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The Spectrum of Primordial Radiation,
its Distortions and their Significance

The idea of a hot Universe, with an overwhelming role of the
radiation at the early stage, was accepted with enthusiasm in the last
years.

Measurements of the isotropic radio radiation confirmed, or at least
did not disprove, the equilibrium black-body spectrum (for a review
see, for example, Ref. 1).

In the past year there has been disagreement between bolometric
measurements on rockets? and indirect evaluations of the radiation at
the short-wavelength end,® the last being consistent with the equi-
librium spectrum.

The time has come to ask what theoretical cosmology has to say. To
what extent is the prediction of the equilibrium spectrum rigorous?
Would any small deviation of the spectrum from a Planck distribution
destroy the hot-Universe model?—if one admits, of course, that the
effect is proved without doubts not due to discrete sources.

As shown below, if energy is injected in the primeval plasma, one
should obtain distortions of the Planckian spectrum.

The problem is not new, the relevant processes (Compton scattering,
free-free emission, recombination and line radiation) were carefully
listed by Weymann?* and others. But in the last year we succeeded in
giving an approximate physical picture which does not need a computer
to relate the time of injection and the quantity of energy injected to the
form of the ensuing spectrum distortions.5-6

In principle, the spectrum can give information about the annihila-
tion of antimatter, about the amplitude of cosmological perturbations,
about the recombination of hydrogen and helium in primeval matter.

It is difficult to estimate the reliability and accuracy of existing
observational data. Further measurements are needed to resolve the
controversy. Perhaps the full Planckian distribution will emerge. Still,
it is possible that the bolometric measurements, even if not precise,
indicate a strong deviation from a Planckian distribution. An overall,
integrated over the spectrum, energy density which is 20-100 times
greater than &, = oTz_; = 0(2.7 °K)* is not excluded by Ref. 3.
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Yet, even if our calculations are premature and do not tell much when
applied to known data, they will be perhaps of interest to experi-
mentalists who are making more exact measurements.

We must warn at once that no explanation of the bolometric measure-
ments? is given, which possibly means that these results are due to some
kind of discrete sources. On the other hand, we feel that a full denial of
the hot-Universe model is not warranted.

There are attempts to explain with discrete sources the radiation
which is commonly believed to be primeval, but then the exact
Rayleigh-Jeans frequency dependence at long wavelength is a mere
coincidence. Measurements of the small-scale isotropy also give argu-
ments against discrete sources.

However, if gross departures from an equlhbrlum spectrum are
confirmed, the hot-Universe model must be extended by a tremendous
injection of energy at some early, pregalactic stage of evolution, some-
where at temperatures between 30000 °K and 300 °K. The idea of a
hot plasma dominated by radiation before this time span, 7' > 30 000 °K,
is not changed—therefore we are speaking of extension (not denial) of
the hot model. Detailed assumptions on the energy sources are
postponed.

There is a more subtle question: is it basically correct to speak about
energy injection in the hot model? Isn’t all the energy balance of the
hot model given by the equations of the cosmological expansion?

Of course it is to some extent a matter of definition. It is clear that
only a cosmological model with perturbations (as compared with the
uniform and isotropic unperturbed Universe) can give the real picture
with its structure, as given by galaxies, etc. It is the real world with
perturbations that is considered and called the hot model; the extra
energy associated with the perturbations is what is “injected” in
the background represented by the idealized uniform unperturbed
Universe.

After these preliminary remarks we will describe two principal cases
of spectrum distortions: (1) energy injection before recombination, at
T > 4000 °K, and (2) the same after recombination, at 7' << 4000 °K.
After this some applications of the formulae to cosmological problems
are shown.

1. Processes in a fully ionized plasma

This period is characterized by good thermal contact between elec-
trons and radiation, due mainly to Compton scattering of quanta on
electrons moving with thermal velocity. The free-free emission is small
because the density of electrons and protons is much smaller than the
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densmy of quanta.] Therefore the rapid process is the adjustment of the
- equlhbrmm with a given dens1ty of electrons and quanta. The spectral
mdl'strlbutlon of the quanta is adjusted because their frequency is shifted
Bb N4 scattermg (~ n,). The density of the quanta is not adjusted because
P’tha,t requires a slow free-free process (~ n%). Such a partial equilibrium
is described by a Bose—Einstein dlstubutlon,

q = (e(hv+u)/7cT _ 1)—1, .
F, = const v? (et )kT — 1)1 = const v (e*™™ — 1)77, 1)
which coincides with the Planck distribution only in the particular case
w = 0. Here ¢ is the occupation number of the quanta, F, is the spec-
tral energy density, w is the chemical potential; x = /KT, m = u/kT
are the dimensionless frequency and chemical potential.

The cosmological expansion preserves this form of spectrum,
m = u[kT = const, T ~ (1 +z) ~ [a(¢) ]"* during expansion (where a is
the scale factor of the Universe, z the redshift). The result of the energy
injection at a given quantum density is an increase of the temperature 7'
and also of the chemical potential m. Therefore starting with full
equilibrium, m = 0, after energy injection we obtain m > 0. This
picture is overidealized, the free-free emission works to establish full
equilibrium : it diminishes m. So for m an equation is written of the type

dm

— = 0@~ Cm (2)

with ¢ proportional to the rate of energy injection and —~Cm describing
the action of free-free emission. At large z, (' is also large and no
departure from a Planck distribution is possible. Free-free emission has
a spectrum very different from a Planckian one ; the adjustment of the
equilibrium is not uniform. Detailed calculation gives the value of €' in
(2) and also the corrected form of the spectrum :

F, = const v?[exp(x + me % /®) — 1171, (3)

’

The Rayleigh—Jeans spectrum is restored at v — 0, maximal departures
are expected in the middle of the R—J part, at z = =, (Fig. 1).

The value of x, does not depend on the quantity of energy injected,
but only on the rates of the free-free and Compton processes, that is

I The ratio y:n, remains constant after the complete annihilation of e*, e-,
that is at 7' <10® °K. This ratio y:n, is equal to 4 x 10’2-*, where £ is a non-
dimensional matter density :

p =Qperit = 23H;/87G =2 x 10-2°Q g/em?
with H, =100 km/sec-Mpc, p=present-day matter density.
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only on the mean density of matter in the Universe. Calculations show
that z, corresponds today to Ay = 2.5 2778 cm (2.5 cm with £ =1,
flat Universe, and 70 c¢m in the open model with p,, = 4.5 x 1073 g/cm?,

Q = 1/45).

This region has now been fairly well investigated. No departures from
the R—J law have been found. One can give a conservative estimate :

m < 5 x1072 Q7/8,
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! -In turn, using (2) one can give a limit for the energy injected :
i At 5y _ [ QO 5 o o
g, J ST dt < 1072 Q714

:;where &(t) is the energy density of the radiation and @ is the rate of
“‘energy injection. So the observations of the radio spectrum can be
interpreted as a proof of the smallness of the perturbations : the energy
injected is less than 19, of the background radiation energy. The simple
formula is written for the region where the decay of m due to free-free
emission—the —C'm term in (2)—is negligible. Thus the integral is
taken from z, = 10* Q715 (at redshifts greater than z, the Compton
process can give the Bose—Einstein distribution of quanta in cosmo-
logical time) to z, = 5.4 x 1042795, The effect of an earlier energy
injection is strongly damped by the simultaneous influence of Compton
scattering and free-free emission. It is fair to say that z, gives the earliest
moment for which the hot-model picture is proved by observations.]
The connection betweenzandfatz > 4 x 10 Qist = 3 x 101 272 gec;
if Q= 1/45, z, = 5.4x 108, {, = 108 sec, T, = 1.5 x 107 °K. Today,
when relict neutrinos are not observable, the investigation of the
tayleigh—Jeans part of the relict radio spectrum is the best method to
obtain information about the remote past of the Universe.

2. Spectrum distortion due to energy injection after recombination

We believe that the period of neutral matter starts after the re-
combination of helium and hydrogen ; the residual ionization is small
(~1072),7-9

The process of recombination itself gives about one quantum per
atom ; this quantum belongs to the far Wien region of the spectrum

= hv[kT ~ 30). Therefore the relative distortion of the spectrum in
this region is not small—but its absolute intensity is low, so that infra-
red sources, dust, etc., make observation very difficult. Neutral matter
practically does not interact with radiation.

Now the contemporary situation is not that of a uniformly distributed
neutral gas. Obviously at some time between recombination and the
present day the formation of galaxies, quasars, radiosources, etc., took
place. It is likely that these processes were accompanied by catastrophic
events, and by injection of energy. Let us investigate the effect of this
on the relict radiation.

The injection of energy in the form of shock waves, or hard radiation,

I To illustrate the weakness of bremsstrahlung: the optical depth of the
horizon, ct, for free-free absorption of quanta with v~ k7" is of the order of unity
only at2>108,¢f <103sec.
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or fast particles, first ionizes matter and makes electrons hot. We are
led to consider the Compton scattering of relict radiation, with 7',
varying from < 4000 °K (z << 1500) up to 2.7 °K (z = 0), on electrons
whose temperature is of the order 10* << 7', < 108 °K, so that T, > T,.
Really important is only the last assumption 7', > 7',. The distortion of
the spectrum consists in an increase more frequently than a decrease of
the frequency of the quanta. Therefore the intensity in the Rayleigh—
Jeans region decreases, the maximum is shifted to higher frequencies.
Detailed calculations show that the resulting spectrum depends only on
one parameter,

y = JkTez dr ~ 10711 Q12 Te 23/2,
M ,C
where 7 is the optical depth for Thompson scattering.
A Planckian spectrum which would give today 7', if undisturbed, is
deformed as a result of Compton scattering so that at low frequencies the
effective temperature decreases,

Tpy = Tye™?

(but the frequency dependence remains F, ~ v?) and the overall energy
of the radiation increases,

& = Eyet? = oT ety = oTq yel?.

For details see Ref. 5.

In principle, two measurements at different wavelengths are enough
to calculate 7'y _y and y and all the spectrum (Fig. 2). If distortions are
found, precise measurements of the spectrum either agree with the
predicted form and give y, or disprove the initial assumption about
Compton scattering on hot electrons.

What do we obtain from observations? The bolometer results, taken
literally at the lowest bound, call for y > 0.5. Measurements of CN
excitation at A = 0.254 cm (Ref. 3) give, with one standard deviation,
y < 0.15. Finally, CH excitation3 requires ¥ < 0.35. If & = koT%_;,
k = el?v,

k = 400,6,65 for y = 0.5,0.15, 0.35.

Perhaps y = 0.35 (but not ¥ > 0.5) could be reconciled with cosmic-
ray observations.!?-'* The need for further precise and reliable measure-
ments is obvious.

A minimal z; > 100 is necessary for y = 0.35 because 7', must not
exceed the upper limit given by x-ray measurements. The quantity of
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energy injected is given by
o T 5 (€12 — e8v) (1 + z;)

and depends not only on y, but also on the moment of injection ;.

We state briefly (see also Refs. 5 and 6) which are the cosmological
implications of the spectrum measurements.

(1) Turbulence of the primeval ylem before recombination is often
assumed ; one can give the upper limit for the energy dissipated.

(2) The macroscopic motion of plasma with radiation leads to
Doppler shift of the spectrum and after Thompson scatterings to a
spectrum of the same kind as on Fig. 2.

(3) The gravitational instability at small wavelength is transformed
into standing sound waves which are dissipated by photon viscosity!?
and shock generation.!® Here also the upper limit is given.

(4) In Harrison’s picture of matter and antimatter in the Universe!* -
one should predict annihilation before recombination. The absence of
spectrum distortions needs special explanation.

(5) The energy injection after recombination (leading to y > 0)
does not remove the characteristic Bose—Einstein (m > 0) distortions.
If real distortions at the short-wave end, of the spectrum are established,
the detailed picture of the catastrophic energy injection must be
cleared up. Perhapsnot only the heating of the electrons and the Compton
effect are important, but also the motion of the plasma, the nonuni-
formity of its temperature, and the direct radiation of sources.

R. A. SUNYAEV
Ya. B. ZrELpovicH
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