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Neutrinos in Cosmology
R.J. Tayler, Brighton

(Astronomy Centre, University of Sussex)

The attention presently being paid to 
neutrinos in astrophysics and cosmology is 
one part of an increasing interaction bet
ween particle physics and cosmology. For 
astronomers, it is very important to know 
how many types of neutrino there are, 
whether they are massless and if not, what 
their masses are. Conversely, if an astrono
mer can understand the overall properties 
of the Universe, he can say with confi
dence what the properties of neutrinos 
must be.

The standard model of the hot big bang 
cosmological theory, which appears to be 
in agreement, at least qualitatively, with 
the observed properties of the Universe, 
assumes that the early Universe was homo
geneous and isotropic and that it has been 
continuously expanding from a state cha
racterized by very high temperature and 
density, where matter and radiation were 
to a good approximation in a state of ther
modynamic equilibrium. In this standard 
model, it is assumed that baryon number, 
charge number and the various lepton 
numbers are all conserved, although at the 
times that concern us here, non-conserva
tion of baryon and lepton numbers would 
not be important. Only the baryon number 
is non-zero and this, expressed as the ratio 
of the net number of baryons (baryons 
minus antibaryons) to the number of pho
tons per unit volume, is the undefined 
parameter in the model.

In the earliest stages of the development 
of the Universe, when the temperature was 
such that the thermal energy of a particle 
exceeded its rest mass energy, that particle 
and its antiparticle were in equilibrium with 
the radiation. Then as the temperature 
dropped as the Universe expanded, par- 
ticle-antiparticle pairs disappeared by an
nihilation or, if they were unstable, by 
decay (see H. Andrillat, Europhysics News, 
Aug./Sept. 1981).

Expansion Rate a Function of Number 
of Lepton Types

For our discussion we can concentrate 
on the period when the temperature had 
fallen below 1011 K, namely after about 
10-2 s. By that time, and until the tempera
ture fell below ~ 6 x 109K, the only par
ticles in equilibrium with the radiation were 
electrons and positrons and low or zero 
mass neutrinos and antineutrinos. The ma
jority of the hadrons would have been anni
hilated and only a small fraction remained. 
The rate at which the Universe was expan
ding and cooling depended on the energy 
density and this was dominated by the 
photon and lepton densities whose ener
gies were additive. There was a unique 
relation between energy density and time, 
while the temperature was determined by 
the number of lepton types, all of which 
were in thermal equilibrium. The contribu
tions of the different components were in 
the ratio: photons 1, electrons (or posi
trons) 7/8, neutrinos (or antineutrinos) 
7/16, so that density was proportional to 

[11/4 + 7/8 n] ≡ α
where n is the number of neutrino types of 
low mass. Temperature, T, and time, t, 
were related through the equation :

T  = (3 c2 / 32 π G a a)1/4 t-1//2.
Neutrinos interact with matter only 

through the weak and gravitational forces 
with a cross-section that for the weak in
teraction is proportional to T2. Because the 
density of particles was proportional to T3, 
the "time scale" for the weak interaction 
was inversely proportional to T5. The gravi
tational interaction is insignificant. As a 
result, by the time the temperature had 
dropped to about 1010K, the neutrinos had 
a mean free path that was of the same 
order as the radius of the observable Uni
verse and, from then on, they were no lon
ger closely coupled with other matter. This 
occurred after a time t ≡ 1 s. The conti

nuing existence of these neutrinos and 
antineutrinos in the expanding Universe 
was, nevertheless, very important as will be 
seen.

Light Isotope Abundances
At very high temperatures the relative 

number of neutrons and protons had the 
thermal equilibrium value

nn/np = exp (—2.5 mec²/kT), 
where 2.5 me is the mass difference bet
ween the two particles. The reactions con
verting neutrons into protons and vice- 
versa are weak interactions and at the same 
time as the neutrinos decoupled from mat
ter the conversion of neutrons into protons 
effectively ceased and the value of nn/np
was frozen ; free decay of the neutron is 
too slow to have affected matters signifi
cantly. At a temperature around 109K, 
photodisintegration of deuterium ceased to 
occur and nuclear fusion reactions then 
converted all of the neutrons and an essen
tially equal number of protons into 4Fle plus 
small amounts of 3He, 2H and 7Li. Approxi
mately 25 percent of the matter in the Uni
verse became 4He and the observed abun
dance of 4He is a critical test of the big 
bang theory.
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The precise production of the light iso
topes depended principally on the baryon 
to photon ratio (nB/nγ) and on the rate of 
expansion of the Universe and hence on 
the number of types of neutrino. We have 
some guidance on the value of nB/nγ du
ring the minutes of nucleosynthesis as it 
would have been essentially the same as 
the present-day ratio of baryons to 
microwave photons. Furthermore we have 
as a lower limit to the value of nB, the 
smoothed out density of observed matter 
in the galaxies and we can obtain a vague 
upper limit from the estimated deceleration 
in the expansion of the Universe. Above a 
certain level of density, the deceleration 
would be unacceptably large. Apart from 
this, as the density, rate of expansion and 
the present age of the Universe are inter
related, attributing too high a density 
would lead to the Universe being apparent
ly younger than some of its constituents.

The exact abundance of 4He changes 
only slowly with nB/nγ, the variation being 
between 0.23 and 0.27 for all possible 
values. It is more seriously dependent on 
the rate of expansion and hence on the 
number of neutrino types. In contrast, the 
abundance of 2H is strongly dependent on 
nB/nγ and decreases by a factor of 103 for 
an increase in nB/nγ of 102 over the relevant 
range. The observed 2H abundance 
therefore sets limits on the values of nB/nγ
that are acceptable and the observed 4He 
abundance is then in reasonable agreement 
with there being three types of neutrino.

If the number of types were greater than 
three, which might be the case if leptons 
additional to the e, µ and τ families exist, 
theory would show the Universe expanding 
more rapidly, conversion from n to p would 
be less complete and more 4He would be 
produced. It is still possible, even if im
probable, to accommodate within the 
theory four species, but certainly not six. 
The current view of the hot big bang will 
thus no longer be tenable if several addi
tional low or zero mass neutrinos are 
discovered. It would still be possible to ar
rive at the right 4He abundance with 
thousands of extra species, when the ex
pansion of the Universe would have been 
too rapid for all the neutrons to have been 
converted to 4He, but then the predicted 
2H abundance would be entirely wrong.

The position changes if some of the neu
trinos have a high mass, measured say in
MeV. We know that ve can at most have a6low mass and a relatively low mass (with 
zero being a possibility in each case) but 
there is no strong constraint on the mass of 
υτ or any additional neutrinos. Had they a 
high mass, they would have been non-rela- 
tivistic well before they decoupled from 
matter and, in consequence, their equili
brium abundances would have been sharp
ly reduced from the relativistic value. Pro
vided then the total energy of the species 
(rest mass plus thermal) was much less

than the total thermal energy of their 
massless but more numerous counterparts, 
their influence on the expansion of the 
Universe and nucleosynthesis would have 
been negligible.

Implications of a Small non-Zero Neu
trino Mass

The possibility that some or all of the 
neutrinos have a small non-zero mass 
raises totally different questions. The 
neutrinos which existed at decoupling are 
still present today and, if they are massless, 
they are microwave neutrinos with a tem
perature of (4/11 )1/3 Tγ' where Tγ is the 
temperature of the microwave radiation. If 
they possess a small mass, this would not 
change the number density which is com
parable to the photon density (with nγ/nB 
= 109) and they might contribute more 
mass to the Universe than the baryons. The 
standard model of the Universe thus puts 
constraints on the masses of neutrinos, as 
too high a value would lead to an excessive 
mass density and too great a deceleration 
in the expansion of the Universe. (Note : if 
the neutrinos do have masses that are non
zero, the mean density of the Universe is 
no longer directly related to nB which is im
portant for calculations of nucleosynthe
sis.)

The relevant parameters are related by 
the equation :

where n is the number of types of neutrino 
m is their average mass 
Tγ is the microwave temperature 
Ho is Hubble's constant expressing the pre

sent rate of expansion 
ρυ is the neutrino density and 
ρc is the density at which the Universe

would just contract in the future.
It seems clear that ρυ cannot substantial

ly exceed ρc because of both the observa
tions concerning deceleration and the age 
of the Universe relative to that of galactic 
objects. Present estimates of Ho lie bet
ween 50 and 100 kms-1 Mpc-1 so cosmology 
will not be comfortable with average neu
trino masses much in excess of 10 eV/c2. 
This is of particular interest in view of the 
reported measurement putting the mass of 
υe at ~ 30 eV/c2. As it is likely that other 
neutrinos would be more massive than υe' 
such a value, if confirmed by other experi
ments, would be of great significance for 
cosmology.

If neutrinos are massive they may not be 
stable, although their instability may take 
the form of mixing between different types 
— a property similar to that of the K° 
meson. On the other hand, there might be 
a genuine instability in which, for example, 
a neutrino decays into a different type plus 
a photon. But again if the big bang theory 
is correct, some combinations of masses 
and lifetimes can be ruled out. If neutrinos

had a lifetime which was short compared 
with the present age of the Universe but 
longer than the time taken for photons and 
baryons to decouple, their decay would 
create an unacceptable distortion in the 
microwave background. If neutrinos de
cayed much more rapidly, of the order of 
the time for nucleosynthesis, their decay 
products might interfere with the element 
abundances by producing photofission. 
Should neutrinos be unstable, but have 
lifetimes much longer than the present age 
of the Universe, there have been sugges
tions that they could produce astronomical 
effects through providing an additional 
source of ionizing photons.

There remains the possibility that neutri
nos have a mass that is not high enough to 
disturb the big bang theory, but which is, 
nevertheless, sufficient for neutrinos still to 
form the major source of matter in the Uni
verse. This is an interesting conjecture for 
two reasons which are related to the mean 
matter density as deduced from observa
tions and the manner in which the matter is 
distributed. Matter can be detected in two 
ways. It can be observed by studying the 
radiation which it emits : let us call this light 
but include radiation from all parts of the 
spectrum, and it can be detected by its gra
vitational influence. For example, some
thing can be learnt about the distribution of 
mass in flat galaxies by studying how the 
rotation velocity varies with distance from 
the galactic centre from which, by balanc
ing the centrifugal force against gravity, 
the mass distribution can be deduced. 
Similar studies can be made of the motions 
of galaxies in small groups of galaxies and 
in large clusters. In almost all cases there is 
a lack of agreement between the distribu
tions of mass and light. The outer regions 
of typical galaxies have less light in propor
tion to their mass than the inner regions, 
for instance, while clusters of galaxies ap
pear to have a higher mass to light ratio 
than individual galaxies. What is the source 
of this mass which we do not observe 
directly? It could be low mass subluminous 
stars or dead remnants of massive stars, 
but then star formation in the outer as 
against the inner regions of a galaxy must 
have proceeded quite differently. It is also 
not obvious that this is a good explanation 
for clusters of galaxies.

A third possibility is that the unobserved 
mass is in the form of neutrinos, and that a 
significant part of a galactic mass and a 
major part of the mass of a cluster is con
tributed by neutrinos. In considering this 
possibility, we must bear in mind that the 
neutrinos will be degenerate and the Pauli 
exclusion principle sets a limit on their den
sity. It is interesting to note that, with a 
mass of the order of 10 eV/c2, neutrinos 
whose velocities are below the escape velo
city from a galaxy can provide approxima
tely the required mass. Nevertheless, it is 
still not quite obvious that neutrinos can be
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packed into galactic haloes because having 
been collisionless since they decoupled at 
T ~ 1010K, their phase space density has 
had to be conserved. Despite this, it does 
seem possible that neutrinos could be 
populating the outer regions of galaxies 
and clusters.

The final point is concerned with the way 
in which matter took up the form of ga
laxies and clusters. It has become clear that 
it was not reasonable to assume that the 
Universe was strictly homogeneous and 
isotropic when its temperature was 1011K 
(say) and that all the observed large scale 
structure has arisen since then from chance 
fluctuations. Although gravitational insta
bilities exist, they do not grow at a suffi
cient rate to account for galaxy formation 
by the present time. There is need for some 
seed perturbations whose origin may possi
bly lie in what happened in the Universe at 
a very much earlier time. Whatever the ori
gin of such initial perturbations may be, it 
seems certain that structure in the Universe 
must first have become apparent close to

the time when the photons and matter 
decoupled which is also close to the time 
when the matter energy density first ex
ceeded the radiation energy density. If the 
neutrinos have masses of the order of 10 
eV/c2, they are the main form of matter in 
the Universe and they have dominated the 
energy density since shortly before or
dinary matter and photons decoupled. As a 
consequence, neutrinos could have played 
a crucial role in the establishment of struc
ture because they could have responded to 
gravitational effects while the photons and 
baryons were still coupled. Indeed, the 
structures which subsequently turned into 
galaxies might consist primarily of neutri
nos which formed a potential well into 
which matter later fell.

Conclusion
The above gives only a broad outline of 

the principal aspects of the standard big 
bang theory as it involves neutrinos. Out
side these are non standard versions con
taining degenerate neutrinos or a non-zero

cosmological constant, the possible role of 
grand unified theories of elementary par
ticles In providing the initial conditions, and 
the influence of what are at present hypo
thetical particles such as the gravitino and 
photino. Nevertheless, it should be clear 
why cosmologists are so interested in the 
number of neutrino species and their 
masses and lifetimes.
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Galileo, Nobel and the Z°
W.S. Newman, Geneva

On 3 May 1983 in a small theatre on the 
Italian Riviera some of the world's leading 
physicists applauded spontaneously when 
the discovery of a first candidate of a Z° 
boson event at CERN's proton-antiproton 
collider was announced. The occasion was 
an international scientific symposium, one 
of six under the general heading of 
"Science for Peace" organized with remar
kable flair by Antonino Zichichi and a com
mittee of Nobel Laureates and prominent 
scientists to commemorate, first in San 
Remo, the 150th birthday of Alfred B. 
Nobel and then, In Rome, the 350th anni
versary of the publication of Galileo 
Galilei's Dialogues.

In the audience of this nuclear physics 
symposium was S. Glashow, who with 
Salam and Weinberg had established the 
now vindicated theory unifying the elec
tromagnetic and weak forces, where the 
intermediate bosons — the charged W pre
viously found at CERN and neutral Z° — 
play an essential role. His words of praise 
for the achievements and excellence of 
CERN were echoed by I.I. Rabi who 30 
years ago had Inspired the creation of such 
a European laboratory to provide American 
physicists with some competition, even if 
he had not bargained for quite so much.

Even the larger accelerators which are 
now under construction are unlikely to 
solve all outstanding problems in this 
domain, and that encouraged distant vi
sions of still bigger machines (or perhaps 
mirages in the case of one colossus called

the "desertron”). Such a giant may well 
one day form the nucleus of a United 
Nations of the World of Science, just as 
CERN came to symbolize the scientific 
United States of Europe. Viktor Weisskopf 
was confident that such big developments 
will come about, because he felt that one 
of the great and positive features of our 
modern civilization is that we are willing to 
devote means and effort to fundamental 
research. Good science also needs good 
fortune and new sources of money will 
have to be found, so it was perhaps ap
propriate that this symposium was held in 
the splendid Casino of San Remo.

Meanwhile, at the Villa Nobel — where 
the Swedish inventor lived for six years un
til his death in 1896 — four other high-level 
symposia took place. The human brain, 
modern seismology, cancer research and 
the frontiers between the life and physical 
sciences were the themes on which the 
leaders in these fields presented and dis
cussed their latest finding. For science to 
bring benefits to mankind — its true role — 
peace is a prerequisite. This was the Idea 
which inspired Alfred B. Nobel, to conceive 
his remarkable last will establishing the 
Prizes. His initiative firmly recognized 
science as an integral part of human culture 
and did much to increase public awareness 
of the achievements of science. A prolific 
inventor — he held over 350 patents — and 
founder of the first multinational industrial 
complex based on R & D, he continued re
search into many industrial processes until

his final days. The fact that his invention, 
dynamite, could be used for good or evil 
purposes, was probably one of the motives 
leading to the creation of a Peace Prize to 
reward those who contributed most to the 
"fraternity among nations and the abolition 
or reduction of standing armies...".

A special session on Science, Peace and 
Freedom was therefore a fitting comple
ment to the scientific programme in the 
spirit of Alfred Nobel. Appeals for an aban
donment of the collision course the great 
powers are now on, and for a return to a 
policy of détente culminated in a moving 
account by Sweden's Ambassador Per 
Anger of Raoul Wallenberg's single- 
handed fight for the freedom and the lives 
of up to 100000 doomed people in wartime 
Hungary. The San Remo days ended with a 
ceremony in the presence of the King of 
Sweden and members of the Italian go
vernment, in which Nobel's work and his 
important contribution to the progress of 
science were reviewed.

And so to Rome — to honour the me
mory of Galileo Galilei whose Dialogues laid 
the foundations of modern science but, 
unhappily, brought him into conflict with 
the Church. When the participants arrived, 
Italy's capital went wild with joy, normal 
traffic came to a standstill as flag-waving 
car processions wound their way through 
the city and the noise exceeded that 
bearable by non-Romans. Alas, it was not 
for the eminent visitors that the crowds re
joiced, but for the local football team who 
had regained the national trophy after 41 
years. The proper welcome was all the 
more dignified when the 33 Nobel Laurea
tes and about 200 scientists from all over 
the world assembled under Swiss guard in 
the Sala Regia of the Vatican to be greeted
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