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potential used is the average of the fits to the elastic
data at 11.0 and 12.0 MeV. The deuteron spin-orbit
coupling was neglected. The neutron potential included
a spin-orbit coupling. A Gaussian finite-range function
was used. Further parameters are given in the above
reference. The nickel and silicon calculations are sim-
ilar to those for calcium. For nickel a Perey deuteron

potential, type B [C. M. Perey and F. G. Perey, Phys.
Rev. 132, 755 (1963), and a Perey proton potential

[F. G. Perey, Phys. Rev. 131, 745 (1963)] were used.
For silicon a deuteron potential which gives an aver-
age fit to the elastic data in the energy range 8-12
MeV (real part of central potential is 120 MeV) and a
Perey proton potential were used.

ELECTRICITY, GRAVITY, AND COSMOLOGY

G. Gamow

University of Colorado, Boulder, Colorado
(Received 5 September 1967)

Thirty years ago, Dirac! expressed the opin-
ion that very large dimensionless universal
constants, such as the ratio of electrostatic
and gravitational forces between two protons
e?/ym,2=1.24x10%, cannot possibly be pure
mathematical numbers which will be derived
sometime by somebody from some as yet non-
existing theory. He suggested that such very
large pure numbers which sometimes occur
in science must rather be considered as vari-
able parameters characterizing the present
state of the universe. Dirac noticed that the
above-given large number, representing the
ratio of electrostatic and gravitational forces,
is very close to another large pure number
which expresses the present age of the universe
in terms of the elementary units of time, of-
ten called les tempons by French physicists.
The tempon is defined as the duration which
is necessary for light to cover a distance equal
to the “classical” radius of an electron. Thus,
one tempon (7) is equal to (e2/mc?)(1/c)=10~23
sec. Assuming that the present age of the uni-
verse is about 10 eons (one eon is 10° y) or 3
X 107 sec, we find that it is about 3X10%" tem-
pons old. This number is fairly close (with-
in a factor of 272) to the previously mentioned
large ratio. Thus Dirac proposed to consider
¥ not as a constant at all but as a variable de-
creasing in inverse proportion to the age of
the universe.

Ten years later, Teller published a short
article? in which he argued that the decrease
of v with time would contradict the existing
paleontological evidence. On the basis of the
thermonuclear theory of the sun’s energy pro-
duction, he proved that, if y decreases in in-
verse proportion to the age ¢ of the universe,
the luminosity of the sun must have been de-

creasing as ¢’ and should have been consider-
ably higher in the past geological eras. Also,
if ¥ used to be larger, the diameter of the earth’s
orbit must have been smaller in the past, as
can easily be proved on the basis of the law
of the conservation of angular momentum.
Combining these two factors, and taking for
the age of the universe the value of about 2
eons (accepted by astronomers at that time),
Teller showed that during the Cambrian era
(some 500 million years ago) the surface of
the earth must have been at the temperature
up to and above 100°C and the oceans would
have been boiling, making life uncomfortable
for trilobites. In the pre-Cambrian era there
would have been no oceans at all and all water
would have existed only as superheated vapor
in the atmosphere.

Since Teller’s original article was published,
the astronomically estimated age of the universe
has been brought up to about 10 eons (9.25 eons
to be exact),® so that the time period separat-
ing us from the Cambrian era became a small-
er fraction of the total age of the universe.
Correspondingly, the “age of boiling oceans”
moved back in time, making the Cambrian and
pre-Cambrain eras safe for marine life. On
the other hand, still more recently, paleontol-
ogists have found the remainder of bacteria
and algae in the deposits the age of which is
estimated to be 3.1 eons by radioactivity -dat-
ing method.* And, even though Teller’s argu-
ment makes life safe for the inhabitants of the
Cambrian ocean, it certainly threatens the life
of organisms living a few eons ago.

Also, a new approach has been developed
to check the possibility of the brighter sun with-
out any reference to the life on the surface of
the earth. Pochoda and Schwarzschild® have
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shown, by using an electronic computer, that
the original nuclear resources of the sun sim-
ply could not last long enough at such high en-
ergy expenditures, and that if the sun was burn-
ing two eons ago it would have by now burned

up all its central hydrogen supply, turning in-
to a red giant star. Being unaware of that pub-
lication, I came to the same conclusion® by
using a simpler but mathematically less exact
method of homology transformations. Summing
up, one can say that the possibility of the change
of gravity forces in inverse proportion to the
age of the universe has been completely ruled
out.

But it would be too bad to abandon an idea
so elegant and so attractive as Dirac’s propos-
al. And one unwillingly asks oneself: Is it
not possible that, while y remains constant,

e? increases in direct proportion to the age

of the universe? Let us see first what will
result from such an assumption in the prob-
lem of the surface temperature of the earth

in its past history. First of all, of course,
the change of ¢? will have no effect on the ra-
dius of the earth’s orbit. The problem of the
sun’s luminosity is somewhat more difficult.
Contrary to the common notion, the luminos-
ity of a star is determined not so much by the
amount of energy which can be produced by

the nuclear sources near its center as by the
amount of energy which can be transported
through its body to its surface. In fact, due

to the very high temperature sensitivity of ther-
monuclear reactions, a small change of the
temperature and other parameters character-
izing the body of a star would result in very
large changes of the energy production rate,
and thus adjust it to the amount which can be
carried out from the center. For example,

in the case of the changing gravitational con-
stant, one can assume (and so Teller did) that
the thermonuclear source is infinitely sensi-
tive to the temperature, and “blame” the lumi-
nosity changes on the changing transport facil-
ities affected by gravitational forces.

In our case the change in the rate of energy
transport can be blamed directly on the change
of the opacity coefficient k, caused by the change
of the electric charge of the electrons. Accord-
ing to Kramers’s well-known formula, this
coefficient is proportional to e®=(¢?)3, and thus
must increase as the cube of time counted from
the beginning of expansion. According to the
homology transformations” the brightness of
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the sun increases as

~k -(2n+6)/(2n+5)

0

L

2)-3(2n+6)/(2n+5) _ ,~3(2n+6)/(2n+5)

~(e (1)

where n is the exponent in the temperature
dependence T of the thermonuclear reaction.
(For example, n=17 for the C-N cycle). Put-
tingn =«, we find that

L~t~8 (2)
as compared with
L~t77 (3)

in the case of changing y.
If we assume just that, the surface temper-
ature of the earth will be changing as

T6 ~L1/4~t—3/4 (4)

instead of
L 1/4 t—7 1/4 _
ro-(@) (7)) - 6)

in the case of the changing y.

Thus if e? and not y changes with time, even
for ¢ equal to one third of the present age of
the universe, the surface temperature of the
earth would be just about the boiling point of
water.

Similarly, the total amount of energy radi-
ated by the sun from a certain time ¢, in the
past to the present time ¢, (obtained by the ho-
mology method) becomes in the case of vari-

able e?
t.\? 0.06M e
2 ®
sL(t,)t, [(T) —1J < (6)
1 P
leading to the condition:
1/2
t_2<< SO +1> =15 (1)
tl mpL(t2)t2

Thus,
l,—t, <t,(1-0.5)=5x10°y

which does not contradict the fact that the sun
was shining at least as long as the planetary
system was in existence.

It goes without saying that one cannot neglect
the thermonuclear source altogether while speak-
ing about the changes of the sun’s luminosity
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caused by the increase of the elementary elec-
tric charge with the age of the universe. Of
course, the smaller value of ¢? in the past would
lower the potential barriers surrounding the
atomic nuclei, thus increasing the chances of
penetration of protons inside the nuclei. On
the other hand, the smaller value of e would
also decrease the probability of y-ray emission,
thus decreasing the probability of radiative
capture after the penetration. Whereas these
two effects can easily be calculated, there are
more serious difficulties concerning the change
of nuclear forces which determine nuclear ra-
dii. The first question to answer is: how will
it affect the rate of Critchfield’s H-H reaction
which depends on the process of 8 emission?
How does Fermi’s constant g depend on ¢2?
Since we do not have the complete theory of
elementary particles, we can rely here only

on qualified guesses. Thus, for example, di-
mensionally as well as numerically there is

a relation

g= aunz, (8)

where « is the fine structure constant and u,,
the nuclear magnetic moment.® Substituting
the values of o and u,, we get

_e?( me \*_ e'n ©)
8 5e mpc mpzcs'

If there is any physical sense in the above re-
lation, the probability of the reaction H+ H— D
+ B must vary as t%. Since this rate of change
is probably different and even opposite from
that for « decay, it could, at least in princi-
ple, be noticed by observing the radioactive
halos in ancient quartz rocks. And, of course,
a revision will be due in the dating of old rocks

by the U-Pb method.

Leaving all these details aside for further
discussion, let us turn now to the cosmologi-
cal problems. Can the change of spectral lines
caused by the change of the Rydberg constant
be detected by observing very distant galaxies?
It surely can! All lines of the spectra will be
shifted to the red with AX/X being the same
in any particular case. Thus it will be possi-
ble to distinguish between the red shift due to
the change of ¢2, and that due to the Doppler
effect. It may be that the large red shifts now
observed in quasars (or rather, qualaxies) are
partially due to the change e2. Another, more
difficult, task would be to detect the change
of the fine-structure constant by observing the
lines of the hydrogen spectrum in the distant
galaxies. Or maybe one can notice the change
of elementary charge by observing the Lamb
effect in hydrogen lines emitted by gaseous
nebulae in the Andromeda spiral only 2 million
years ago. Certainly, if it is e2 and not vy that
is changing, there will be many questions to
be asked and answered!
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