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ABSTRACT

Massive neutrinos are among the big hopes of cosmologists. If

they happen to have the right mass they can close the Universe, explain the

motion of galaxies in clusters, provide galactic halos and even, possibly,

explain galaxy formation. Tremaine and Gunn have argued that massive

neutrinos cannot do all these thing3. I will explain, here, what some

of us Relieve Is wrong with their argvwents.
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There have been many talks, here, expounding on the importance of

neutrinos in cosmologieal considerations. The history of the subject Is not

long - only about ten years as a serious idea - but it is taking more and more

of the attention of cosmologists, and making up an ever larger part of the

litterature. This flood of work started with two papers by Cowsik and

Me Clelland which pointed out that If neutrinos have masses, even as small

as * 1 eV/c , they could play an important role in cosmology and astrophysics.

They could supply: (i) enough mass to close the Universe (i.e. keep it finite

in volume); (ii) the "dark matter" postulated to explain the motion of galaxies

in clusters and (iii) even the postulated galactic halos, which (as we have

heard from Professors Rubin and Ruffini) are required to explain the flattening

of the velocity curves and to keep the galaxy dynamically stable. This very

attractive suggestion of Cowsik and Me Clelland vas not really followed up till
2)

much later, when a paper was published on the subject by Tremaine and Gunn

(.TG). This paper claimed to demonstrate, on the basis of some thermodynamic

considerations, that the suggestion of Cowsik and Me Clelland was untenable.

This debate assumed much greater importance with the independent announcements

Of two teams of experimentalists that neutrino mass had been observed
It)

Despite later doubts about the validity of these announcements , the initial

excitement did not die down. It was argued that even if neutrinos could not

have the right mass to do all that was suggested by Cowsik and Mo Clelland, they

may still play an important role in cosmology, and perhaps even in astrophysics

Since then there have been any number of papers on the various aspects of neutrinos

in cosmology that have been discussed here. In this talk I shall try to explain

why some of us believe that the arguments of TG ore wrong, and should, in fact,

actually, be interpreted as evidence in favour of believing that there are large

diffuse halos around galaxies, such as might be expected if these haloes were
p

composed of neutrinos having masses >v 10 eV/c .

Let us, very briefly, review the argument of TG. They argue that the

iwyinpy mass of matter inside galaxies is known, and hence, if the number of

neutrinos in the galaxy is known, we have* as upper bound on the mass of the

neutrinos. The number of neutrinos is estimated by direct analogy with the

number of photons which must arise (as was pointed out by George Gamov) from the

hot big bang. They, then, obtain a lower bound for the neutrino mass if it is

to be consistent with the observed motion of: (l) galaxies in a cluster; (2)

binary galsjcies about each other; or (3) the stars in an individual galaxy.

To be able to tie their thermodynamic considerations to observation they needed

to make certain assumptions: (A) the maximum coarse-grained phase-space density
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must decrease with tljue; tfil tbe density of matter In galaxies is not more than

one twentieth of the Critical density (which is the density required to have

a flat Friedmann universe), and (c) the bound system of neutrinos resembles an

isothermal gas sphere. Their whole argument is based on the implicit assumption:

(D) the "core of the galaxy" used in their calculations is the "core of the visible

component of the galaxy".

Using assumption (C), TG take a. Maxwell-Boltzmann distribution for the

neutrinos. Then assumption (A) yields the requirement that

(1)

where o is the one-dimensional velocity dispersion p , the core density, is

given by

Using assumption (a), observed, values of <J and r can be pst in, giving

. . -. .•* < 2 )

rc is the core radius and gy Is the number of helicity states of neutrinos of

the same mass. For a given neutrino species g would be two (one each for

neutrino and anti-neutrino) if there are no right-handed neutrinos which are

relevant. (This will be the ease in most GUT theories , where the right-

handed neutrinos are superheavy.) If there is only one species with a mas3

in the relevant range, we would have ey = 2 for that species, and zero otherwise.

If there are two species with the same mass g = h, and if there are three

species g^ = 6. If there is only one species and the right-handed neutrino has

the same mass we would have g = h. If there were only one species of massive

neutrinos and enough lepton number asymmetry (incidentally, giving a finite

chemical potential) we could even take g » 1.

Using assumption ( B ) , TG obtain the constraint for the sum of neutrino

-1 >.V/c* (.3)

where h = H x 10 '"'sec, H being the Hubble parameter.

h lies between 1 and 2.
o

From observation

On the other hand, Eq.(l) leads to the constraint

-1/4-
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where k is 2.5 for galactic clusters, 7 for binary galaxies and 15 for

individual galaxies. It is apparent that only in the case of galactic halos

is it at all possible to consider the two equations to be consistent, giving a

value i> 3 eV/c for the neutrino mass, TG allow that some further

uncertainties may possibly permit smaller values of o and r , and thus even

binary galaxies may be argued to be consistent , but there is no way to reconcile

Eqs.(3) and (5) for individual galaxies. By Occam's razor, they rule out the

suggestion of Oowsik and Me Clelland entirely, Schrsmm and Steigman , going

purely by the final statement of the conclusion by TG, suggest that neutrinos

with mass ^ 3-l6 eV/c may provide much of the missing matter and even close

the Universe, despite their being unable to provide galactic halos.

There are various problems with the arguments of TG, The most crucial

one is concerned with their assumption (D), that the entire matter content

in a galaxy can be deduced from the motion of its visible component. From the

motion of the stars, ih principle one can deduce the matter distribution

interior to the "orbits" of the stars, but not the matter distribution exterior

to their orbits. Since the upper bound on neutrino masses comes from the

assumption (modified by including some estimates based on the dynamics of galactic

systems) the upper bound should be related. With sufficiently large and diffuse

halos, arbitrarily large amounts of matter can be contained in the halo- The

snore important aspect of relaxing assumption (D) is that the thermodynamic

arguments are drastically affected. They depend crucially on confining the

matter within a given region and using only the velocity dispersions in that

region. If there is enough neutrino matter, in a large halo, to dominate

galactic dynamics it will "become necessary to consider the region containing most

of the galactic matter (i.e. the neutrinos) and the velocity dispersions of that

matter. Thus our "core" has to be changed from the "visible core" to the

"neutrino core". The "neutrino core" must yield the observed motion of the

visible component of the galaxy. The situation may be visualised as depicted

in Fig.l. Notice that matter in the small bump, which represents the "visible

core", will have a very different dynamical 'behaviour from the "neutrino core"

matter. Clearly, assumption (B) has to be modified in accordance with the

modification of assumption (D).

-k-
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Assumption tC) needs to he considered very carefully. The bound system

of neutrinos can be regarded as a collisionless gas because the neutrinos interact

weakly. As such they have no means of thermalizing, and the initial velocity

distribution can be regarded as being "frozen in" even when the gas cooLs. At

first sight, the neutrinos may seem to have a scaled down form of their original

velocity distribution, which was isothermal. Due to the absence of collisions,

however, the distribution will have no thermal form as the gas cools. Thus it

would be wrong to assume a Maxwell-Boltzmann distribution for the neutrino gas.

It has been argued that the neutrinos may be able to interact through the mean

field (which is the gravitational field), and may, then, be able to thermalize.

There would still remain a worry as to the final thermal distribution. Since

neutrinos are fermions, the isothermal distribution will only apply if its

temperature, T. , is greater than the Fermi temperature T ! „ How, if we
ISO r

take matter, of density p . , to be uniformly distributed in a sphere, and the

neutrinos to have a density p , the Fermi temperature will be

°K (6)

while the inferred temperature of the isothermal gas sphere will be

(7)

Taking the neutrino matter and the visible matter confined to the same core

radius, if neutrinos are to dominate the galaxy, the TG argument would only
2

hold for m ^100 eV/c (having used o "\- 100 km/sec. as done by TG).

Otherwise the Ferni temperature will "be greater (orders of magnitude greater
2

for m "" 10 eV/c ) than the inferred isothermal gas sphere temperature. Thus

the isothermal gas sphere approximation, as used by T(r, is untenable. If,

instead, we take the neutrino halo to extend much further out, the approximation

can, possibly, improve considerably as p /o . will decrease.

Let us, now, consider the consequences of approximating the bound system

of neutrinos by a degenerate Fermi gas. Calculations of a degenerate, self-

gravitating system of Fermi particles and similar calculations for galactic
9)size objects show that there is no inconsistancy in this case (such as was

claimed by TG) for a galaxy approximated by a sphere of visible matter

-5-

rZk 3
•̂  10 fcpc radius, ̂  2 i 10 gm/cm density and of neutrinos •*• 100 kpc radius

"2^ 3 2

and * 10 gm/cm , if the neutrino mass ^ 1Q eV/c and the neutrino velocity

distribution "v 700 km/sec. It is easily verified that this configuration

gives li Tp , with little difference between the two temperatures. One

would expect, then, that the degenerate configuration could be approximated by an

isothermal configuration. Putting the appropriate numbers into Eq.(l) no

contradiction appears, i.e. the isothermal approximation implemented in this

way is quite consistent with the degenerate Fermi gas approximation, and does

not provide any argument to say that galactic halos cannot be composed of
2

neutrinos with mass "- 10 eV/c .
10)1 have explained why the argument of TG is invalid and how to correct it

It became clear that the corrected argument does not disallow massive neutrino .

halos, but not that it provides evidence for their existance. Let me now explain

why I claim that the TG arguments provide evidence of large diffuse halos such

as would be expected if they were composed of neutrinos having masses "̂  10 eV/c .

Having recognized that assumption (D) is wrong, one can ask oneself how significant

the error is In particular cases. From Fig.2 it is clear that the error is

least for rich galactic clusters, more for binary galaxies and most for

individual galaxies, as more of the invisible halo matter is effectively "seen"

(by the aotion of visible matter) in larger collections of galaxies. In fact,

putting in the numbers mentioned above gives the same sort of discrepancy

noticed by TG! I would like to mention one more "piece of evidence" In favour

of the "case for very large diffuse halos". The typical distribution of galaxies

in a rich cluster, according to the simplified picture depicted in Fig.l, would

be much like that shown in Fig.3, which is the actual distribution of galaxies

in the Coma cluster.
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Fig.l Explanation of the large diffuse halo by a simple analogy,

(a) Imagine a rubber sheet with water poured into it, (b) If we now pour

iron filings into the vater we get a "hump" at the centre, (a) On stirring

up the water the iron filings will spread out the hump. The dynamics

of the filings in the bump will be very different from ttat of the main

body of water. For our purposes the water is replaced by neutrinos,

the iron filings by visible matter and the rubber sheet, of course, by

space-time. Stirring corresponds to introducing a finite temperature.

The analogy breaks down at the thermodynamic level as the two types of

matter do not tend to the same temperature in galaxies.

Fig,2 (a) For a single galaxy most of the halo matter is not apparent In the

motion of the visible component of the galaxy as it is exterior to it.

(b) Much more of the halo becomes apparent in the case of binary galaxies,

(e) Still more becomes apparent in the case of galactic clusters. The

richer the clusters the greater the portion which becomes apparent.

Fig.3 The distribution of galaxies in the Coma cluster of galaxies. Qualitatively

this is exactly what would be expected from Fig.l(c), Though the models

are, by no means reliable enough to be used for a detailed fitting with

the data, it is nice to know that they are in good agreement with

observation.
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