(x7). The nature of this singularity is not known; in particular, it is not
clear whether a large portion of the matter crossing our past light cone
in the universe modelshouldbe regarded as originating at the singularity
or not. There are some hints that these regions are rather unlike a
Robertson-Walker universe model (18), so this picture of the universe
will (when we have sufficient data available to make definite statements
about this region) probably differ considerably, in regions R, and R,,
from the first picture. Finally, we simply do not have enough informa-
tion available, on the basis of present or possible future observational
data, to say anything much definite about the region R; and the parts
of R; distant from our past light cone. Continuity suggests that condi-
tions in the parts of space-time outside our light cone, but near it, will
be similar to conditions inside it; but does not justify our holding the
same expectation for more distant regions.

Comparing these two pictures, it is clear that, in the second, far less
sweeping use is made of the unverifiable assumption (the Copernican
Principle) than in the first (when the Cosmological Principle is the un-
verifiable assumption). We need to make some unverifiable assumption
to order our ideas about regions R; and Rj, as discussed previously; but
the Cosmological Principle has also ordered the overall structure (but
not the details) not only in the infinitely distant parts of Rg, but also in
parts of R; infinitely far away from us in time. These extravagant pre-
dictions about parts of space-time completely out of reach of any form
of observation seem unreasonable; the impossibility of obtaining any
relevant observational data makes adoption of this ordering principle
seem suspect, and rather arbitrary (19). Inany case, as mentioned above,
there are some indications that the uniform models might be wrong in
regions R, and R,; it may be that we will be able eventually to prove that
the Cosmological Principle is misleading if applied to these regions. It
therefore seems that adoption of the Copernican Principle is the better
procedure.

© Royal Astronomical Society * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?%3F%3F%3F%3FQJRAS..16&amp;db_key=PHY

AS.Z16!

T

258 G.F.R.ELLIS Vol. 16

PREDICTABILITY

Suppose then that we adopt the Copernican Principle, and so obtain
a universe model whose principle features are as sketched in Fig. 3. We
know of the existence of the regions R; and R, because of the local pre-
dictability assumption ; but considerable uncertainty enters into what we
will ever be able to say, with reasonable confidence, about these regions,
and about the early parts of R,. The farther away in space or time an
event is, the less we can reasonably hope to predict about conditions
there (20). If some regions of the universe model are effectively beyond
observational and experimental reach, what scientific status should we
assign to these regions? How much significance can we assign to these
regions in our universe model, in this situation ?

When it was realized that knowledge of the microscopic domain was
limited by a fundamental principle of impotence (the ‘Uncertainty Prin-
ciple’), physicists took this principle seriously and made it the basic
feature of quantum theory. Should cosmology perhaps, as suggested by
W.H.McCrea(21), similarlytakeseriously the fundamental limitationson
what we can say about the universe, and turn them into the basic feature
of our cosmological theory? It seems likely that this is what we shall, in
the end, have to do: to acknowledge our inability ever to determine
many features of the universe, and to incorporate this indeterminacy as
a basic feature in our universe models.

At present we have no detailed proposal to hand for the implementa-
tion of this idea. However, what we can do is to go back to our classical
picture of the universe, and examine in more detail the sorts of uncer-
tainty that arise. This will then provide the starting point from which
further developments can proceed.

Let us refer back, then, to Fig. 3. The initial uncertainty sets in on
our light cone: the farther down our light cone we observe, the less we
can say about the objects we are observing. This is partly because of
interference by intervening matter, but primarily because of the distance
involved: the object has a smaller, fainter, more red-shifted image if it
is farther away. The amount of information we can obtain from observa-
tions of any particular object in a given time with a particular telescope
is limited by optical and quantum considerations; and the farther down
our light cone the observed object is, the less we can find out about it in
a given time (22). Despite the general information we may eventually get
from gravitational wave or neutrino observations, it seems that we will
never get a detailed picture of R,.

Our knowledge of local physics enables us to extrapolate from these
observations into Ry; if we consider the regions nearer to us in space and
time, the data on R, are better, and we can extrapolate back with more
certainty to determine the previous conditions which have led to what
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we observe. Some uncertainty arises because of uncertainties in the
initial data, and some because of the statistical nature of prediction, both
in quantum mechanics and in statistical pyhsics. We are also able to
extrapolate back in R, to regions near our Galaxy’s world line in the
very distant past, by use of geological and geophysical data which tell
us about the very early history of our Galaxy. This kind of information
will probably give us our best indications as to conditions in R,, where
physical conditions can be very extreme and difficult to understand. In
particular, reasoning based on the ‘cognizability principle’ developed
especially by Dicke and Carter (23), (24) (we observe the universe; so
conditions in our past must have been of such a nature as to have
allowed the development of intelligent life) provides an interesting way
of deducing limits on conditions in the past.

Prediction in R; is more of a problem. In principle, we should be
unable to predict anything here; for this is our observational future. It
has not yet been accessible to observation, and we do not have complete
data available to predict what will happen here; indeed, some of this
region lies in our own chronological future. General Relativity allows
the possibility that arbitrary electromagnetic or gravitational shock
waves can impinge on us without any warning being given by data on
R,; completely nullifying any prediction we might make. In practice,
this has not yet happened; and we may regard it as unlikely that it will
happen, primarily because of the plasma in Rs which shields us from
any primeval disturbances. If some laser-type wave were emitted
towards us from the initial singularity, the plasma would attenuate it and
protect us from it; at the very least, the diffusive effect of the plasma
would give us some warning of the approaching threat, in the form of a
highly increased blackbody radiation temperature or distortions from a
blackbody spectrum. In any case, the large redshifts involved decrease
intensity by an enormous factor. We have seen all the matter in the
region R;, and can therefore estimate what its future behaviour is likely
to be, and could hope to deduce if it were likely to send high-intensity
signals towards us. Thus the overall structure of the cosmological model
is such that local prediction into the future is possible: the data we have
(on R,) are in practice sufficient to predict into parts of R; near R,, onan
astronomical scale, because few unexpected data arrive here from
elsewhere in the universe (25). Thus we have no more difficulty in predict-
ing where the Moon will be in 5000 years time, than we have in deter-
mining where it was 5000 years ago. The main effect of extrapolating
into the future rather than the past is that our uncertainties are some-
what greater; for example, men might have destroyed the Moon in 5000
years time, and a complete prediction has to include estimates of the
probability of this sort of eventuality (the larger the scale of object
considered, the less the problem of such possible interference is likely to
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be). Having accepted this somewhat greater uncertainty, no major
difference arises in predicting on a cosmological scale into the part of
R; near R, rather than the part of Ry near R,, from data on R,. As we
have only the idea of continuity to help in predicting into Rg and the
distant regions of R;, we know very little about these regions.

Putting this together, we arrive at an idea of how certain our know-
ledge of various regions can be eventually (we are more certain if we
have more information available, or if the reliability of our information
is improved). The sort of picture we obtain is shown schematically in
Fig. 4; this indicates the kind of accuracy with which we can hope to

our galaxy's
world line

effective
particle
horizon

here and now

0.1%
’ our past

singularity

Fi1G. 4. Prediction certainty in the universe (schematic).
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determine the structure of the universe from observations, without intro-
ducing further unverifiable assumptions. The mere acquisition of more
detailed data will not change this overall picture, but rather will fill in
some of the details; it will only be upset by some completely unexpected
observational result changing our overall view either of the concept of
space-time inherent in General Relativity, or of the cosmological data on
which our universe picture is based (26); or by the satisfactory inclusion
in our theory of a new and compelling principle (such as Harrison’s
‘bootstrap’ principle (27)) which necessarily orders those parts of the
universe beyond our powers of observation. Without some such com-
plete overthrow of our present conceptual scheme, the diagram we have
obtained depicts the main features of the observable universe and the
accuracy with which we can hope to determine its details; the aim of
observational cosmology, in this context, is to obtain the information
necessary to fill in the details of this picture up to the maximum attain-
able accuracy. The diagram therefore represents the goal of observa-
tionalcosmology, rather thanitspresent status(28). It indicates the extent
of knowledge of the universe one can aim to have supported by observa-
tional evidence; and is therefore the proper setting in which to consider
how empiricist a view one should take in constructing a cosmological
theory. The somewhat mundane astrophysical considerations we have
taken into account are, in my view, essential to a proper discussion of
the epistemology and ontology of cosmology ; I do not claim to give such
a discussion here, but rather to set the stage for it.

AN EXCEPTIONAL CASE

So far we have considered the general situation. Finally we should
consider the exceptional situation which arises if the universe has finite
spatial sections (this necessarily occurs in the Robertson-Walker uni-
verse with k = + 1, but can also occur (29) if k =0 or — 1). The essential
difference is that then there are only a finite number of galaxies in the
universe, and the universe has at any one time only a finite volume ; and
in many cases the universe has only a finite future ahead of it. This
alleviates the problem of discussing regions Ry and R;; for there may not
then be parts of the universe infinitely far to the future of us, and there
are no events indefinitely far away from us spatially. In a restricted sub-
class of these idealized universes, (in particularif k = — 1 and A is very
large) there may be no region R; at all: our past light cone may ‘close
up’ on itself so that we could, in principle, obtain sufficient data by
optical and radio observations to determine completely the future and
past of the universe. In this case, no expected signals from unseen sources
would surprise us, as we would have sampled the history of all the
matter in the universe and no unexpected information can come from
previously hidden parts of the singularity R,. There would, in practice,
still be considerable uncertainties as to what we could predict, but we
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would be able to relate a major part of the universe to our observations
in these cases; the observable universe would be almost the whole
universe.

How could we tell if this was the situation in the actual universe? The
crucial effect if the light cones closed up would be that we would be able
to see each galaxy in at least two different directions in the sky (unless
some opaque matter intervened). Thus, in principle, we have a simple
way of seeing if this is the case or not: we simply compare the images of
galaxies in different directions, and see if they might represent the same
object or not. Unfortunately, this would be very difficult to establish in
practice: not merely because of the extreme difficulty of making the
requisite observations (we would expect this effect to occur at the limit of
possible observations), but also because the different images we would
obtain of one galaxy would be images resulting from light leaving the
galaxy in different directions and at different times in its history. Thus
we would effectively be looking at the galaxy from different directions
and at different stages of its evolution. This would make it virtually
impossible to tell if one was in fact seeing the same object in different
directions in the sky, or not. Nevertheless, it is certainly something one
could attempt to do, even if there is little hope that one would obtain
either a definite confirmations or a definite denial.

It is, in fact, more likely that the question of whether these exceptional
situations arise in realistic (30) universe models, or not, will eventually be
decided indirectly from evidence concerning the amount of matter in the
universe (31) and thevalue of the cosmological constant : certaincombina-
tions of these quantities make the exceptional situations inevitable, and
others make them implausible (but not impossible). This is animportant
question because of the major difference it makes to the verifiability
status of the universe. Various authors (including Einstein and Wheeler)
have argued on ideological grounds that there must be finite space sec-
tions; and for a time it was strongly argued, particularly by Sandage,
that observational evidence supported this view. The evidence from
observations is not now widely regarded as being conclusive either way,
and the question remains open; my own somewhat biased view is that
the present evidence makes it rather unlikely that there are compact
space-sections, and very unlikely that the past light cone closes up on
itself. If this is correct, then the observable part of the universeis a rather
small part of the whole universe.

THE BEGINNING

Perhaps the most intriguing question of all is the relation of cosmo-
genesis—the nature of the singularity where at least part of the matter
in the universe is, in some sense, created (32) —to observational tests. I
suspect that definite views on this will have to wait for a far more
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advanced theory combining a quantum description of matter with gravi-
tation than any we have at present. If some limits could be placed on the
possible nature of the initial singularity by some such theory, this might
provide a further way of examining the nature of those distant parts of
the universe we have been considering. For, in this case, we would be
beginning to understand the creation process itself, and that ought to
give us some ideas as to the limits of what might be created. This, or a
‘bootstrap’ argument (33), would enable us to progress from merely
observing the universe, to explaining it in some sense. At present, this is
just a faint and distant hope—a gleam in the eye which may some day
become a reality. Such a change in the technological or conceptual
apparatus available for examination of the problem couldchan ge the
whole situation, and our whole certainty as to the nature of the universe.
In fact, our friend on the island was last heard muttering profanely to
himself as he chopped down a tree and proceeded to fashion its trunk
into a rudimentary but serviceable boat.
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Does Astronomy Need
‘New Physics’?
V.L.Ginzberg

(George Darwin Lecture delivered on 1975 April 11)
(P.N.Lebedev Physical Institute, Academy of Sciences, USSR, Moscow)

INTRODUCTION

Astronomy and physics have always been closely connected but in
some periods this connection has been particularly intimate and, one
could almost say, personal. One such period began approximately in
1045 and is still going on—it is caused by the process of transformation
of astronomy from a subject based on the optical wave-band to one in
which all wave-bands are important. The development of radio astro-
nomy and cosmic ray astrophysics and in the last few years X-ray and
gamma-ray astronomy (not to mention neutrino and gravitational wave
astronomy which are just beginning) is naturally connected with an
intense influx of new people into astronomy, for the most part physicists.
In some respects these newcomers differ from astronomers by education.
Differences in terminology are striking, as well as the fact that many
physicists are ignorant of the elementary facts from classical astronomy.
When these neophytes are reminded that in astronomy they observe but
do not carry out experiments, that is, of course, of no importance. But
it is different if misunderstandings arise concerning questions of prin-
ciple. Such misunderstandings between physicists and astronomers and
as a consequence between astromers themselves do arise and most im-
portant of all they concern the answer to the question figuring in the
title: ‘Does astronomy need “new physics’ ?’.

A discussion of such general problems cannot influence in any im-
portant way the development of astronomy which proceeds mainly as a
result of new observations and theoretical investigations and not by the
declaration of principles. However, in small doses, a general discussion
concerning the connection between physics and astronomy is of some
interest and may prove useful. This question is one which is particularly
close to my heart since I have been a physicist by education and profes-
sional experience since 1938, and then since 1945 I have also been
engaged in astrophysics. By the way, my initiation happened merely by
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