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Abstract. A short review of the theory of the formation of galaxies and clusters of galaxies is given within
the framework of the non-linear theory of gravitational instability. Probable initial conditions are dis-
cussed as well as processes which bring about the origin of galaxies and clusters of galaxies. Possible
observational tests are discussed.

1. Introduction

Any theory of the formation of galaxies has to account for three groups of facts.

(1) The existence of galaxies and clusters of galaxies with densities 102 to 10 times
the mean cosmological density and probably the existence of superclusters with den-
sities some 2 or 3 times greater than the mean density. An important specific property
of galaxies is their rotation [1, 2, and 3].

(2) The Hubble law for galaxies in the distance range 20 to 3000 Mpc (i.e. 0.03 <
<z<0.5) [2]; the absence of angular variations in the brightness temperature of the
relic radiation (certainly AT/T< 10" 3) [4, 5]. This second group of facts proves that
departures from the Friedmann model are small, especially those on the largest scale
and those in the recent past.

(3) The agreement of the relic radiation spectrum with the equilibrium Planck
formula (4T/T<0.05) [6,7]; the probable agreement of the primordial chemical
composition with the theoretical predictions of Friedmann’s theory [8,9]; the ab-
sence of any strong annihilation radiation in the y-ray background spectrum [10].

The first group of facts excludes the Friedmann cosmological solution with exact
isotropy and uniformity (with uniform entropy) as a possible exact description of the
Universe. The third group of facts extends the evidence that the perturbations were
small even further back into the past, to z~10'°, corresponding to a time approxi-
mately 1 s after the big bang.

2. The General Picture

It is only natural therefore to build a theory of the formation of galaxies beginning
from the Friedmann solution with small perturbations which grow to sufficient am-
plitude at the moment when galaxies form. The gravitational (Jeans) instability gives
the necessary mechanism of growth. The overall scheme consists of the following
consecutive parts:

(1) Redshift z>1300: small adiabatic perturbation (simultaneous perturbations
of temperature and matter density with 3(4T/T)=(4¢,/¢,)) superimposed on the
standard cosmological solution for the hot model.

(2) Redshift 1300>z> 10. Neutral gas density perturbations grow but remain less
than unity.
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(3) Redshift 4-5<z < 10. The formation of dense gas clouds due to further growth
of the perturbations, ending with shock wave formation. The mass of the clouds is
of the order of 10'* to 10'* M, (clusters of galaxies).

Among accompanying physical processes, the following should be mentioned:

() The formation of clouds is accompanied by their fragmentation into galaxies.

(ii) The rotational motion and perhaps even turbulence acquired in the shock wave
explain the rotation of galaxies.

(iii) The birth of the first quasars.

(iv) The radiation of the shock wave, of the first quasars and of young galaxies
ionizes the cold intergalactic gas which escaped shock wave compression and direct
shock ionization.

(v) Perturbations on the largest scale (10" to 10'7 M, and greater) are relatively
smaller; they are frozen with amplitude less than unity (probable before cloud en-
counters) at some z< 3. The corresponding peculiar velocities decay in the time in-
terval 3=>2>0.

This behaviour of perturbations is characteristic for open cosmological models.
For simplicity of presentation we present calculations made for a definite set of input
data. Their possible range of variation will be considered later.

We adopt a Hubble constant of 50 km s~! Mpc™?, density parameter Q=2g,=
=0/0.=0.1 corresponding to ¢=5x 1073! g cm ™3 and relic radiation temperature
2.7K. All data are given for the present epoch. This choice leads to the redshifts of
equality of radiation and matter density and of hydrogen recombination coinciding
at z=1300, t,,, =3 x 10" 5. The cosmological model is open with radius a=10* Mpc
and age t=1.9x 101 yr,

3. The Initial Spectrum and Evolution of Density Perturbations

The initial metric perturbations are assumed to be of amplitude h=10"* (dimension-
less) with a flat spectrum, independent of space scale. Using the classical results of
Lifshitz [ 11, 24] on the general relativistic theory of perturbations, perturbations of
density are calculated. In the radiation-dominated era z > 1300 they are given by three
different formulae for three ranges of scale.

The scale is characterized by masses M =(4n/3)gox > or M=(1/6n2)gl3; |=2n/k is
the wavelength, g, the density of matter measured at the present day. Theory gives
for the period before recombination, z> 1300

M < Mp; % _ 104 e~ Mo/MP>
e
S
MD<M<MJ; £=10_4,
e
S M,\*3
M,<M; —"=10*4<—’) .
0 M

Here M, is the Jeans mass, which gives the boundary of the region of gravitational
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Fig. 1. The evolution of the spectrum of density perturbations. It is supposed that dg/goc M~ 23 in the
long wave region.
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instability [12]. The mass M, (also called the Silk mass) is the characteristic mass
for dissipation due to viscosity and thermal conductivity [13—15]. Both are time de-
pendent, Mjoct®’?; Mpoct®'. Large scale perturbations (last entry M > M,) grow as
dp/eoct. Dependence on z instead of ¢ is used in Figure 2, t~z~ 2.

The evolution of the density perturbation spectrum is illustrated in Figures 1 and 2.
The perturbations are small enough, so that all predictions of the exact hot Friedmann
cosmological model (nuclear reactions, radiation spectrum, radiation isotropy) are
undisturbed.

The detailed calculations of the evolution of perturbations after recombination
result in rather small perturbations at the present day having dg/¢ <0.1 for /> 150 Mpc.
The maximum of perturbation spectrum corresponds to a mass of the order (but
somewhat greater than) Mj,. On this scale dg/p > 1 is achieved long before the present
day. A unique initial spectrum explains (or rather we should say describes) the birth
of gravitationally bound systems such as galaxies, clusters of galaxies, etc., their
clustering without gravitational binding on intermediate scales and the uniformity
on the largest scale which is equal to the radius of the Universe or its horizon. Many
details of the theory are already given in published papers [16-23].

4. Physics of the Nonlinear Stages

In this report we concentrate on physical processes connected with the late stage
when formerly small perturbations have grown large and give gravitationally bound
systems. This stage occurs much later than recombination.

Neutral gas does not interact with radiation and its own pressure is small. The
motion of such gas, neglecting its pressure, is equivalent to the free motion of a set
of independent particles under the influence of a self-consistent gravitational field. It
is well known that the particle trajectories intersect on two dimensional surfaces,
analogous to caustic surfaces in geometrical optics. For cosmological problems this

- type of intersection was pointed out in [24, 25, 26].

Thin layers of gas strongly compressed in one dimension are formed (see Figure 3).
We call them pancakes. New gas layers falling onto these pancakes and lose their ve-
locity in the shock wave. Kinetic energy is transformed into heat and the gas acquires
a high temperature. The dense central part of the pancake cools swiftly due to radia-
tion, but the outlying layers remain hot up to the present epoch. Typical profiles of
temperature and density are given in Figures 3 and 4. Detailed calculations are de-
scribed in [27-31] and the complicated cooling processes and the different behaviour
of different layers are pointed out in the latest paper [30].

Due to the assumed amplitude and statistical nature of the initial perturbations,
the first pancakes begin to be born at z=10, when on the average dg/o <1, but the
maximum rate of pancake formation corresponds to z=4-6.

The spread of the process in time (or in z) is a very general result in the statistical
theory. The absolute values of z mentioned above depend on the adjustment of the
otherwise arbitrary initial amplitude of the perturbations and also on Q (or g,)
and H,.

https://doi.org/10.1017/5S0074180900235547 Published online by Cambridge University Press


https://doi.org/10.1017/S0074180900235547

THE FORMATION OF GALAXIES IN FRIEDMANNIAN UNIVERSES 217

19 tsec

17+
\ =01 H=50 km sec™'mps™!
15t \

1 L
41 trec

13+

12t

Fig. 2. Diagram of the evolution of gravitational instability and dissipation regions in the hot Friedmann
Universe. The region of gravitational instability is situated to the right of the line M = M,. The region of
dissipation of perturbations is situated to left of line M= M,

The pancakes born first near z=10 give later, at z=4-5, the most massive systems
having M ~10'®> M. Pancakes born later give bodies of more modest mass, of the
order of M~ 10" to 10'* M. A guess at the distribution of masses of different
systems according to this theory is given in Figure 5.

5. The Origin of the Rotation of Galaxies

There is a widespread belief that the rotation of galaxies is impossible to explain in
the adiabatic perturbation theory. The theorem is invoked which states that irrota-
tional motion of an ideal fluid remains irrotational under the action of gravitational
forces. It is sometimes said that the explanation of rotation is the privilege of turbulent
theories. These statements are erroneous and in recent years it has been shown that
there are several mechanisms for inducing rotation.

Peebles [34] calculated the tidal action of protogalaxies and galaxies which leads
to their acquiring angular momentum. In [32] (see also [33]) the crucial role of shock
waves where Helmholtz’ theorem on irrotational motion is broken was pointed out.
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Fig. 3. The density profile of protoclusters. The unit of length is equal to the characteristic distance
between clusters.
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Fig. 4. The temperature profile of protoclusters. The unit of length is equal to the characteristic distance
between clusters.
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Fig. 5. Probable mass distribution of protoclusters.

In the outlying parts of the pancake the compressed gas executes rotational motion
with rotational velocities not much different from the sound velocity.

It is possible that the motion is turbulent — but it is secondary turbulence in com-
pressed gas at z < 10 and not primaeval turbulence at z> 1300, a remnant of a vortex-
type singularity, according to Ozernoi (see his report).

The physical conditions (temperature, density) vary strongly across the compressed
gas, the turbulence and rotation depending on the coordinates along the pancake
surface. Therefore one can predict the formation of various very different types of
system.

6. The Fragmentation of Clusters of Galaxies

The central cool region fragments under the action of gravitational and thermal in-
stabilities. The central part of the pancake has less rotation and one expects [30] the
formation of more massive galaxies, M/Mg ~10'? with small angular momentum
per unit mass, [~ (0.1t0 0.01) I, where I = 6 x 10?° cm? s~ ! is the angular momentum
(per unit mass) of our Galaxy. Probably in the central part giant elliptical galaxies
are formed. The very cool regions perhaps give quasars [28].

The outer parts of the disc are expected to give spiral galaxies with /= I; and smaller
mass, 10'° to 10*' M, due to strong rotational motion and turbulence. We expect
more spiral galaxies in the outer parts of a cluster of galaxies [30]. The rotation of
the pancake (cluster of galaxies) as a whole — if any — should be smaller since it can
only result from tidal forces [34, 35]. It should be pointed out that if the Hubble
expansion occurs in a supercluster of galaxies, the virial theorem is inapplicable for
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mass determinations and the elliptical form does not prove that the cluster rotates.

The formation of magnetic field in this theory occurs at the late stages, z < 10, due
to rotation and the dynamo effect. This point of view is different from Harrison’s,
where magnetic field is generated in the radiation dominated era, z > 1300, due to
initial turbulence. Another possibility is that the magnetic field in stars spreads on
a galactic scale during supernovae explosions [36, 37, 38].

7. Heating and Ionization of the Intergalactic Gas

Of particular importance is the problem of the intergalactic — and inter-cluster — gas,
its evolution and its interaction with galaxies. In our picture gas moderately heated
by the shock wave cooled down to 10* K and from it galaxies are formed. Gas strongly
heated by the shock wave (T > 5 x 10° K) remains hot. Part of it is captured in clusters
of galaxies but the rest is free. A sizeable fraction of the gas does not encounter the
shock wave, and this gas is ionized and slightly heated by the radiation of pancakes
and perhaps also by the radiation of quasars or young galaxies [28, 39, 40]. The
spectrum of radiation emitted by a single pancake depends only weakly on the mo-
ment at which the pancakes ‘burn’ and is given in Figure 6.

The density of neutral hydrogen outside the pancake is given by the curve in
Figure 7 (calculations see [39]). The solid dots define upper limits to the density of
neutral hydrogen which would absorb less than one half of the radiation with R, >

4
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Fig. 6. An approximate spectrum of the emission per unit area of a protocluster.
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Fig. 7. The dependence of the density of H 1 as a function of redshift z in the Universe.

>[(R,) La]/(1 +z). This upper limit to the H1 density is compatible with the lack of
absorption in the spectra of distant quasars according to the Gunn and Peterson
argument.* v

The overall radiation spectrum of pancakes and the intergalactic gas is given in
Figure 8. It is compared with observations collected in the review article [41].

8. Observational Tests of the Theory

The best, most sensitive detector of background radiation is provided by the neutral
hydrogen haloes of galaxies [42]. The scheme proposed here does not contradict any
observation of hard radiation or of absorption of radiation by neutral gas. Of par-
ticular interest is the possibility of direct observation of the 21 cm emission from the
central dense part of the pancake before the fragmentation of this gas [28, 43]. In
galaxies most of the matter is in the form of stars and the mass of gas is of the order of
a few percent. But protoclusters of galaxies in the prestellar stage have unique prop-
erties: their masses are in the form of neutral gas with kinetic and spin temperatures
up to about 10*K. Their angular dimensions are of the order 1'-10". The high emissiv-
ity makes it possible that such radio-emitting regions might be detectable at wave-

* Afterthought: see also the discussion of the spectra of the quasars with largest redshift with Maarten
Schmidt (pp. 255-256).
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Fig. 8. The background radiation due to the emission of protoclusters and the intercluster gas.

lengths 80 to 200 cm (due to the effects of redshift z~3 to 9). The outer zone of the
pancake, where recombination is actually occurring could emit lines due to highly
excited atomic levels, but the emission measure is small and only in closed world
models (2> 1) is there any hope of observing these lines.

A large part of the recombination energy is radiated in a single line, La. The pos-
sibility of observing redshifted La from pancakes is analyzed in [44].

Partridge and Peebles [45] argue that young galaxies have high percentages of
massive bright stars so that during the first 10 yr [46, 47] the overall brightness of
galaxies is much greater than the present day or average brightness. It seems to us
that one should check whether the formation of stars is not spread out over a longer
time interval with a corresponding decrease of the maximum brightness.

The quasars, their observation and theoretical interpretation, will also give clues
to many cosmological problems. The log N —log S curve for radio sources and the
N(z) curve for quasars are similar, there being a huge evolutionary effect at z~ 3 and
a decrease or at least no increase at z> 3 [48-50]. It is natural to assume that most
galaxies were formed about the same time, z~ 3 to 5. If quasars are in fact galactic
nuclei in a particular stage of evolution, this point of view adds additional support
[51, 52]. Perturbations on the biggest scale make the distribution of matter, including
quasars and galaxies, non-uniform. A detailed statistical study of the quasar distri-
bution as a function of z and angular coordinates can perhaps give some information
on these perturbations.

A classical method of studying large scale perturbations is by temperature fluctu-
ations in the relic radiation. The amplitude chosen (10™* in the metric) does not
contradict the upper limit given by present observations [4].

https://doi.org/10.1017/5S0074180900235547 Published online by Cambridge University Press


https://doi.org/10.1017/S0074180900235547

THE FORMATION OF GALAXIES IN FRIEDMANNIAN UNIVERSES 223

9. Concluding Remarks

We have presented here the results for a definite choice of parameters. To what ex-
tent are the results sensible and what is the possible range of variation of the param-
eters? The average matter density should be derived from other investigations. The
choice of the value 2=0.1 is rather arbitrary and perhaps will be altered. The per-
turbation theory for low densities 2 < 1 is consistent with arguments about the small
peculiar velocities of galaxies [2, 40, 53] (see Tammann, this volume, p. 47).

If a unique power law for the initial perturbations is chosen, it must be §g/goc M ~%/3
corresponding to mass independent metric perturbations; at the singularity (t=
= tpianck = 107 *? s) the number density perturbations are smaller than the statistical
value AN=N"/? for elementary particles [55-57]. It is rather interesting that the
short wave part of the perturbation spectrum can perhaps explain the entropy of the
initially cold (at t=10"*?s) baryonic fluid [57].

Why do we adopt the point of view of initial adiabatic perturbations, instead of
composition (adiabatic turbulent, entropy) fluctuations ?

Entropy fluctuations can give the same results only if the primaeval spectrum is
specially adjusted. The mass Mj,~ 10'3 M, is singled out in adiabatic theory by dis-
sipation, but it is not characteristic for entropy fluctuations.

The primaeval turbulence theory is now very fashionable but this theory has many
difficulties. The cosmological model near the singularity must be non-Friedmannian
[20, 59] and the theory of cosmological nucleosynthesis changes. The perturbations
of velocity at the epoch of recombination in turbulent theory are 100 times greater
thanin adiabatic theory; this is hardly compatible with small temperature fluctuations
in the relic radiation [4]. Turbulent theory leads to rather early formation of bound
bodies with too high density [58].

A priori the theory of small initial adiabatic perturbations advocated in this report
seems very unlikely and unnatural.

Given an immense big bang explosion at the beginning, why should one insist on
rather exact uniformity and isotropy ? Chaotic velocities and a chaotic distribution of
matter and antimatter seem more appealing.

It is under the pressure of observational data from the relic radiation and the
Hubble diagram that we feel the need for an explosion following the Friedmann
picture with high precision (~107%).

It was thought that adiabatic perturbations which are characterised by one number
Jd¢/e might not give the necessary diversity of conditions. In fact the nonlinear picture
being a consequence of adiabatic perturbations, includes tidal interactions and shock
wave formation which induce vortices in the gas. The theory corresponds well to the
observed picture of the different forms of galaxies, clusters, quasars etc.

We show that the logical consequences of this picture are in reasonable accord
with the observed properties of the Universe. In particular, the observed rotation of
galaxies does not contradict adiabatic perturbation theory.
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DISCUSSION

Urbanik : Can the theory presented above explain the behaviour of brightest cluster members, namely
the sharp upper limit to their masses and their independence of cluster composition ?

Zel'dovich : The theory has not yet been developed to the point at which it can account for such details.

Afterthought: Detailed calculations of the thermal history of the pregalactic gas always give the same
temperature T~ 104K at which cooling due to radiative losses stops and most of the hydrogen recombines.
Perhaps this explains (at least partially) the important property used by Sandage and mentioned by
Urbanik.

Icke: If the deviation from the Hubble expansion in a protocluster is about the same for all protoclusters,
their final temperatures will be comparable. Hence the masses of the most massive galaxies will also be
approximately equal because of the dependence of the Jeans’ mass on temperature.

Field: One important part of your theory is the generation of vorticity by shock waves, followed by the
contribution of this vorticity to density clumps which eventually appears as the angular momentum of
galaxies. Will you please explain these two processes in greater detail?

Zel’dovich: In an oblique shock wave it is the normal component of velocity which changes. Take an
incoming gas with

dv, dv, d dv, dv, ~0

—_—= z:O; —=0; tv),=—— =
dy dx o dz (rot o), dy dx

and no vorticity. Let the shock be in the plane y =const. After the shock

v dx
co b g 2
BTy TR

but v, and d/dy are preserved.
Therefore

dv, 1dv,, dv’y_4 dy
dy’ T4 dy’ dx'  dx
and therefore

dv, dvj
—
dy’ dx

Thus vorticity is created from irrotational motions.
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