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At the time when LEMAITRE was beginning his career,
science and philosophy had been overwhelmed by the principle
of relativity, which had swept away long-cherished modes of
thought and provided an eniirely new ouflook to dominate
man’s view of nature. LEMaITRE entered into the new discipline
and soon began making contributions to it.

One of the main points of discussion at that time was si-
multaneity, which had lost its absolufe significance. [LEMAITRE
considered a rigid solid, moving generally in curved space-
time, and examined the problem of introducing a standard
of simultaneity inside the solid, referring to its motion [1].
Two neighbouring points of space-time are defined to be si-
multaneous if the line joining them is orthogonal to the world-

Paper presented on April 25th, 1968, during the Plenary Session of
the Pontifical Academy of Sciences.
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line of the matter. This local simultaneity can then be in-
tegrated along a Hne, giving a line of simulianeily, any two
points of which are simultaneous with respect to this line joining
them.

Now it may be that all lines joining two points give the
same standard of simultaneity. There would then be a general
meaning for simultancity with respect to the solid. In such
a case LEMAITRE calls the motion of class A. When this con-
dition is not fulfilled the solid may still be a rigid one, with
all distances measured along lines of simultaneity remaining
constant, but any point can be simultaneous to any other by
a suitable choice of the line of simultaneity joining them.
LEmMAITRE then calls the motion of class B. He made a study
of all the possibie kinds of motion of class B, elliptic, hyper-
bolic, loxodromic and parabolic,

In 1928 I introduced a relativistic wave equation for the
electron having different transformation properties from the
tensor equations that one had previously been confined to in
relativity. Two papers of LEMAITRE are devoted to studying
these transformation properties [2, 3].

There arc various methods that one may use for building
up the theory. Ebppincron had previously developed one me-
thod, based on his system of pentads. LeMAITRE developed
another, showing up some new transformation features of the

equations,
LEMAITRE begins with a general antisymmetric 4 x 4 matrix
Tu== — Ty, It can be expressed linearly in terms of six basic

antisymmetric matrices, forming two sets A;, A,, A, and B,
B,, B;. They have the following properties, which LeEmatrre
enumerates. (1) The square of cach of them is nnity. (2) The
A’s anticommute and the B’s anticommute. (3) AAA =
=B,B,B;=i. (4) Each A commutes with each B. (5) Each
product AB, is symmetric. (6) The square of AB, is unity.
(7} All the matrices A;B, are lincarly independent. (8) Two
matrices A;B, anticommute or commute according to whether
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they have or have not a common factor. A consequence of
{7) is that the nine symmetric A;B, together with the six anti-
symmetric A; and By and the unit matrix form sixteen inde-
pendent 4 x 4 matrices,

In terms of these malrices the wave equation may be writ-
ten

AP+ Agpy + A+ Bypy —~ ime By} We=o0 .

The operator here is a special case of the general anfisym-
metrical 4 x 4 matrix

T=Ap;+ Aypr+ Agpy+ Big; + Bag, + Bygs .

If we apply any transformation to the four Y's, say
e K4, Ve, or, in matrix notation, W KW, it corresponds
to a transformation of T,

T=k'Tk,

where & denotes the reciprocal matrix to % and %z denotes the
transpose of k. If we restrict the matrix 2 to be of determinant
unity, then the determinant of T is invariant. The square
root of this determinant is found to be

VITl=p2+ p? + pyt—gq) g, —q5" .

The resulting transformation of the p’s and ¢’s is thus an ortho-
gonal transformation in 3+ 3 dimensions. The group of these
transformations has fifteen independent rotations, correspond-
ing to the fifteen independent 4 x4 matrices apart from the
unit matrix.

The LorenTZ transformations form a subgroup in which ¢,
and ¢, remain invariant, LEMAITRE gives various examples
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of these transformations and connects ap his work with Ep-
pINGTON's.  He also works out the LorENTZ coefficients in
terms of the elements of %, thereby throwing new light on the
LorenTZ transformation.

In his second paper LemMalTre takes a slightly different
starting point, building up his theory in terms of quadriquater-
nions, which are products of two independent kinds of quater-
nions. The basic elemenls are now similar to the previous A’s
and B’s, all multiplied by 7, so they satisfy A, = A,A;= ~ AjA,,
A= -1, etc., and similarly for the B’s.

Lemalrre introdaces the quantities
D=AB,, D,=A51,, D,=A,B,,
satisfying D,=D,D;=D;D, , D=1, etc.,

and also the quantities
S, =A;B,, S,==AB;, S, =A;B, ,

satisfying S =5,5;=5,5, , S2=1, etc.

One can express the A’s and B’s in terms of the D’s and $’s.
LemMaITRE further introduces the quantity

C::A (I‘i‘IJ]‘*’I)z'I‘I‘)a) .
This has the property of absorbing the 1D’s, according to

Any quadriquaternion T can be expressed in term of S's
and I)’s, and so TC can be written as

TC= (W, + VS, + W8, + W,8,) C=W, say.
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This is a special kind of guadriquaternion, involving just four
numbers W, ¥, ¥, W, Lemaitre calls it a final vector.
Similarly CT=x* is an initial vector. A final vector and an
initial vector have two kinds of product, an inner product
YW = Cy*WC  and an outer product WY*=WCx*. Any
quadriquaternion muitiplied on the left into a final vector gives
another final vector, and this allows it to be represented by a
matrix. However there is no necessity to do so, and one can
develop the whole theory as a symbolic calculus. LEMAITRE
made further developments of his theory and again showed
how to connect it with EppivaTon’s pentads.

Many new versions of the theory have been formulated
since the early work of Eppingron and LEMafTRE. In partico-
lar, there is vaNn pEr WAERDEN's spinor analysis, which is ex-
tremely powerful.

CosSMOLOGY

LemalteE’s main work lies in the realm of cosmology, the
study of the structure of the universe as a whole. This is where
his great contribution to science lies.

Einstein started the modern development of cosmology by
peinting out that his field equations, in their general form with
the cosmological constant, allow the possibility of a finite uni-
verse which is closed and has no boundary. EINSTEIN'S uni-
verse is static. It has a constant size. Now observations by
HusgeLe showed that very distant obiects, the spiral nebulae,
are receding from us with velocities proportional to their dist-
ance. This leads one to believe that the universe is expanding
and not static.

DE SitrER proposed another model for the universe, one
that is very interesting mathematically and that does provide
the expansion needed by HUBBLE's observations. But ng Srr-
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TER's universe has zero density for matter everywhere. It is
empty. Tor this reason it is not physically acceptabie.

A more powerful attack on the problem was made by
Frizpman, Instead of assuming a particular model, he con-
sidered generally a universe that is spatially homogencous and
isotropic, with a finite radius that varies with the time, and
worked out all the possibilities that Einstein's equations allow,
obtaining various solutions for the way in which the radius
can vary with the time. FRIEDMAN kept to the mathematics
and did not discuss whether any of his solutions could apply
to the actual universe. Tfor this reason his work did not arouse
much immediate interest and was neglected by other cosmolo-
gists for many vears.

LemaiTrE took up the subject [4] without knowing about
FriepmaN’s work.  Lemaftri continually had the physical
conditions in mind and was striving for a theory of the real
universe. He first considered fhe suitability of a homogeneous
model. The real universe is far from honiogeneous, the matter
being mainly concentrated in stars, which are themselves con-
centrated in galaxies, But the galaxies scem to be distributed
uniformly over the whole of space as far as we can see, apart
from clustering, and are extremely numerous. Liwmaftre likens
the galaxies to the molecules of a gas. Collisions are infrequent,
so it is a rarified gas. One thus gets a homogencous picture
of the universe, allowing one to speak of a density of matter.

There will alse be a uniform pressure, arising partly from
the motion of the matter and partly from electromagnetic radia-
tion. The part that arises from the motion of matter is very
small compared with the cnergy density of the matter and LE-
Mattre neglects it. The part that arises from electromagnetic
radiation is also very small for the actual universe at the pre-
sent time, but LEMa{TRE retains it in his general theory, and
usecs it later on when he deals with stagnation.

Let p denote the electromagnetic pressure, so the electro-
magnetic energy density is 3p. The total energy density is
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then g=2& 4 3p, where & denotes the contribution of the matter.
Let R denote the radius of the universe, varying with the time,
so that the line element is

(1) ds?= - R da’+ di?

where Rdo is the elementary distance in three-dimensional
space. LEMAITRE deduces from EINsTEIN's field cquations

R® k1
(2) 3 RE + pET A+kp
and
R” R™ I
(3) 2ttty Aok P,

where R'=dR/d¢ and % is the cosmological constant, whose
value is unknown. % is a known constant, whose value is 8n
in natural units. Equation (2) is the same as FrizpMan's, and
(3) is the same as FRIEDMAN's except for the pressure term,
which FrrepMman did not take into account. These equations
lead to the equation of conservation of energy

i

de 3R

(4) e e+ p)=o .

The relation between R and ¢ can now be worked out,

(5) ‘ﬁ[ AR jR x 75‘)
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Here &« is a constant connected with the total mass M,
o=k &R=k M/t

and {3 is a constant of integration associated with the pressure;

For EINsTEINs static nniverse there is a connection between
the constanfs « and A, namely

(6) =2/ A

Lemalrre assumes this relation between the constants to hold
also for the general case (5). This gives, if we fake B=o0 and
put A=R,?,

. dR TR
7) t=Ry /3 [ R K, \/R 2R,

which can be integrated to give

I Sy —1

‘i"C 1

where x?=R/(R-+2R,). This solution makes R increase
steadily as ¢ increases. Its initial value, occurring at = - o<,
is Ry. There is thus a steady expansion, with an infinite time
since the start.
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The expansion leads to a red-shift for distant matter,
which one can easily work out. One finds that, for matter at
a distance #, the velocity of recession is

vic=R7/R .

From (5) and (6) with =0, one gets

R’ 1
e . 2 3
R~ R,./3 V3020,

where y=R,/R. Using HuBBLE’s value for the red-shift and
a value for R, determined from an estimate of the average
density of matter in the universe, Lemalrre -calculated
v =0.0465, giving R/R;=21.5.

LeMaITRE thus set up his first model, according to which
the universe started off in the infinite past from some asympto-
tic radius R, about 1/20 of the present radius, and expanded,
at first very slowly, the rate of expansion tending to zero lo-
garithmically as one goes back into the infinite past, then at
an accelerating rate.

The model was obtained with the assumption of Einstein’s
relation (6) between the constants. One might try departing
from this relation. LEMAITRE found that if the departure is
at all considerable, one would have the expansion starting at
a time of the order 10° years ago, which is the time provided
by HuspLi's constant if the expansion were approximately
uniform. Now one of the big difficulties then confronting
cosmologists was that stelfar evolution required a much longer
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time than this. LeMaitre therefore favoured his model, which
pushed back the start of the expansion into the infinite past.

He subsequently modified this view, stating that it does not
really help with the discrepancy to push back the start of the
universe in this way, because in the carly stages of the expan-
sion all physical processes would take place extremely slowly,
the rate slowing down logarithmically as one goes back to
the infinite past. Thus the extra time in the early stages would
not be available for much stellar evolution to occur. This
kind of argument showed up LEMAITRE’s appreciation of the
need for understanding the physical significance of one’s
equations.

INTTIATION OF THE EXPANSION

LemaiTrE was interested in the question of what originally
caused the expansion of a universe in equilibrium [5]. Eb-
DINGTON had suggested that the formation of condensations
might be the cause. ILEmaAITRE found that condensations have
noe direct effect on the equilibrium. However, they lead to
another cffect, namely a diminution of the exchange of energy
between distant parts of the universe, owing to kinetic energy
no longer being able to wander freely, but having a chance of
being captured by a condensation and then remaining bound
to it. TLemalTrE calls this process stagnation.

To calculate the effect, LEmalTRE considers one particular
condensation of spherical symimetry and averages over the
other condensations so that they also have spherical symmetry.
There is then a neutral zone around the particular condensa-
tion, where its gravitation is balanced by the gravitational
influence of the outside condensations. He calculates the ex-
pansion of this neutral zone, which gives a measure of the
expansion of the universe as a whole. He gets the same equa-

10
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tion as for the expansion of a homogencons universe, except
for having a different expression I’ replacing the pressure p.

Thus the condensation does not affect the expansion. How-
ever if there is stagnation, the expression P gets altered, and
this does affect the expansion. Stagnation may thus start an
expansion from a state previously in equilibrium.

In a further claboration of his theory of perturbations in
the homogeneons nniverse [6], LEMAITRE finds the possibility
of a region ceasing to expand before the gravitation is comple-
tely balanced by the cosmical repulsion, so that the expansion
is followed by a contraction. Thus collapsing regions can
appear in a generally expanding space. Further, there is the
possibility of equilibriem regions, which are unstable and di-
vide into collapsing regions that remain approximately at the
same distance from one another.

LeMAITRE suggests that the collapsing regions are the spiral
nebulae and the equilibrium regions are the clusters of spiral
nebulac. According to this hypothesis the mean density of all
clusters should be the same and should be connected with
Hubble’s constant. LEMAITRE checks these results with obser-
vation and finds them to be approximately trae.

TueE PRIMEVAL ArToM

The cosmological work discussed up to the present all fol-
lows according to established methods based on Einstein’s
theory of gravitation. LEMAfTRE was not satisfied with this
orthodox approach and made a bold new departare, breaking
away from accepted principles. He put forward the idea that
the universe started from a single super-radicactive atom with
an extremely large mass, This idea was presented at a discus-
sion on the evoiution of the universe at a meeting of the British

11
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Association for 'the Advancement of Science in London in
1931 [7].

Previous speakers had brought up the difficulties arising
from the usual theories of cosmology. The main difficulty was
emphasized by DE S11tER, namely the discrepancy in the time
scale required by the evolution of the stars and that provided
by the expansion of the universe. Dr SITTER concluded that
there was not much connection between evolution and the ex-
pansion. Evolution must have started long before the ex-
pansion.

Lemaltre pointed out how unsatisfactory such a dichotomy
would be. He referred to his calculations showing that, as soon
as condensations are formed in the uniform primeval gas, they
will lead to stagnation, which must start the expansion. Thus
evolution and the expansion must have started at the same
time. This requires a complete revision of the accepted ideas
of stellar evolution. In LemalTre words « We wneed a fire-
works theory of evolution.” The last lwo thousand million years
are slow evolution: they ave ashes and smoke of bright but
very rapid fireworks. »

He then brought up the subject of cosmic rays. He pointed
out that their energy is comparable with the total encrgy of
matter, their ratio being perhaps 10~! and certainly not less
than 105 If they originated before the expansion of space,
their energy was then still larger. LEMAITRE considered that
such high-energy cosmic rays could originate only in the stars,
as only the stars would have had enough energy. But the stars
could not then have had an atmosphere, as the passage of the
cosmic rays through an atmosphere would have degraded them.
Thus the stars were born without atmosphere, probably some
10" years ago, and their atmosphere evolved after the escape
of the cosmic rays,

How can such stars have been formed? LEMAITRE propo-
sed that the sfars were each originally a single afom of very

12
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high atomic mass, comparable to the mass of the star. Such
an atom would undergo super-radioactive disintegration, the
cosmic rays being then emitted. The greater part of the prod-
ucts of disintegration would be kept back by the gravitation
of such a massive atom, although a small part would escape
before the products of disintegration were numerous enough
to form an atmosphere. So LEMAITRE states « Cosmic rays are
glimpses of the primeval fireworks of the formation of a stay
from an atom, coming to us after their long journey through
space. »

The energy of cosmic rays produced by such a tremendous
disintegration must be extremely high, and one might wonder
whether the observed energy of the cosmic rays is high enough
to fit this bypothesis. One must take into account that the
observed energy will not be the same as the original energy,
but will be redaced in the ratio of the expansion of space.
LEMaTTRE estimated this ratio to be at least 20 and considered
this adequate to avoid a discrepancy.

How does this explanation of the origin of cosmic rays ap-
pear in the light of present-day knowledge? On the basis of
his theory Lemaitre predicted that cosmic rays would not
consist entirely of photons (as was believed in those days),
but would contain fast B-rays and w«-particles, and even new
rays of greater masses and charges. This was later confirmed
by observation. For the charged particles, we now know about
the process of the synchroton, which can accelerate them to
very high energies. It is quite likely that suitable electric and
magnetic ficlds exist in the galaxies to operate this process and
thns generate some of the cosmic rays. But the cnergy attain-
able is not sufficient to account for the most energetic of the
observed cosmic rays, and it may well be that not all the less
cnergetic ones are produced in this way. There is thus a re-
sidue for which there is no known origin except a cosmical one,
and presumably this would have to be somewhat on the lines

13
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proposed by Lemalrre, the rays originating at a time close
to the origin of the universe when conditions were very different
from what they are now.

The stars in LeMaITRE’s theory would have various masses
determined by the masses of the atoms from which they came.
The luminosity would also be determined by the original mass,
so there should be a connection between mass and luminosity.
LeMaitre did not work out this idea, but he hoped that it
would provide an alternative explanation of the mass-Jumino-
sity relation (the Russell diagram) not requiring such a slow
evolutionary process as the usual theory.

From this discussion of stars and cosmic rays Limairre
proceeded to the climax of his theory — that the universe start-
ed with an extremely small radius, with all the mass concen-
trated in the form of a single atom. The whole activity and
development of the universe comes from the radicactive disin-
tegration of a single primeval atom. This was the natural
conclusion to the argument that he had so painstakingly
built up.

LemalTRE gave us a fascinating exciting new picture of
the universe in which the dominating theme is evolution. The
tniverse had a definite beginning, an extremely active one,
and conditions have gradually settled down to what we sce
today. There has been continual evolution from the fiery be-
ginning. There are prospects for continuing evolufion into the
future, as far ahead as we can see. One may expect evolution
on earth to proceed hand-in hand with cosmic evelution and
to lead to a better and brighter future for all mankind.

Once when 1 was talking with LeEMaTTRE about this subject
and feeling stimulated by the grandeur of the picture that he
has given us, I told him that I thought cosmology was the
branch of science that lies closest to religion. However Le-
MATTRE did not agree with me. After thinking it over he sug-
gested psychoelogy as lying closest to religion.

14
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Some time after this exciting work of LEMAITRE, a rival
and more prosaic view of the universe was put forward and
received much support — the steady state cosmology. Accord-
ing to this view the universe had no origin, but has always
existed much the same as it is now, and will continue so into
{he infinite future. The continual moving away of distant mat-
ter, as shown by the red-shift of the galaxies, is compensated
by the continual creation of new matter. With this theory
there can be no cosmic evolution. No essential change is taling
place, I have never liked this view because of its denial of
evolution, but still it enjoyed great popularity at one tmme,
Jargely because it could be made to it the observations and
there was some interesting mathematics connected with it.

The development of radio-astronomy within the last few
years has opened up new vistas and vastly increased our know-
tedge of distant parts of the vniverse. As a result, the stcady
state theory no longer fits the observations and has been
abandoned. LeMATTRE’s hypothesis of a violent beginning of
the universe is now generally accepted. It is called big bang
theory, by contrast to the steady state theory.

T.ATER WORK

Lemaltre has subsequently done a greaf deal of work on
clusters of nebulae, and this has led him to a somewhat more
detailed picture of the early stages of the universe [8]). He
points out the difficulty of understanding the origin of clusters
hecause of the large relative velocity of the nebulae in a cluster.
Presumably the nebulae condensed from clouds of gas with si-
milarly large relative velocities. At a sufficiently remote time
in the past, when the radius of space was much smaller, these
clouds would have been in contact. How could they then have
acquired such large relative velocities?
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To escape from the dilemma, we must suppose that at that
time the clouds did not exist, In the remote past, according
to Lemaitre, there would only have been cosmic rays. If a
small mass of gas were then formed in some way, it would
absorb cosmic rays and would grow and form a cloud. Clouds
that evolved like this would have enormous velocities, the ve-
locities of the cosmic rays that happened fo encounter one
another sufficiently gently to make the first steps in the estab-
lishment of the clouds. Neasly all the cosmic rays would get
absorbed by the clouds, only a small fraction, say 10~ of
them, escaping,

The early cosmic rays contained all kinds of atomic part-
icles,  There is a problem why the matter now observed in
the stars is almost entirely hydrogen and heliom. TLeEmaiTrE
supposed that there might have been some process of materiali-
zation which turned the very large kinetic energy of the early
cosmic rays trapped by the clouds into hydrogen, or possibly
helium. Such a process of materialization is not known in
present-day physics, where we have conservation of barions,
but still I think it is worth considering, because there is no
certainty that conditions have not changed greatly since those
early days.

With an evolutionary universe of the type proposed by
LemalTrE it is possible that the laws of nature are also evolving
and are not so immutable as is usually supposed. Laws which
are usually regarded as permanent may be changing at a rale
too slow to show up in the laboratory, but large enough to
require vast changes in our understanding of the early develop-
ment of the universe. TFor example, it may be that the constant
of gravitation is not really constant, but varies with the absolute
time. This idea was first put forward by Mirye and I have
favoured it because, with a suitable law for the variation, it
provides an explanation of seme of the very large numbers met
with in nature.

There is not yet any reliable observational evidence fo guide

16
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us in these questions, and for the present we must just try to
find the most satisfying theory. Until recently the popularity
of the steady state theory has deterred people from working
on such lines. But we may expect rencwed activity here in the
future with the resurgence of the big bang theory.

The measure of greatness in a scientific idea is the extent
to which it stimulates thought and opens up new lines of re-
search. In these respects we must rate LEMAITRE's cosmology
of the highest calibre.

17
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