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According to current ideas, massive extragalactic systems such
as galaxies and clusters of galaxies formed as a result of the growth
of small fluctuations in density and velocity which were present in
the early stages of expansion of the Universe under the influence of
gravitational instability. According to the hot model of the Universe
at the epoch corresponding to a redshift z &£ 1500, recombination of
primaeval hydrogen took place and as a result the optical depth of the
Universe to Thomson scattering decreased abruptly from about 1000 to
1 - the Universe became transparent. Therefore the observed angular
distribution of the microwave background radiation (MWBR) contains
information about inhomogeneities in its spatial distribution at a
redshift z~1000. Silk (1968) was the first to note that this "photo-
graph" of the Universe at the epoch of recombination must be enscribed
with fluctuations associated with perturbations in the space density
and velocity of motion of matter which will later lead to the formation
of galaxies and clusters of galaxies.

Detailed investigations of this question show that the real picture
is much more complicated and, in particular, that the fact that re-
combination is not instantaneous (Zeldovich et al 1968, Peebles 1968)
changes significantly the result; the recombination of the primaeval
plasma takes place over a period of time and so a real "photograph"
is not obtained. Furthermore, the possibility of secondary non-equi-
librium heating of the matter in the Universe at redshifts z «100
leading to re-ionisation of the matter could lead to a large optical
depth to Thomson scattering and to damping of primaeval temperature
fluctuations. Nevertheless, observations of small-scale fluctuations
in the MWBR seem to be one of the few methods of determining the ampli-
tude and nature of perturbations of velocity and density at the epoch
of recombination. Knowledge of the amplitude of the fluctuations and
the laws according to which they evolve with time enable the epoch of
formation of galaxies and clusters to be determined - and this is one
of the most important questions of contemporary cosmology.
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1. PRIMAEVAL FLUCTUATIONS IN THE MICROWAVE BACKGROUND RADIATION

i gp the followin§ discussion we will introduce the mass M =
HF PN - ‘-"—;EJIﬁ:, Az corresponding to the mass of a fluctuation
of scale A ; the angular diameter of this fluctuation @ for z>>»1 is
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Here and below JL = f/fcr = 8ﬂ’€-y/3H° v hes H°/($o A &7 Mpe )
where H, is the present value of the Hubble constant.

1.1 Adiabatic perturbations

Before the epoch of recombination these fluctuations were stat-
ionarysound waves in which the fluctuation in density is uniquely
related to the perturbation in the temperature of the background rad-
iation AT/T = % Ag/g . If recombination were instantaneous, we
would observe such fluctuations of brightness temperature AT/T(6). The
fact that recombination is not instantaneous leads to an abrupt decr-
ease in AT on small scales as was shown by Sunyaev and Zeldovich. The
point is that during recombination small scale perturbations have
optical depth less than 1 to Thomson scattering at a much earlier stage
than the Universe as a whole because M<«ct. As a result the fluctu-
ations in the MWBR are much reduced. By the epoch of recombination
this effect gives rise to the damping of adiabatic temperature fluctu-
ations on all scales M < 1013 M_ . The other reason why relatively
small temperature fluctuations are expected on small scales is damping
up to and during the epoch of recombination of density and velocity
perturbations with masses 1012 - 1014 M_ because of the effects of
radiative thermal conductivity and viscosity (Silk 1968, Chibisov 1972,
Weinberg 1975).

The Erincipal effect which leads to temperature fluctuations on
scales 1012715 Mg is scattering of photons by moving electrons (Sunyaev
and Zeldovich 1970). According to the equation of continuity

d(og/e)/dt = - div » perturbations of density are uniquely rel-

ated to velocity perturbation which in this case are a function of
spatial coordinates. As a result of Doppler scatterings,

AT = PUB 00 T ar(2)

T c
the factor cos © taking account of the fact that only the radial com-
ponent of velocity gives contributions to the fluctuations. Detailed
computations have been made by Sunyaev and Zeldovich (1970) and by
Peebles and Yu (1970). The results of the calculations of Doroshkevich
et al are as follows. The spectrum of initial fluctuations is taken

to be of power-law form
2 n
(%), =< *
[ R4}

Damping and phasing of the perturbations leads to spectrum at the mom-—
ent of recombination of the form
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ki‘ %
where RJ’ is the Jeans' wavelength and Re _‘éﬁ\g(_,t“ (1+ (4.0J').A") )
is the dissipation length at the epoch of recombination. Comblnlng
this result with observation provides a method for estimating the
epoch of formation of clusters of galaxies. Estimates of the magnitude
of the expected temperature fluctuations in the MWBR suggest that
8T/Tx 10~%4 on angular scales = 1 - 10 arc min. If the spectrum of
fluctuations is not of power law form but is rather narrow, the pre- 4
dicted amplitudesof the fluctuations for the same 4p/p are less than 10

~-RR . 2
as)* kR, ¢ kRy 3
(f)k A (kR:) € c

1.2 Entropy fluctuations

In the case of entropy fluctuations the adiabatic relation
ATIT =Lbpfp does not apply and temperature fluctuations arise because
of Doppler scatterings by inhomogeneities in the velocity distribution
(Sunyaev and Zeldovich 1970). Velocity perturbations generate density
inhomogeneities after perturbations on a given scale have become trans-
parent on a time scale of the order of the hydrodynamical timescale.
The temperature fluctuations AT/T should be of the same order of magni-
tude as in the case of adiabatic fluctuations if the amplitude and
initial spectra of the perturbations are the same. They may be much
greater on small scales because there is no damping of density or
velocity perturbations before or during recombination.

1.3 Whirl perturbations

In this model the turbulent "whirl" velocities are much greater
than the velocities predicted according to the theory of adiabatic and
entropy fluctuations. Again the most important effect in producing
temperature fluctuations is Doppler scattering. The computations of
Chibisov and Ozernoi (1969) and Anile et al (1976) show that the fluctu-
ations expected according to this theory exceed by a considerable factor
the existing experimental limits of Conklin and Bracewell (1967),
Parijskij (1973), Carpenter et al (1973) and Stankevich (1974). Agree-
ment with the observations can, however, be obtained if it is supposed
that secondary heating of the Universe took place which leads to damp-
ing of the fluctuations. However, Anile et al (1976) note that the
large velocities of matter during the period of secondary heating also
lead to significant fluctuations.

2. OTHER SOURCES OF FLUCTUATIONS
2.1 Radio sources

Longair and Sunyaev (1969) noted that radio sources radiating at
short wavelengths (1 - 10 cm) lead to fluctuations in the MWBR. In
addition there should also be present a large number of compact radio

sources associated with the nuclei of galaxies and quasars. A simple
extrapolation of the Cambridge counts of radio sources at 408 MHz to
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a wavelength of 4 cm with a radio source spectrum F oV ,ed= 0,75

shows that the radio sources contributing to the source counts guarantee

fluctuations at a level # 1 to 3 x 1075 on angular scales 1 arc min to

1 degree. The most important contribution to the fluctuations is due

to sources which have surface density roughly one per beam-width of

the radio telescope.

2.2 Clusters of galaxies

Sunyaev and Zeldovich (1970, 1972) showed that in the direction

of rich clusters of galaxies containing hot intergalactic gas, there
should be a decrease in the brightness temperature of the MWBR

f‘_-_r = — 4 k’Te 0’-,— Nee

T Mng
Such an effect was discovered in the Coma cluster by Parijskij (1973)
and recently confirmed by Gull and Northover (1976); AT/T is roughly
3 x 1074, If it is supposed that the effect does not depend on redshift
and that the number of rich clusters (with richness classes greater or
equal to that of Coma) along the line of sight to a redshift z=4 - 5
is roughly 1, it is clear that clusters of galaxies can give a signif-
icant contribution to fluctuations of the MWBR on angular scales of the
order of a few min arc.

2.3 Perturbations originating during secondary heating of the inter-
galactic gas

The formation of observed objects in the Universe is apparently
accompanied by the ionisation and reheating of the intergalactic gas.
Inhomogeneities in the heating must lead to fluctuations in the MWBR
for the same reasons described in 2.2. As is well known, under the
influence of gravitational instability, velocities corresponding to
slowly growing perturbations of density also increase with time. There-
fore scattering by moving ionised matter must also lead to temperature
fluctuations of the MWBR.

3. REHEATING OF THE INTERGALACTIC GAS

The opt1ca1 depth of the Universe to Th%Fson scattering is equal to
max - Al cH-‘ f W(Hz)
f o Ne () c dt o AL [, x(=) dZ

where x(z): Ne/(Ng#+Wy) is the degree of ionisation of hydrogen. If for
small z< zpgyx the /ydrogen is completely ionised and at z > z;,. it is
neutral, T, = 0.025 £ ‘hz”’ . In order to damp out fluctuations effect-
ively, it is necessary that ¥+ ~ 5, corresponding to weakening of
the fluctuations by a factor of 150. Evidently, effective damping of
temperature fluctuations can only take place if reheatlng of the inter-
galactic gas occurs sufficiently early at =Z> 4051'3(")1/5/{
At redshifts z > 10, the most important cooling process for heated
intergalactic gas is Compton scattering of photons by hot electrons,
leading to an increase in the mean square frequency of photons and cool-
ing of the electrons.
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3.1 Shock waves

One possible method of secondary heating is dissipation of turbu-
lent motions. Subsonic turbulent velocities decrease during the expan-
sion as (1 + z). Turbulence which was subsonic before recombination
becomes supersonic after recombination because of the abrupt drop in
the velocity of sound i.e. shock waves are formed immediately after
recombination. The time scale for Compton cooling of the plasma at a
redshift z ~ zyec = 1000 is much shorter than the cosmological time-—

le. vz
R te L B M€ @) o oq0 A
t(&m & or E‘f z

Consequently, hot ionised gas is only present in the shock front and
behind it the gas cools rapidly and recombines. It is difficult to
conceive that in this situation it is possible to obtain Tr>1. Besides,
the gas in the shock front has a large velocity and temperature and this
must lead to strong fluctuations of the intensity of the MWBR. We also
note that the rapid cooling must lead to the early appearance of dense
objects of large mass. Apparently, early heating by shock waves does

not seem to be an effective mechanism for damping primordial fluctuations.

3.2 Photoionisation

The other, more probable, possibility is that the secondary heating
is due to the presence of strong sources of ulta-violet radiation.

The optical depth of the Universe for ionising photons is

3
TP"‘ = a—; NH c 'C'“i 4 IOSJL'/z/\. z /2 [I— X(%)J 3
) 3_ ) -8 2. =132

and is very high. Here and below Jpa = "4(7‘) = 6300 (/) e A, =136V
is the ionisation potential of hydrogen. Therefore we can investigate
the local ionisation balance

2
wn iy [T To g (w)dv = (e =) N (1)
v, v !
where (d¢-4o)) = Qeroqur/z(ﬂ}S-' is the recombination coefficient to

all levels except the first and T,= T/t0o* K.

The emissivitiy of sources per unit volume may be determined as
follows Jy = 4—'1'7'”(!)/“’ cgu«”;"l-/z"s"-'
. . V)7
where N(Z) is the mean space density of sources; Lv=‘o(;) is the
mean spectral luminosity close to the Lyman limit. The total luminosity
of the source is L= fL,dv ., Absorption of photons takes place to a
distance D)= (gMy)'from the object, corresponding to an optical depth
Tp # 1. The intensity of radiation at any point closer than D(v ) is
= = L i
J:,- Jy D(v) = 477N(E)Lva;uv“
The temperature of a hydrogen plasma under the combined effects of
photoionisation and cooling due to recombination and the excitation of
lines by electron collisions cannot greatly exceed 10% K. At large red-
shifts Compton cooling of the plasma plays an important role but at red-
shifts z < 30 and for a power-law spectrum of ultraviolet radiation,
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the temperature of the electrons does not fall significantly below 104 K.
Substituting for J, into (1), we find

CMRhodY L (-4, NE(E)

v, Av
Complete ionisation of the gas takes place when the number of ionising
photons being created per unit volume per unit time exceeds_ the number
of recombinations in the same volume. Taking M(2)=o0.03 (r+2)3 Mpc™
a density of the order of that of galaxies such as our own, and
Ly, =3 an s'Mz” (L=10%%emy s™') | we see that such sources could lead to

ionisations of the intergalactic gas at any redshift
-3 - 4l3

Zg 2F N

In this case the optical depth of the gas to Thomson scattering must be

less than T < 4.n;”2k—uz

<

We note that the total number of quasars which were active at any
time in the Universe is of the order of the total number of galaxies
such as our own (Lynden-Bell 1969, Komberg and Sunyaev 1971). If the
models of Doroshkevich et al (1971) are correct, in which it is proposed
thatthe cosmological evolution of quasars and radio galaxies are more or
less simultaneous, both in their birth-rate an subsequent decline in
activity, then quasars can be responsible for the secondary ionisation
of the gas. This was noted by Arons and Wingert (1971). Another natural
sources of ionising photons are young galaxies because, just as in the
case of quasars, they are anomalously bright at ultraviolet wavelengths
(Weymann 1966). Therefore the secondary ionisation of intergalactic gas
can lead to effective washing-out of fluctuations in the MWBR if
observed galaxies and quasars formed at z=20 to 30 and went through
a bright phase at that time.

It should be noted that the early formation of galaxies contradicts
the adiabatic model of primaeval fluctuations in which first clusters
of galaxies form at a redshift of 4 - 10 and then later fragment into
separate galaxies (Sunyaev and Zeldovich 1973, Doroshkevich et al, 1974).
On the other hand in models of entropy fluctuations (Rees and Gott, 1976)
and of whirl perturbations (Ozernoi and Chernin, 1968), early formation
of galaxies is completely natural.

It should be noted that at that period the velocities of matter on
scales 1013 = 16M _vere very large which must inevitably give rise to
fluctuations in the MWBR because of Doppler scatterings. However, at
that time the optical depth to scattering for a single object in this
mass range was many times (10< ~ 3) smaller than the optical depth of
the Universe. Naturally, for a completely random distribution of
velocities, the effect corresponds to y :

AT 7% o Ne X % L7 '3

~

T

and the region within which such an effect is expected corresponds to
ct = 1.
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DISCUSSION

Bonometto: I would like to comment on the possibility that isothermal
fluctuations may cause fluctuations of BB radiation over scales -~ lOle‘D
or so.

We must remember that the surface of last scattering for BB photons is
at z ~ 1000, while any significant dragging effect between matter and
radiation on those scales has stopped at z ~1300 to 1200. During the

A z interval between 1200 and 1000, radiation density fluctuations will
be completely damped because of the residual ionisation. All that is,
however, strongly dependent on the rate of residual ionisation in the
late recombination period. Previous statements implied no extra energy
input. If such inputs took place, fluctuations would be even more
strongly damped.

Longair: I have concentrated mainly upon scales M ~ 10'°M  where
fluctuations AT/T ~ 10 * are expected, taking into account the effects
you mention.

Lynden-Bell: 1Is there any evidence for reheating?

Longair: Sunyaev has adopted the conventional view that there must be
some intergalactic gas because the process of galaxy formation cannot
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have been 100 per cent efficient in mopping up intergalactic gas and
there is no evidence for depression of the continuum in the spectra of
quasars beyond redshift Ly-a. The cooling rate of the intergalactic
gas at redshifts z ~ 30 - 100 is less than cosmological timescales and
therefore ionisation and consequent reheating seem inevitable.
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