Cosmological Energy
Looking at the problems of energy
in the Universe is a special way of
looking at the astrophysical problems.
The ways in which energy is distrib
uted or stored, the mechanisms by
which energy is converted are funda
mental not only to astrophysics but
perhaps to physics.
Let us consider first the ways in
which energy is distributed. Gravi
tation permeates all the Universe.
Gravitational energy is not localized,
but is a property of any set of gravi
tational bodies. Einstein’s equation of
general relativity can be considered
as an equation of conservation of
energy. It is not difficult to convert
gravitational energy: a gravitating
system always has the tendency to
collapse. Gravitational energy is then
changed into kinetic energy. In the
case of random motion, it is changed
into heat. Conversely, kinetic energy
can be lost and converted into gravi
tational energy.
The “ big bang ” or, in other words,
the expansion of the Universe, can be
described as the continuous con
version of kinetic energy into gravi
tational energy for the whole Universe
at least in Newtonian cosmology. To
establish the proof of the big bang is
in some ways as important as proving
or controverting the law of conserva
tion of energy.

Going backwards in the history of
the Universe, we meet epochs with
different processes of energy con
version (Table I). Beyond t = 10-4 s,
due to difficulties with the thermo
dynamics at high energy densities, it
is difficult to ensure that the present
theories are more than speculation.
However, the difficulties of under
standing the early stages of the ex
panding universe can be tackled and
perhaps mastered. Studies of nucleo
synthesis and the formation of gal
axies are most fascinating. The possi
bility even exists that the Universe has
kept black holes produced in the
early stages. Conversion of gravi
tational energy into light and other
observable effects take place in the
stars. The chemical Rayleigh-Jeans
time scale simply expresses the time
during which a star can shine on its
gravitational energy. Things are quite
clear as long as the stellar matter is
non relativistic : a star is a bound
system with negative energy and a
negative specific heat. However, when
the velocity of particles approaches
the velocity of light, the binding
energy of the star can vanish as in
white dwarfs with a certain critical
value of the mass, to which corre
sponds a certain value of the radius :
1.34 Mo and about 103 km.
A star can have a negative energy

TABLE 1
Epoch
1.5 to 1010y
108y

today
galaxy formation

106y

recombination

102s

nucleosynthesis

1s

pair annihilation

10-5s

end of hadron era

10-32s

B.H. of the hadron size

10-43s

quantum era

Events
Conversion of the gravitational energy into the
kinetic energy of the internal motion of galaxies
Emission of the black body radiation from the
cosmological photosphere. End of the equili
brium between thermal motion of the atoms
and radiation
Storage of kinetic energy of the nuclei in
the binding energy of the primeval nuclei
Storage of the energy of the electrons in
the E. M. field of radiation
Storage of the energy of the baryons in the
pions
Collapse of the fluctuations of density
into black holes
Production of particles at the expense
of the gravitational field

and nevertheless be unstable : this
happens when the compressibility of
the stellar matter becomes less than
4/3. Such a situation can arise when
some reaction takes place, like the
production of electron-positron pairs
out of the radiation field, or the dis
sociation of iron.
Observations show many ways in
which gravitational energy is liberated.
Supernovae and pulsars are well as
sociated, and pulsars are almost
certainly neutron stars, with a large
binding energy. However, as far as
we understand the way in which the
pre-supernova stage is reached, it
would be fair to say that gravitational
energy raises the internal energy up
to the point where explosive thermo
nuclear reactions can take place. For
mation of nuclei with a large binding
energy like 12C, 16O, 20Ne, 24Mg result
from the history of the star and is the
price which the star has paid for
shining ; 12C and 16O when explosively
producing nuclei of great binding
energy, become responsible for the
supernova outburst.
Supernova outburst, or possibly non
explosive collapse leads to the for
mation of a neutron star. In the
compact variable X-ray sources, the
neutron star is companion of a larger
bright star. Such a system has been
formed in the course of stellar evo
lution, and the matter shed by the
primary on to the neutron star, after
a number of events, produces the
X-rays. Variability is due to the ro
tation of the neutron star and to the
eclipse by the primary (Her X1, Cen
X1).
The possibility that evolution, in
stead of leading to a neutron star,
companion of a normal star, generates
a black hole is not excluded. Cyg X1
may be the product of such an
evolution, the X-rays this time being
produced by accretion on the black
hole.
What can we say about the other
forms of energy conversion, which
can take place with black holes ?
Merging of non-rotating or rotating
black holes, interaction of E-M radi
ation with a black hole lead to inter
esting results : for example, two rotat
ing black holes rotating in opposite
directions with the maximum angular
momentum can merge into a non
rotating black hole, energy being con
verted with a 50 % efficiency. It is
however liberated in gravitational
waves of little physical impact.
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However, when introducing quan
tum effects, a black hole can emit
particles, created by vacuum fluctu
ations near the event horizon. Being
a body of negative specific heat, a
black hole which cools sees its equi
valent temperature increasing or its
mass decreasing. Possibly, black
holes of any mass might have been
formed in the early Universe. Ac
cording to Hawking, no black hole of
mass less than 1015g should be left in
the Universe. All black holes with
smaller mass have « exploded » long
ago.
The maximum mass (due to General
Relativity effects) of neutron stars is
also the minimum mass for present
formation of black holes. This de
pends very much on the physics of
dense matter at densities larger than
1015g/cm3, or at mutual distances of
baryons less than 1 Fermi. Similar to
the problem of nuclear matter, this
is a very difficult many body problem.
Maximum masses of neutron stars
range presently from 1.6 to 2.5 solar
masses. The invisible companion of
Cyg X1, with a present estimate of
6 Mo might very well be a black hole.
At the other end of the spectrum,
production of radio waves with a high
efficiency is a characteristic of several
astronomical objects : radio galaxies,
pulsars.
All problems of interpretation rely
on the observations. In the case of
radio-galaxies, it appears clearly now
that matter is recurrently ejected and
emitted bysynchrotron radiation. How
ever, the discovery in some frequency
ranges of spikes of radiation with a
duration of 10-6 s and an effective
temperature of 1031 Ksuggests strongly
a maser-like mechanism of emission
for which no model is yet available.
The only certainty is that the emission
region has the size of about 1 km,
much less than the size of the star,
which is perhaps 10 or 20 km in
radius.
Nuclei of galaxies are quite re
markable sources of radiation, un
doubtedly parent to radio galaxies. No
model seems yet available to explain
completely the energy source, the
variability, the spectrum, the compact
ness. There is no lack of imagination:
the nucleus of an active galaxy has
been thought to be a compact cluster
of pulsars, a super-massive rotating
magnetic body, an accreting black
hole, a system of matter and anti
matter. None of those models is able
to explain all the major properties of
the nuclei of galaxies.
E. S.

