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Arguments concerning
Relativity and Cosmology

A recent article by de Vaucouleurs
(1) induces me to give a brief account
of my view regarding the cosmological
problem (2), which in some respects is
similar to his but in other respects dif-
fers from it. In the first place my view is
based on a critical review of the argu-
ments that led Einstein to his cosmol-
ogy, from which the whole branch of
relativistic cosmologies descended, and,
second, of their replacement by a pro-
gram following the general trend of
physics ever since Galilei. Most beauti-
ful examples of this trend are the con-
tributions to quantum theory and to
relativity theory by Einstein himself;
yet, in both cases he came to a philo-
sophical point of view strangely deviat-
ing from this trend.

With respect to general relativity, its
essential foundation, later called the
principle of equivalence, was already
clearly indicated and applied to the be-
havior of light in a gravitational field in
Einstein’s paper of 1911 (3), based on
imaginary experiments in a laboratory
which is either freely falling in a gravi-
tational field or is correspondingly ac-
celerated in a region where gravitation
is absent. His conclusions regarding
the behavior of light were later essen-
tially verified, and he was led to the
hypothesis that no deep-going difference
exists between ‘“genuine” gravitation
and inertial force.

In fact, this kind of equivalence be-
came the main foundation of his gravi-
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tational theory, although Einstein him-
self came to regard its foundation to be
general relativity, that is, the extension
of special relativity—as a symmetry of
nature—to arbitrary nonuniform mo-
tion. This view he found strongly sup-
ported by Mach’s philosophical criticism
of the Newtonian concept of absolute
space, as needed for the true physical
definition of motion. To ‘this Mach op-
posed a relativistic explanation of the
inertial forces as being due to nonuni-
form motion with respect to the bulk
of matter in the universe, considering
these forces as a kind of gravitation
analogous to the magnetic field from
moving electrical charges. In practice
there was not much difference between
Mach’s view and Newton’s; according
to both the reference frame for the va-
lidity of the ordinary laws of motion
coincides very approximately with that
defined by the sky of the fixed stars.
But the idea of Mach, that this coinci-
dence pointed to the cause of the iner-
tial forces, was undoubtedly the main
incitement for Einstein’s cosmological
attempt.

However, as will be shown by means
of the equivalence principle, Mach was
right insofar as Newton’s absolute
space is not absolute but, still, New-
ton’s concept is nearer to physical re-
ality than Mach’s idea about inertial
forces. In fact, it may be said that the
sky of fixed stars has no more to do with
inertial forces than the roof with its
lamps in the weightless room of a satel-
lite has on the separation of cream
from milk in a centrifuge rotating there.
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Therefore, it was hardly fair of Mach
to speak in this connection of Newton’s
metaphysical inclination toward the
“absolute.” Rather it seems that he him-
self inclined toward the opposite exag-
geration: going too fast from coin-
cidence to cause, when the cause is
sufficiently antimetaphysical—here ma-
terial bodies.

Role of the Equivalence Principle

In his fundamental paper of 1916
(4) Einstein generalized his original con-
siderations (3) in two respects, for vari-
able and for arbitrarily strong gravita-
tional fields. Thus, in the first place, he
made the very reasonable assumption
that, because the removal of the gravi-
tational field is more and more accurate,
the smaller the region to which the
freely falling frame of reference be-
longs, the more rigorously would the
conclusions formed (3) hold for a non-
homogeneous and time-dependent gravi-
tational field. Hence, going to the limit,
bodies in such a local inertial frame
would move according to the law of
inertia, and electromagnetic fields would
satisfy the Maxwell equations. The sec-
ond claim would simply mean that the
laws in such a frame would. satisfy the
special relativity principle. This implies
that at a given space-time point there
are a multitude of frames connected by
Lorentz transformations, one of them
being at rest at the chosen space-time
point. The latter circumstance is very
important. It means that the principle
of special relativity is neither upset, nor
is it generalized, by Finstein’s gravita-
tional theory; only the conditions for its
validity are thereby recognized.

The main problem for Einstein was
now to obtain a general mathematical
definition of the gravitational field and
the general form of the laws known in
the gravitation-free case of special rela-
tivity, Both these problems he solved
by an ingenious use of the Minkow-
skian invariant characterizing the space-
time metric of special relativity. As is
well known, this invariance generalizes
the Pythagorean theorem of the invari-
ant expression of space distances as ex-
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pressed in terms of coordinate distances.

What Einstein established was, in-
deed, closely analogous to the geometry
of curved surfaces founded by Gauss
and based on Euclidean geometry in
the infinitesimal, thereby providing a
definition of lengths and angles in the
surface. Thus at any nonsingular point
of the surface, an infinitesimal region
may be identified with the correspond-
ing region of the tangent plane, and the
distance ds from that point to an adja-
cent point—the line element—may be
expressed in terms -of the differentials

of two Cartesian coordinates (x and y)-

in that plane according to the Pythag-
orean theorem

ds® = dx® 1+ dy* (1)
Expressing the same infinitesimal inter-
val in the coordinates used for the map-

ping of a finite region of the surface, &
and 7, this theorem takes the form

ds® = adf® 4 2 pdidn + vdn®  (2)
where a, B, v are functions of £ and 7.
If we use for £ and 5 a set of ortho-
gonal coordinates (8 = 0), as is always
possible—such as latitudes and longi-
tudes on a sphere—and letting the x
and y axes in the tangent plane coin-
cide with their directions at the chosen
point, then

dx = ()t dg,

dy = (v)idy
give the definition of lengths and direc-
tions in the surface by means of the
mapping coordinates. If this procedure
is applied to the surface of a sphere,
it follows that the straightest lines there
are the great circles.

Now Riemann, in his generalization
of two-dimensional Gaussian geometry
to “spaces” of any number of dimen-
sions, based the metric on a line-element
ds with a generalized Pythagorean
theorem

3)

2 __ [
ds®* = % 8 dx'dx )

And he showed that at any nonsingular
point—the g, being functions of the
coordinates x?, which map a finite re-
gion—a local coordinate frame may be
found in which the first coordinate de-
rivatives of the gy vanish at the point,
their directions at the point coinciding
with those of the mapping coordinates.
These so-called geodesic or Riemann
frames are clearly a direct generaliza-
tion of the tangent plane coordinates
in surface geometry, implying the va-
lidity of the “Euclidean geometry,” that
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is, a geometry of constant g;; in a region
sufficiently small for the neglect of
the higher derivatives of the g;,. Here
on earth this corresponds to regarding
a lake, which is small with respect to
the surface of the earth, as being plane.

In this connection it is interesting
to consider for a moment the reasons
given in ‘Greek antiquity for assuming
the earth to be approximately spherical.
They were to some extent empirical but
largely speculative. The latter reasons
had to do with the cosmology reigning
through the Middle Ages in the form
given by Aristotle, a main point of
which was the idea that natural motion
of heavy matter was directed toward
the center of the universe, from which
would follow its accumulation around
this point, thus forming the spherical
earth. To this came the experience of
the curvature of the sea as shown by
the gradual appearance of approaching
ships, beginning with the tops of the
masts. This, however, could only prove
that the comparatively small region of
the earth then known formed a part of
an approximately spherical surface,
which might very well be that of a hill
floating on a plane ocean. The same
result could have been obtained by ac-
curate measurements of the sums of the
angles in large triangles formed by
straightest lines, as later suggested by
Gauss. But long before a circumnavi-
gation of the earth had been performed,
a strong empirical argument for its
sphericity was known, namely the cir-
cular form of its shadow on the moon
during lunar eclipses, regardless of the
place on the earth from which the
eclipse was seen. But without the third
dimension of height no such proof was
to be had, the essential reason being
the infinitesimal definition of the metric
of curved surfaces. In cosmology no
such extra dimension exists, and, since
we are confined to a limited region of
the universe, there is no way of obtain-
ing empirical reasons for its topology—
if the equivalence principle holds.

Now, all this corresponds in every
detail to Einstein’s establishment of gen-
eral relativity: in the first place to its
mathematical formalism, but also—as
he explicitly stated (3)—with respect
to the definition of space and time by
means of measurements in an inertial
frame. Thus the space-time metric is
given by the line element in an inertial
frame, here taking the Minkowskian
form

ds® = dx* + dy* + dz*? — c* di*  (5)

belonging to the immediate surround-
ing of a point situated in a space-time
region mapped by four general coordi-
nates, in which it takes the Riemannian
form (Eq. 4). Taking the chosen space-
time point as the origin of the Cartesian
coordinates and the zero-point of time
and using orthogonal coordinates x?,-
x2,x3,x* coinciding as to “direction”
with x,y,z,t at the point, we have in
analogy with Eq. 3

dx = (gn)t dx*

dy = (g=)* dx*
dz = (g)? dx*
dt = (|gu|)tdx*/c (6)

which shows how space and time, the
meaning of which is given by the local
inertial frames, is determined when the
g are given functions of the four coor-
dinates.

The circumstance that the first coor-
dinate derivatives of the g;;, vanish at
the chosen point of a geodesic frame
shows that they must be related to the
gravitational potential, their derivatives
representing the gravitational field.
Now, this is in full agreement with the
equations of motion of a body in a
gravitational field obtained by transla-
tion of the mathematical expression of
the law of inertia from an inertial frame
into general coordinates. In fact, in the
former frame the “orbit” in space-time
is a “straight” line, which in the general
case is a “straightest” line, just as an
element of a great circle on the sphere
corresponds to a straight line on the
tangent plane. Moreover, for weak
gravitational fields these equations go
over into the corresponding ordinary
equations, with g44/c? taking the place
of the gravitational potential.

From the above account of the
equivalence principle—essentially FEin-
stein’s own—it follows that the laws
of motion of particles, neutral as well
as charged ones, and the Maxwell equa-
tions for the electromagnetic field valid
in the presence of a gravitational
field—to mention only those laws of
nature which are still the best known,
being treated in detail already in Ein-
stein’s 1916 paper—are completely de-
termined by the corresponding laws
valid in an inertial frame. How could
Einstein then believe that inertia is due
to the bulk of matter in the universe?
In his first cosmological paper of 1917
(5) he hardly mentions this hypothesis.
But already in his book The Meaning of
Relativity (6) of 1921 he tries to moti-
vate it by the result of Thirring (7):
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that the gravitational field inside a
hollow sphere, rotating with respect to
an asymptotically. inertial frame of ref-
erence, resembles the Coriolis and
centrifugal forces due to rotation. Gen-
eralizing this result Einstein thus con-
cluded that the inertial mass of a body
is increased by the gravitational effect
of other bodies, summarizing in the
following way: “We must see in them
a strong support for Mach’s ideas as to
the relativity of all inertial actions. If
we think these ideas consistently
through to the end we must expect the
whole inertia, that is the whole g wwm
field, to be determined by the matter of
the universe, and not mainly by the
boundary conditions at infinity.” With
the whole g,,,-field he means here that
including the Minkowskian metric.
However, the term in Einstein’s formu-
las, which looks like an addition to the
inertial mass, is removed locally by a co-
ordinate transformation, in full accord-
ance with the equivalence principle. It
is just a somewhat uncommon contri-
bution to the gravitational field.

The last sentence of the quotation
bears upon Einstein’s meaning that
boundary conditions go against his idea
of general relativity because the concept
inertial frame is not covariant. How-
ever, independently of the structure of
the universe at large, boundary condi-
tions are necessary for the definition
of those solutions of his equations for
the gravitational field which determine
the field governing the planetary mo-
tions. Moreover, according to the equiv-
alence principle the properties of an iso-
lated system are defined by means of
them. Thus, among other claims to be
satisfied for this purpose—the system
being anything from a single particle
to a stellar object—is the removal of
all gravitational fields not belonging to
the system itself. Hence the definition
of its total energy and momentum, that
is, its mass, depends on an asymptoti-
cally inertial frame. In fact, this follows
from the conservation theorems derived
by FEinstein himself. Let us, as an ex-
ample, consider the determination of
the mass of the solar system, thereby
making good the statement that the sky
of the fixed stars has merely a casual
relation to the inertial forces.

Thus, the center of gravity of the
solar system is freely falling in the gra-
vitational field from the other stars in
our galaxy; since this field is not only
very weak but also practically homo-
geneous over the range of the system
and, of course, practically unchanging
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during the time of our observations, we
see that a frame of reference fixed to
its center of gravity is as nearly inertial
as could be wished. Hence, measure-
ments of the gravitational field by in-
struments at rest in this frame would
give the value of its mass. Since this
frame of reference is not visibly chang-
ing with respect to the sky of fixed
stars, it follows that these act just as
lamps indicating the frame. Moreover,
this frame coincides by definition with
Newton’s absolute space and is thus in
agreement with the equivalence princi-
ple, in contrast to Mach’s idea. Since
Newton was mainly concerned with the
motion of the planets, it is not aston-
ishing that he did not pay attention to
the fact that the laws of motion take
the same form in any freely falling
frame of reference as in his absolute
space and, if he had, he could hardly
have made any use of it. The way Ein-
stein did this is certainly worth our high-
est admiration, not less so because also
he shared the general human condition
of making mistakes when attempting
something new.

As the above considerations show,
general relativity is—unlike special rela-
tivity—not, as Einstein believed, a sym-
metry of nature. On the other hand, its
mathematical formalism is completely
covariant with respect to arbitrary
transformations of the four coordinates,
as follows naturally from the role of
such transformations with respect to
changes of gravitational fields. Because
the object of interest in surface geom-
etry is only partly similar to that in
relativity theory, it is important to be
on guard against overstressing the anal-
ogy. Thus, the fact that some nonlinear
transformations correspond to altera-
tions of the gravitational field—a most
real physical quantity—has hardly any
geometrical analogy. Also changes of
coordinates in the description of a given
surface plays a rather trivial although
often a practical role,

An important objection, which may
have led Einstein to undervalue the role
of the equivalence principle, ought to
be mentioned here. Although the g;
and their derivatives which give mathe-
matical expression to. gravitation are a
consequence of this principle, Einstein’s
equations for the gravitational field it-
self are only partly based on it, simply
because in an inertial frame there is no
gravitational field to translate. How-
ever, like all classical laws, general rela-
tivity has to be subjected to the claims
of quantum theory. And there are rea-

sons to believe that a corresponding
reformulation of the equivalence princi-
ple may meet this objection, because in
quantum theory there is not the same
division between the presence or the
absence of a quantity as in classical
physics. This question, however, is be-
yond the scope of this article.

Cosmological and Ordinary Solutions

Einstein’s original attempt toward a
cosmology was mainly based on physi-
cal arguments—what he believed to be
fundamental physical principles and
conclusions from astronomical observa-
tions—which, like everything in phys-
ics, were open to criticism by other
physical arguments. Thus, his assump-
tion of an average constant density
was due to the belief, then shared by
astronomers, that the relative veloci-
ties of stars are small compared with

- that of light and of random distribution,

like those of molecules in a gas. From
this he was led to his static closed uni-
verse. Later on, after Hubble’s discov-
ery of the regular expansion demon-
strated by the red shifts of the distant
galaxies and its interpretation by means
of the solutions of Einstein’s field equa-
tions discovered by Friedmann (and later
independently by Lemaitre), there came
a tendency toward an axiomatic foun-
dation of cosmology defended by point-
ing to the singleness of the universe in
contrast to all other objects of physical
investigation. The strangest application
of this kind of axiomatics was certainly
the use of the so-called cosmological
postulate (that the average situation of
the universe is the same everywhere
and at all times) for the invention of
new laws of physics in order to make
the change demonstrated by the Hub-

ble expansion only apparent, namely

the creation of new matter at a rate so
chosen that the vanishing galaxies are
always replaced by new ones.
However, a part of the universe suf-
ficiently large to contain a fair repre-
sentation of the possibilities given by
the laws of nature would fulfill the
claim of this “postulate,” and the obvi-
ous conclusion would be that our ex-
panding metagalaxy is too small to
represent the universe, there being
other metagalaxies in other phases of
evolution, some expanding like our own
and some contracting. This reasoning
will not exclude, of course, the possi-
bility of a much larger closed universe,
than assumed by FEinstein, one con-
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taining a great number of subsystems
of the kind of our metagalaxy. A
recent attempt of this kind has been
made by Hordk (8), who returned
to Einstein’s original closed universe
solution but postulated a much smaller
density and correspondingly larger size.
His belief that this would save Mach’s
idea ‘about inertia is open, however, to
the above criticism. Since the local
metric is independent of the topology
at large—also a bounded system of the
Einstein type or Friedmann type has a
spatially constant positive or negative
curvature—it follows, in analogy to
what was said above about the earth
being spherical, that no observations
we can make could prove or disprove
whether the universe corresponds to a
solution of this kind. Perhaps a deep-
going generalization of current quan-
tum field theory may lead to the result
that its general ground state is not a
vacuum but has a finite though ex-
tremely low average density. Stiil, this
is hardly probable, and, for my part, I
think it wiser at present not to invent
cosmologies.

Although there is hardly any differ-
ence between a cosmological Fried-
mann solution and a bounded one
so long as observations are not ap-
proaching the border and the extrapola-
tions backward in time do not approach
the state of the so-called fireball, the
difference becomes significant when
these conditions are not satisfied; in
fact, it is enormous at the early stage
assumed for the fireball. This is due to
the Schwarzschild limit where the con-
dition securing the continuity at the
boundary of the system breaks down.
Thus, in a spherical model cut out of a
cosmological solution and, hence, hav-
ing the Schwarzschild-Droste line-ele-
ment outside of the sphere, namely

ds® =

(1 - ZG’M)

1 -25H

rdo? — ¢® )dt2 N

where M is the total mass of the sphere
with the boundary at r=R, G being
the ordinary gravitational constant, ¢
the velocity of light, and dQ the line-
element of the wunit sphere, the
Schwarzschild condition is given by R
being greater than 2GM/ c2. Since
M=% (8)
where u is the average density of the
sphere, this gives the condition

3¢
327G

M2y = =146 X 10®* g cm™ (9)
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a(‘r)z( A’ | a1 sin20d¢”)) —dr
, L4

This shows, indeed, a striking difference
between some conclusions drawn from
cosmological solutions and what is pos-
sible in a bounded metagalaxy. Thus, if
the mass of the metagalaxy is approxi-
mately 105¢ g, which is probably of the
right order of magnitude, Eq. 9 gives
an upper limit for the density which is
slightly greater than 10—25 g/cm3, while
that in the fireball state is estimated to
about 10% g/cm3. We shall show below
that this is not contradictory to the
existence of the observed isotropic radi-
ation of approximately 3°K, although
the temperature will all the time be ex-
tremely low compared with that of the
fireball.

A Model of the Metagalaxy

This model is certainly but a rough
approximation to the real structure of
the metagalaxy at its present state, but
it has the advantage of mathematical
simplicity like the corresponding cos-
mological model, from which it only
differs by having a boundary. But I
hope that the explicit formulas and the
numerical example given below may be
of help in testing it, which may then
lead to a more realistic model. Al-
though it seems not to be decided
whether the Friedmann solution, from
which it is cut out, is expanding toward
infinity or not, we shall limit ourselves
to the former case corresponding to the
rather reasonable estimates of the den-
sity and the Hubble parameter to be
used in the numerical example. We
write the line-element as follows

ds® = a(r)’de® — dr? =

(10)

Here a(7), a function of the time vari-
able = alone, determines the expansion,
while 5, 6, and ¢ determine the place
of any stellar object inside the meta-
galaxy independently of time. Let now
T be the reciprocal of the Hubble
parameter and p the matter density as
a function of time. Then by the Fried-
mann solution the fol]owmg relations
are satisfied

1 _1da
¢T 7 adr

(11)
where g, is a constant of motion be-
cause ua® is so. Thereby the criterion

for expansion toward infinity is that
the left side of the middle equation
(like the right side) be smaller than
unity. When this is so, then the values
of a at the present time and a, will fol-
low if T and p are now known.

Let us assume that the boundary of
the system is at . Then its total mass
M and its total rest-mass M, (that is,
the sum of the masses of the subsys-
tems) are given by

M =4 (e ),
M, =

27 ua® {ne (1 4+ 75%! —In[(1 4 75°)? + 951}
(12)

Some idea of the np-value may be
gained from the red-shift observations.
Let a be the length a(7) at the present
time, and a(0) its value at the time
when the observed light was emitted.
Then, denoting the geodesic distance in
the (9, 0, ¢) space between source and
observer by o, we have

o 4
v a(0)
% % 2
(1+8) ()
ay ay
In =g

(1 + 0(0)> (61(0) (13)
where v is the observed frequency and
vy that of the source. Placing our gal-
axy at n=n, and §=60,== of the
f-axis, while the source is at an arbi-
trary point (n, 6, ¢), then (independ-
ent of ¢) the distance appearing in Eq.
13 is given by

(1+772) + (v* — p*)?
(1+7)02) + (no* — p*)*}

AB, — A.B

tg (0—0o) =B AB T AB,
A= (" —p)—pd 49"}
B=(n"—p»t+p A +r°)?

Ao = (m’ — p*) —p (1 4 )}
Bo = (n* — p*)t + p (1 4 nd)?
(14)
Here p is an integration constant of
the geodesic

7%(d0/do)

which has to be eliminated in order to
express o as a function of =, 7,
and 4.

As an example we chose the follow-
ing values for T and u

T =4 X 10" seconds, u = 10*gcm™
(15)

which seem reasonable according to
present estimates, the former value cor-
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responding to 25 km/sec per light-
year. Thus we get very nearly

ao= 125 %X 10" cm,a = 12.5 X 10 cm
(16)

Although the boundary is hardly sharp,

an estimate of ny may be obtained by

means of observations of the highest
“cosmological” red shifts at different
angles of observation. Thus, as far as
the model goes, the highest red shifts
would come from a direction which
passes through the center of the model,
the lesser red shifts being placed more
or less regularly according to the angle
made by the direction of observation
with this line. A statistical treatment of
the red-shift observations with this in
view would, if a sufficient number of
objectives are available, either disprove
the model or give an approximate value
of np and our own value 7, with re-
spect to the center.

Conjectures Regarding the
Evolution of the Metagalaxy

In contrast to the cosmological solu-
tions, which are just assumed, the at-
tempt to consider the metagalaxy as an
example of a type of regular stellar
objects—different from, but on the line
of those known in great numbers, such
as stars and galaxies—poses the prob-
lem of its evolution from an initial state
of reasonable probability to its present
state of an enormous accumulation of
galaxies and galaxy clusters expanding
in a way approximated by Hubble’s
empirical law.

The natural assumption as to its be-
ginning would seem to be a big cloud
of stray particles of the simplest and
stablest kind—protons and electrons
and, perhaps, hydrogen atoms—very
thin, but somewhat denser than its
surroundings, slowly contracting be-
cause of the gravitational attraction of
its parts. A first suggestion as to its
development occurred to me when
reading the chapter in Bondi’s book on
cosmology (9) on the Eddington rela-
tions. According to them the mass of
what Eddington regarded as the uni-
verse—a closed Einstein space—and its
linear dimensions would be of the order
of magnitude N2m, and Nd, respec-
tively, where m,, is the proton mass, d
the so-called radius of the electron and
N the ratio of the electrostatic and the
gravitational attraction of a proton and
an electron. Hence

M ~ N°my, R ~ Nd 17)
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with

eﬁ

N= Gmyme

=227 X 10®

2

— € — -13
d_’ o =2.82 x 10®cm

(18)

e being the elementary quantum of
electricity and m, the mass of the elec-
tron. These relations obtained some fur-
ther support by the fact that the Hub-
ble parameter 1/T is of the order of
magnitude ¢/Nd. But to consider them
as indicating a “deep” connection be-
tween the laws governing the Macro-
cosmos and those governing the Micro-
cosmos, as Eddington and his followers
did, seemed to me a most doubtful
deviation from the main trend of phys-
ics. However, although the cosmologi-
cal quantities are still rather uncertain,
to regard these relations as mere chance
coincidences would seem an exagger-
ation to the opposite side. Thus, I
thought that it would be worthwhile
to look for a natural origin of them,
which might tell us something about
the main forces at work in the devel-
opment of the original contracting
cloud to the present expanding state of
the metagalaxy. This view is strength-
ened by the fact that the length a,,
which is constant during the expansion,
is of the order of magnitude Nd ac-
cording to the above estimates (in fact
almost exactly 2Nd, which is probably
a chance coincidence in view of the
uncertainty of the values of T and p
used).

Thus, on the assumption that electro-
magnetic radiation formed during the

contraction of the cloud—due to the

presence of electric particles and mag-
netic fields—played a main role in
turning contraction into expansion, due
to Thomson scattering by the elec-
trons, the opacity « of the cloud would
be an important quantity. We define it
as the ratio between the “radius” R=
ang of the cloud and the mean free
path of a photon according to the
Thomson scattering formula

1/(8/3)nd’n.

where n, is the average number of
electrons per unit volume in the cloud.
Hence

S

3 d*n.ans

k= (19)

In my first attempt I assumed the
opacity to be of the order of magnitude
unity at an early state of the metagal-
axy, when its mass was approaching
the highest value permitted by the
Schwarzschild condition. With n,, the

number of protons per unit volume,
equal to n,—as would be demanded by
electrical neutrality if only ordinary
matter were present—this gave rise to
the following relations
8r . u
5 a4z . R=
2GM -
c’R

2d* M

®m b

1 (20)
from which follows

M ~ N°my, R ~ Nd @21

- in accordance with Eddington’s rela-

tions.

This result led me to the introduction
of Nd and N2m,, as units of length and
mass, respectively, in the equations de-
scribing the evolution of the cloud. In
fact, if the main forces governing this
evolution are gravitation and the men-
tioned action of radiation, those equa-
tions take a most simple form, giving
a more general meaning to the Ed-
dington relations than the estimates
(Eq. 21).

The assumption of matter and anti-
matter in equal amounts came as an
afterthought, although the possibility of
stars of antimatter, not to be distin-
guished from ordinary stars by observ-
ing their spectra, was evident to me as
to most physicists from the early
1930’s, when the discovery of the posi-
tive electron seemed to restore the sym-
metry of positive and negative elec-
tricity. However, the problem here was
to find a reasonable separation process
available at the low, average density
and temperature of the metagalaxy ac-
cording to the proposed model. For
this purpose, after my general argu-
ments were sufficiently clear to give me
confidence of being on the right track,
I turned to Alfvén, who thereupon
became most enthusiastic of the possi-
bility that annihilation constitutes a
hitherto neglected cosmic force. This
then led to a number of promising at-
tempts both regarding the origin of
the galaxies as well as to a further
development of the mentioned attempt
to describe the evolution of the meta-
galaxy (10). Among the latter I par-
ticularly mention work by Laurent
and Soéderholm (Z1), where the men-
tioned relativistic equations are not only
generalized by the inclusion of annihi-
lation and a better treatment of the
behavior of the radiation at the surface
of the cloud but also by subjecting them
to a numerical treatment generalizing
an earlier nonrelativistic treatment by
Bonnevier (12). Here we shall not
enter further on these problems, the
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aim of this article being to present the
more convincing general arguments for
replacing relativistic cosmology by a
bounded model of the metagalaxy.

Returning to the relations of Eq. 21,
it should be mentioned that, from the
above estimates, we get the following
values of the mass M, of the “radius”
R, and the opacity k, at the Schwarzs-
child limit, which are constants of the
motion, whether this limit is ap-
proached or not, namely

M = szp'r)na
R, = 2Ndns®
1 Ne

= 2 Ty (22)

One further point may be added to
these conjectures. If the above estimates
are approximately correct, and if the
same holds for the assumption 5z =1
(reasonable if the quasar red shifts are
“cosmological’—which  seems  still
doubtful) we have a rather strong gen-
eral argument from Eq. 12 in favor of
annihilation having played a role during
the evolution of the metagalaxy. Thus,
on the assumption of an original cloud
of very small density, we shall expect
that its mass M’ was practically equal
to its rest mass. During the evolution
an amount AM of mass is lost by radia-
tion including neutrinos, and, mainly
due to annihilation, an amount AM,, of
rest-mass is lost. Thus we shall have

M =M+ AM=M,+ AM,
or

AM, M—M, (23)
M M

Now, it follows from Eq. 12 that M,
the present mass, is greater than M ,—
owing to the loss of rest mass and gain
of kinetic energy, both probably be-
cause of annihilation. With oy =1 we
get thus (M — My)/M =0.2, implying
that AM,, is more than 20 percent of
the present mass.

AM
M

So-Called Fireball Radiation

The discovery of an isotropic elec-
tromagnetic radiation corresponding ap-
proximately to a temperature of 3°K,
predicted many years ago by Gamow
as the remainder of the so-called fire-
ball radiation (belonging to an early
stage of a cosmological solution), is
still considered as the piéce de rési-
stance of relativistic cosmology. It is
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therefore interesting that the existence
of such a radiation is by no means a
priori excluded in the present model.
In fact, its being what has been left
over from the acceleration process men-
tioned in the former section seems even
probable. Thus, if we first disregard
the effect of the open boundary on
what happens in this respect in our
neighborhood—which seems to be far
away from the boundary, the same
Friedmann solution as that used by
Gamow is also possible in the bounded
model. This may be defined by the fol-
lowing equations

87Gu
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Here k is a dimensionless constant,
which, with the above assumptions
about u and T and if we assume that
the energy density u corresponds to that
at 3°K, is equal to 8.4 X 10—3,

Now, this solution is exactly iso-
tropic, there being no energy current
in the expanding frame, a state which
could certainly not be maintained with
the open boundary, although the gravi-
tation would, to a certain extent, sta-
bilize it. Somewhat schematically we
shall assume that the end of the accel-
eration process [at a = a(0)] leaves the
radiation in approximate temperature
equilibrium with the electrons, thereby
following the expansion of the cloud,
the energy current density S being equal
to zero. Since k(ay2/a2) is very small
in the range in question, we may now
neglect it when studying the further
development of the radiation. We shall
then be somewhere between two ex-
tremes: that the opacity is still being
big enough to maintain the equilibrium
of the radiation with the electrons—in
this case the current will stay zero—or
that the opacity is negligible, the radia-
tion expanding in the gravitational field
given by the metric (Eq. 24) belonging
to k = 0. The latter case, still based on
the assumption of spherical symmetry,
is governed by the energy-momentum
equations and takes here the form

1A+ 9 [ n*Sat ]=0
[ an L1 + 92}

ai’— Sat
ar \1 + 5%

a 5(9; (ua®) +

¢ 9 _
) + 35;0«14)— 0 (25

These equations, which in a geodesic
frame go over into the corresponding
classical equations, have the following
rigorous solutions

w= 0\ ]

_c at 12\ s
S—guoa*;'a)\df(1+‘ﬂ2)77 (26)

where A is a function of = alone, satis-
fying the equation

(D) =1

dr\ dr
Since a is a function of 7, we may
introduce a variable ¢ defined by

¢2))

i’L _ da
a  [a(a + a)]
the latter expression following from the
relations defining the metric.

Putting £ =¢, and A=), for a=
a(0), the state supposed to have no
current, we have

di = (28)

¢

a = a, - sinh® >
= Ao cOsh (f — Eo)
(29)
This solution should be completed by a
study of the behavior of the radiation
beyond the boundary, where the gravi-
tational field is given by the Schwarzs-
child-Droste solution, a problem we
shall not enter on here. It is probable,
however, that A, is small and also that
a(0) has a value greater than g, mak-
ing £ — &, (£ corresponding to the pres-
ent value of a) comparatively small.
Also the red-shift observations make it
probable that the value of », (our ) is
rather small compared to 5. Writing S
in the form

Ao sinh(g — &)
1 — A(1 + 92
it follows that the present value of S
is probably small compared with (c/
3)u, which corresponds to the iso-
tropic part of the observed radiation.
As to the four constants appearing in
the above formula, i, Ay, &, and 7,
only one relation between them is
known from observations of the radia-
tion. The eventual discovery of a slight
deviation from its isotropy may lead to
one more relation between the constants
and also to the knowledge of the direc-
tion from our place to the center of the
metagalaxy, the value of %, being pos-
sibly determined by means of red-shift
observations as mentioned above.

S=§u>< X (1 + 7%y (30)
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Summary

In the first place I have reviewed the
true foundation of Einstein’s theory of
general relativity, the so-called principle
of equivalence, according to which
there is no essential difference between
“genuine”  gravitation and inertial
forces, well known from accelerated
vehicles. By means of a comparison
with Gaussian geometry of curved sur-
faces—the background of Riemannian
geometry, the tool used by Einstein for
the mathematical formulation of his
theory—it is made clear that this prin-
ciple is incompatible with the idea pro-
posed by Mach and accepted by Ein-
stein as an incitement to his attempt
to describe the main situation in the
universe as an analogy in three dimen-
sions to the closed surface of a sphere.
In the later attempts toward a mathe-
matical description of the universe,

where Einstein’s cosmology was adapted
to the discovery by Hubble that its
observed part is expanding, the so-
called cosmological postulate has been
used as a kind of axiomatic background
which, when analyzed, makes it prob-

-able that this expansion is shared by a

very big, but still bounded system. This
implies that our expanding metagalaxy
is probably just one of a type of stellar
objects in different phases of evolution,
some expanding and some contracting.
Some attempts toward the description
of this evolution are sketched in the
article with the hope that further inves-
tigation, theoretical and observational,
may lead to an interesting advance in
this part of astrophysics.
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