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INTRODUCTION

•EiLECTROMAGNETIC radiation is our principal source
of information about the universe and about the p r o -
c e s s e s which a r e taking place in s t a r s , galaxies, quasar s
and other cosmical objects. Until recently a s t r o n o m e r s
were p r i m a r i l y concerned with the study of the radiation
from discrete objects but during the last ten years the
importance of analyzing the radiation which is not a s s o -
ciated with d i scre te sources has been real ized and has
been intensively studied. The br ightness of the sky—or
the electromagnetic background radiation—gives us in-
formation about the radiation which fills the universe,
and so gives us general information about the universe
a s a whole. It is thus obvious why the analysis of this
radiation is par t icular ly important for cosmologists .

The question of the darkness of the night sky has
played a central role in cosmological speculation since
the origins of modern cosmology when it constituted the
only fact concerning the large scale s t ructure of the uni-
v e r s e . Interest in this problem is par t icular ly lively at
the present t ime since the most recent studies re late
the background radiation to specific physical p r o c e s s e s
taking place at different s tages in the evolution of the
universe.

The paradox which is normally associated with the
name of Olbers was known to a s t r o n o m e r s and philoso-
p h e r s of e a r l i e r t i m e s (for an interest ing his tor ical r e -
view see £ 2 ] ) . The paradox can be simply stated "Why
is the sky dark at n i g h t " ? In an infinite stationary uni-
v e r s e filled with s t a r s the line of sight from any ob-
server must eventually encounter the disc of a s tar and
it is therefore expected that the br ightness of the sky
should be s imi lar to that of the surface temperature of
s t a r s , i .e., Τ ~ 5000°K. This is c lear ly in contradiction
with our experience.

The resolution of the paradox had to await the d i s-
covery of the recess ion of the nebula in the 1920's. The
answer is that the universe is not at all s tationary but
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is in a state of expansion in which the relat ive velocity
of recess ion of any two points is locally proportional to
the distance between them (Hubble's Law). At very large
distances the form of Hubble's Law depends upon the
exact choice of cosmological model but independent of
the model the important effect is that the light from
s t a r s (or as we now know, galaxies) at very great d i s-
tances is received at a redshifted wavelength, i.e., pho-
tons emitted by a distant s tar a r e observed with much
smal ler energy than that with which they were emitted
and this effect can entirely explain why the sky is dark
at night.

Thus Olber ' s paradox is resolved but the question
of how dark (or light) the sky actually is is a question
of great interes t for c lass ical cosmology. If we know
the principal sources of radiation in a par t icular wave-
length region we can, in principle, distinguish which
cosmological model is the best description of the large
scale s t ructure of the Universe. In pract ice this tes t is
of l ittle use since there is l ittle difference between the
predictions of different cosmological models and gener-
ally it is not known what the principal contributors to
the background radiation a r e at large redshifts.

This is the f i rs t aspect of the discussion of the back-
ground radiation—the integrated background intensity
due to d i scre te sources .

During the 1920's observations were r e s t r i c t e d to
the optical region of the spectrum but within the last
twenty years the wavelength range available for obser-
vation has greatly expanded as a resul t of the develop-
ment of radio astronomy and of observations above the
e a r t h ' s a tmosphere . Most recently the infrared, u l t ra-
violet, x-ray and y-ray regions have been opened up.

What is the background radiation or the br ightness
of the sky in these wavebands ? Below we will d i scuss
the universal electromagnetic radiation which is ob-
served once the effect of nearby interfering sources
such as the atmosphere or the radiation from our own
galaxy has been eliminated—the radiation we will d i s-
cuss is p resent in every cubic centimeter of interga-
lactic space.

As a resul t of the great prowess of the observer s
the background radiation spectrum is more or l e s s
known from long radio waves (λ £ 300 m; ν & 10β Hz)
to r - r a y wavelengths ( I > 100 MeV; ν > 10 2 2 Hz). Un-
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fortunately there are still gaps in the background spec-
trum which are either a) due to the fact that in prin-
ciple it is impossible to make observations from within
our galaxy because of strong absorption (e.g., the unob-
servable ultraviolet) or b) because the extragalactic
component is weaker than the emission from the atmo-
sphere, from the interplanetary and interstellar me-
dium and from discrete galactic sources (optical and
ultraviolet wavelengths) or c) because it is difficult at
the present day to achieve sufficient sensitivity and an-
gular resolution with the existing techniques (sub-milli-
meter, infrared and y-ray wavelengths). However we
can make estimates of the objects and the types of
physical process which are likely to be important in
these wavebands. These analyses are important in
planning future experiments.

The other aspect of the problem of the background
radiation is not associated with discrete sources. Its
importance is either concerned with the properties of
the universe as a whole (the microwave background) or
with the existence of different forms of matter in inter-
galactic space (gas or cosmic rays).

Background observations in the centimeter and mil-
limeter wavelength regions since 1965 have shown that
there exists an isotropic component with a spectrum in
excellent agreement with that of blackbody radiation at
a temperature 2.7°K. This discovery appears to be the
most important for cosmology since the discovery of
Hubble's Law. It lends powerful support to the theory
of the hot model of the universe first described in de-
tail by Gamow and his co-workers in 1948. In the hot
model of the universe it is supposed that the universe
is characterized by a high specific entropy. The ratio
of the number of quanta to each atom is very large
(107-10e). At the present day these quanta are of very
low energy (hi) « 10"3 eV) but (since in an expanding uni-
verse the energy of each photon decreases with time)
extrapolation into the past leads to gigantic radiation
temperatures and a thermodynamic equilibrium between
matter and radiation is set up at a high temperature. In
the early stages of the expansion the fundamental pa-
rameters of the universe such as its density, pressure,
speed of expansion, etc. are determined by this radia-
tion. In the USSR this blackbody radiation which con-
tains information about the early stages of expansion of
the universe is called the relict radiation but in order
not to prejudice the issue we will prefer to refer to this
radiation as the isotropic microwave background radia-
tion.

There is no positive evidence at all for the existence
of a diffuse gas in the space between galaxies but the
existing observations do not contradict the hypothesis
that there is a diffuse gas in intergalactic space. The
lines of reasoning which lead to this hypothsis are in-
direct. Firstly it is known that the mean density of mat-
ter in the universe as determined by its deceleration is
much greater than the mean density of visible matter
contained in galaxies. The difference between the two
estimates corresponds to a factor of about 40. Secondly
it is difficult to imagine that the process of galaxy for-
mation was so effective that all the matter in the uni-
verse condensed into discrete objects from a more or
less uniform medium.

This discrepancy could be ascribed to the existence
of an intergalactic gas or to other forms of invisible
matter such as collapsed objects, dead galaxies, weakly
interacting particles with zero rest mass, etc. This is
again directly related to the question of the choice of
cosmological model. If the mean density of matter in
the universe is greater than the critical value p c ~ 10"29

g-cra"s then according to the Friedman models the uni-
verse is closed and its present expansion will eventu-
ally be reversed in the future. If ρ < p c the universe is
open and the expansion will continue indefinitely. An in-
tergalactic gas could be discovered by its emission and
therefore it is very important for cosmology to measure
the background radiation at radio, ultraviolet and x-ray
wavelengths where there is relatively little emission
from other objects and there is a real possibility of de-
termining the characteristic spectrum of the radiation
of a hot plasma of low density.

From observations of extragalactic radio sources it
is well known that clouds of relativistic electrons and
possibly protons and the nuclear components of cosmic
rays are ejected into intergalactic space. Therefore,
in the space between galaxies there co-exists non-rela-
tivistic matter, cosmic ray protons and electrons and
photons of a wide range of energy. There is a very wide
range of possible interactions between these components
which can lead to changes in the spectrum of the back-
ground radiation. It is evident that their influence upon
the background spectrum depends strongly upon the
present state of the universe and its past history which
can in principle be deduced from such observations.

Background components due to discrete sources and
to the radiation of intergalactic space can in principle be
distinguished by studying the angular fluctuations of the
background intensity. In the first case it is expected
that significant fluctuations should be observed if the
angular resolution and sensitivity of the telescopes en-
able angular scales of the order of minutes or degrees
to be studied whereas in the second case there should be
no fluctuations. This is a useful general criterion for
those regions of the spectrum where the origin of the
background radiation is unknown.

In this survey we will discuss the existing observa-
tions, the problems of accounting for the background
emission and the properties of the principal sources of
radiation for each spectral region in turn. The over-all
spectrum of the background is shown in Fig. 1; regions
for which there exist definite measurements of an iso-
tropic background component are shown with a continu-
ous line whereas those for which only theoretical esti-
mates or observational upper limits are available are
shown with a dashed line. Figure 2 shows the difficulty
of accounting for the background in different wavelength
regions. In Table I we give the energy density and the
photon number density at the present epoch for different
regions of the spectrum. Below we will discuss the vari-
ous regions indicated in Fig. 1 and their importance for
cosmology. We emphasize that many aspects of the
problems discussed in this survey are far from being
properly understood and many questions are still un-
clear. Naturally the exposition of these problems has
somewhat of a subjective character and to an extent
reflects the point of view of the authors.
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taking the Hubble constant to be Ho = 100 km-s"1Mpc"1

= 3 χ lO'^s" 1 and Λ the cosmological constant to be zero.
p c i s often referred to as the critical density in that it
separates open from closed world models.

It i s often useful to have a relationship between cos-
mic time and redshift rather than distance and time. The
redshift is defined to be ζ =(XobS - λο)/λ0, which de-
scribes the change in wavelength of a particular spec-
tral line which was emitted with wavelength λ 0 which is
received by the observer with wavelength λφ3. For
world models in which the cosmological constant Λ is
equal to zero the relationship between the increment of
cosmic time is related to the increment in redshift by

dt
liz

The density of matter in matter-conserving cosmologies
changes with redshift as

whereas the energy density of radiation (assuming the
total number of quanta to be conserved) changes as

On the other hand the spectral density of energy of radi-
ation varies with redshift as

Table I. Energy density and number of background-radia-
tion quanta at different wavelengths

Wavelength

la. Long wave radio emission
lb. Residual radio emission

2. Infrared

3. Optical

4a. Soft x-rays (S < 1 keV)
4b. Hard x-rays (S > 1 keV)

5a. Soft y radiation (£ ~ 1 -6 MeV)
6b. Hard y radiation (S > 10 MeV)

Radiation energy
density, eV/cm'

~ 10-'
0.25

~ ΙΟ"2

— 3-10-3

10-4 _;_ 10-5

10-1

~ 3-10-5
<10-5

Photon-number
density, cm"3

~ 1
400

~ 1

~ 10-»

3 (10-7 ^ 10-8)

3-10-9

- ΙΟ-"
< ΙΟ-"
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In t e r m s o f c o m o v i n g c o o r d i n a t e d e n s i t y N 0 ( z ) w e h a v e

N ( z ) = N 0 ( z ) ( l + z ) 3 s o t h a t f o r a s o u r c e c o n s e r v i n g c o s -

m o l o g y i n w h i c h N 0 ( z ) = c o n s t a n t a n d t h e l u m i n o s i t i e s o f

t h e s o u r c e s a r e u n c h a n g e d w i t h t i m e

The formal justification for these formulae can be found
in the review article "Observational Cosmology" by one
of usC 2 1 9 ] (M.S.L.).

I. RADIO WAVELENGTHS

Our review begins with the one wavelength region in
which there exist measurements of the background radi-
ation and there is sufficient information that their inter-
pretation is reasonably certain. It is convenient to con-
sider separately the long wavelength region in which the
background emission results from the superposition of
discrete radio sources and the short wavelength region
in which the microwave background radiation is dominant.

1. Long Wavelength Radio Emission {v < 600 MHz;
λ > 50 cm)

In this wavelength region the determination of the
isotropic background radiation is difficult because radio
telescopes detect not only the isotropic component but
also the synchrotron radiation of our own Galaxy. The
extragalactic component can be distinguished from the
emission of our own Galaxy at meter wavelengths be-
cause their spectra are different. Careful measure-
ments at different wavelengths in different directions
about the galactic poles where the radiation from the
Galaxy is small enable the intensity of the background
radio emission to be determined.

The extragalactic background found from such analy-
ses can be simply explained as the integrated emission
of distant discrete radio sources having spectra similar
to those of radio galaxies and quasars in the wavelength
range under consideration. The space density of galax-
ies and radio galaxies and their known radio luminosi-
ties seem insufficient however to explain the observed
intensity of the background emission. This problem is
resolved by the counts of weak (and therefore distant)
radio sources. It turns out that the number of faint
radio sources increases more rapidly with decreasing
flux density than would be expected in all uniform cos-
mological models. When their number over all the sky
exceeds a million the rate of growth decreases. We
can interpret these facts in the following way. The ma-
jority of sources included in the counts are radio galax-
ies or quasars and have very high radio luminosities.
The more distant the source the smaller its flux density.
In the expanding universe distant sources are observed

I10"

j "

aoi at ι a m
S4O,,10"16W-ni1Hz-1

FIG. 3. Count of radio sources at frequency ν = 408 MHz [ l 3 ] .

at epochs e a r l i e r than the p r e s e n t so that weak distant
sources emitted their radio waves at much ear l ie r
epochs than the br ightest ones . The source counts in-
dicate that the number density of radio sources has
changed with t ime in such a way that there were many
m o r e powerful radio sources in the pas t than there a r e
at the present t ime (a more detailed discussion will be
given below).

The following simple p icture might be constructed. At
some stage in the expansion of the universe radio sources
were f irst formed. These sources have lifetimes much
shor ter than the t imescale of the universe so that the ob-
served space density of sources is determined by the
product of their ra te of formation and their l i fetimes.
If the source l ifetimes r e m a i n constant whilst the r a t e
of formation d e c r e a s e s continuously with t ime, we will
observe more sources at large dis tances then we would
expect for a uniform model. This type of model can ex-
plain the excess number of faint sources found in surveys
of faint radio s o u r c e s . The discovery of the evolution of
the number of radio sources with t ime resolves the prob-
lem of the origin of the background. It is due to the
large number of powerful sources at great distances and
can entirely explain the observed background.

a) Observations. At meter wavelengths the sky is
very bright but the distribution of radio br ightness is
highly anisotropic and concentrated towards the galactic
plane. The problem consis ts in separat ing out of this
anisotropic distribution an isotropic component which
could be associated with the integrated emission of ex-
tragalact ic radio sources or with the radiat ion from
matter in intergalactic space. An upper l imit to the
intensity of the isotropic component can obviously be
found from the minimum brightness of the sky. Accord-
ing to surveys of the northern sky the minimum sky
t e m p e r a t u r e in roughly but not exactly the direction of
the galactic pole is Tb < 80°K at a frequency of 178
MHz. C 3 ]

The procedure for determining the isotropic compo-
nent of the background consis ts of studying the sky at
different frequencies with scaled a e r i a l s , i .e., aer ia l s
which have exactly the same polar d iagrams at different
frequencies. In analyzing the observations it is assumed
that the extragalact ic component is isotropic and that
the anisotropic component which is associated with our
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Galaxy has a spectrum which is independent of direction.
We may write

T(v;a, 6) = 7O(v) + :Tgai(v;a, 6),

where a and δ are coordinates on the celestial scale.
From observations of the sky at different frequencies
it is possible to determine from the relationship

o (v,) 4- fgai (v,; at, δ,) = a ( ^ ) To (v2) + b (^-)
l (v2; a,, δ,)

the value of b = T g ^ i ^ ; a, 5)/Tga\(uz; α, δ) for differ-
ent pairs of frequencies and hence to construct the
spectrum of the radio emission from our Galaxy. This
spectrum in the wavelength range 13-178 MHz can be
described by a power law spectrum 3V oc u~a having
spectral index a = 0.4. w Several independent experi-
ments have obtained this result although some groups
find a slightly different value (see e.g., W ' 5 J ) . At higher
frequencies the Galactic radio spectrum steepens and
is in good agreement with the spectrum of relativistic
electrons observed within the solar system; the latter
is well known in the energy range E e > 1 GeV. It is
now possible to determine the extragalactic background
emission but the errors involved in each step in the sep-
aration of this component accumulate to such an extent
that it is impossible to obtain both the slope of the ex-
tragalactic spectrum and its absolute intensity. The ob-
servations only exclude an isotropic component having
spectral index a smaller than 0.6.

What is done in practice is the following. It is as-
sumed that the principal contribution to the background
is due to extragalactic radio sources and their mean
spectral index can be used. Various analyses (6) have
found a = 0.75 corresponding to a value of the bright-
ness temperature of the isotropic background of 30 ± 7°K
at a frequency 178 MHz.C7:l If an increased value of a is
assumed the intensity of the background decreases. For
example, if a = 0.9, Tb = 15 ± 3°K.[7] We note that the
integrated background from sources detected in deep
surveys amounts to Tb « 15°K (see below) which sug-
gests that a must be less than 0.9.

Another method of determining the intensity of the
background emission has been described by Shane. ia :

The nebula 30 Doradus in the Large Magellanic Cloud
is optically thick at meter wavelengths and its thermal
emission at 85 MHz can be shown to be insignificant.
Comparison of the brightness of the sky in the direction
of the Cloud and in its vicinity enables an estimate of
the background of Tb = 250°K at 85 MHz to be found.
This corresponds to roughly 30°K at 178 MHz if a
= 0.75. However because of inhomogeneities in the
electron density (and therefore fluctuations in bright-
ness and optical depth) there are considerable errors
on this estimate. Thus this method is basically of tech-
nical interest.

There has been considerable work on the separation
of the isotropic component at frequencies below 10 MHz
where the observations are strongly affected by the iono-
sphere. Because of the difference in spectra of the radio
emission of the Galaxy and of the extragalactic back-
ground the latter should be dominant in directions away
from the galactic plane at low frequencies (less than
3 MHz) but unfortunately absorption by ionized hydrogen
in our Galaxy becomes important at these frequencies.

Measurements from the surface of the earth at 2 MHz t 9 ]

and satellite observations in the range 0.4 to 2 MHzC101

have however given important information on the spec-
trum in this region. The spectrum of the observed radi-
ation flattens and at very low frequencies cuts off
abruptly. Bridle1 1 1 3 has shown that it is likely that the
intensity of the isotropic background radio emission
decreases at about 2 MHz. This follows from the fact
that there is no absorption of the background at 2 MHz
in the direction of the Large Magellanic Cloud which
would be expected because of absorption by ionized hy-
drogen. Analysis of the satellite observations support
this conclusion.C12J

b) Sources and their evolution. The long wavelength
radio background is the one region of the background
spectrum which can be explained with reasonable cer-
tainty in terms of observed objects, viz., extragalactic
radio sources. In directions away from the galactic
plane practically all radio sources are extragalactic.
A great deal of effort has been expended in determining
their space distribution, the ultimate aim being to use
these sources in cosmological tests. Observations of
the numbers of sources in different directions can give
information about the degree of isotropy of the universe
and the change in the numbers of sources with distance
from our Galaxy can give information about the evolu-
tion of the universe with time. Unfortunately there are
no characteristic lines in radio spectra from which red-
shifts and hence distances can be found. Therefore the
change in numbers of sources with distance must be
studied indirectly and it is possible to do this using the
counts of radio sources, N(S), meaning the function
which describes the numbers of sources brighter than
different limiting flux densities s = Fy.

The most recent observationsLl32 have determined
the function N(S) at 408 MHz to very low flux densities

^ ^ 1 2 5 ^ ^ 1
)

> 0.01 x l O ^ W m ^ H z " 1 = 10" erg
On the celestial sphere the sources contributing to the
counts exhibit a high degree of isotropy.1·14-1 However at
the lowest flux densities optical information is only
available on a very small fraction of their number
(roughly 5% and a number of these are quasars, i.e.,
objects with very large radio and optical luminosities).
This implies that the majority of objects included in the
counts are at very great cosmological distances. For
these sources, their radio luminosities must exceed by
a large factor those of normal galaxies. Galaxies such
as our own would only be observable at the lowest flux
densities to about 50 Mpc which is negligible in compari-
son with cosmological distance scales cH^1 ~ 1028 cm
« 3000 Mpc. In the range R < Mpc the number of such
galaxies is small, certainly no more than thousands
whereas the source counts to the present limits of flux
density require more than millions sources. Also, such
galaxies are readily identified optically.

Knowing the density and luminosity function* of radio
sources at the present epoch it is simple to work out
the number of sources as a function of flux density for
any model of the universe. The result of these calcula-
tions leads to the following surprising results. The ob-

*The luminosity function N(P) is the function which describes the
space density of objects having radio luminosity P.
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served numbers of weak sources greatly exceed the
predict ions of all s imple world m o d e l s . t l 5 > l e 3 This ob-
servation contradicts the predict ions of steady state
cosmology but can easi ly be explained in evolutionary
cosmological models in which the number of powerful
radio sources can be much g r e a t e r in the pas t than it
is at the p r e s e n t day. Detailed analyses of the counts
show that these evolutionary effects must be very strong
and associated mainly with the most powerful radio
s o u r c e s having radio luminosit ies P 1 7 8 > 10 2 7 WHz' 1

= 10 3 4 e r g s " 1 Hz" 1. The radio luminosity of our galaxy
is about 5 o r 6 o r d e r s of magnitude smal le r than this
value. The space density of radio sources in co-moving
co-ordinates changes with epoch and can be written
N0(z) oc (l + z) 5 " 6 , i .e., the p r o p e r space density of
sources taking account of the expansion of the universe
changes a s Ν °c (1 + z) 8 " 9 . This strong evolution only
takes place at relatively smal l redshifts (z & 3-4) and
is only connected with the most powerful s o u r c e s .
These constra ints resul t from the known background
due to s o u r c e s and from the abrupt d e c r e a s e in the
counts of radio sources at smal l flux densi t ies . The
existence of evolution has been now confirmed by ob-
servat ions at optical wavelengths where the existence
of spectra l l ines enables redshifts to be determined.
The space density of q u a s a r s also evolves with epoch
as N0(z) <x (1 + z ) e (in comoving coordinates) out to red-
shift z m a x ~ 2 .3 C 1 7 ] beyond which there is not yet any
evidence of evolution. Evidently the r a t e of formation
of q u a s a r s and radio s o u r c e s was g rea tes t at about this
epoch. It is possible that this activity is re lated to the
epoch of formation of galaxies. The integrated emiss ion
from sources included in the source counts to the low-
est flux densit ies which have yet been investigated give
a br ightness t e m p e r a t u r e Tk « 15°K which is roughly
half of the background radiation of Tb = 30°K at 178 MHz.
Thus a significant contribution to the background comes
from powerful radio sources having redshifts in the
range ζ ~ 2 - 4 .

The observed counts of sources can be extrapolated
to much smal le r flux densi t ies and the total background
due to all radio sources es t imated. Such es t imates lead
to a figure of the o r d e r 20-24°K at 178 M H z . t l 9 ] Thus
virtually all the background can be accounted for a s the
radiation of d i scre te s o u r c e s . In view of the uncertainty
in the value of the br ightness t empera ture of the radio
background and in the extrapolation of the counts the
discrepancy between these figures is of l ittle signifi-
cance. It is interest ing that cosmological evolution plays
an essent ia l ro le in this argument. Without it the inte-
grated emission of all radio sources would only be 5°K
at 178 MHz (Table II). The excess over this figure i s
explained entirely by the existence of large numbers of
powerful radio sources at e a r l i e r s tages in the expan-
sion of the universe . SholomitskiiC 2 O J has est imated that
non-evolving objects such as weak radio galaxies and
galaxies might make a significant contribution to the
background. The supposition of Brecher and Morrison1 3 1-1

that normal galaxies contribute 90% is in contradiction
with the resu l t s of the integrated flux from sources
which a r e included in the source counts and also thei r
spectra do not correspond to the radio spectra neces-
sary to explain the background (~α = 0.3 for normal gal-
axies whereas the background spectrum must have a
in the range 0.6 to 0.9—see above).

c) The background radio emiss ion and the interga-
lactic gas. The decrease in the background intensity at
frequencies below 2 MHz could be attributed to interga-
lactic absorption or to the intr insic proper t ie s of the
radio sources themselves . The f i rs t possibil ity might
be associated with bremsst rahlung absorption by the
intergalactic g a s ; c u ' 2 2 ] it is difficult however to find a
suitable tempera ture history of the gas which would
not contradict other pieces of experimental evidence
on the p a r a m e t e r s of the gas and yet produce the nec-
e s s a r y absorption. Induced Compton scatter ing of the
background radiation by the e lectrons of the intergalac-
tic gas cannot dis tort the intr insic spectra of sources
in this spectra l r e g i o n . № 3 i It is most likely that the
spectrum in this region corresponds to the spectra of
the sources themselves .

Observations have discovered no evidence for any
neutral hydrogen in intergalactic space out to a red-
shift ζ = 2.8. At the same t ime these observations
would be consistent with the existence of a hot ionized
intergalactic gas. The spectrum of the thermal e m i s -
sion of an optically thin gas has the following c h a r a c -
ter i s t ic spectrum; for frequencies hi/ <C k T e the spec-
t r a l intensity does not depend on frequency, i.e., a = 0
whereas at frequencies hi/ ~ k T e the spectrum is 3V

= ( c o n s t / T e / 2 ) e x p { - h i / / k T e } . Therefore it can be seen
that in the decimetr ic range where there is a minimum
in the radio background intensity due to our galaxy, to
extragalactic sources having spectrum Jv °c v~°·15 and
to the microwave background radiation having Ju <*• vz

(see Figs . 1 and 4) is the optimum for seeking a ther-
mal component of the background emiss ion. F r o m mea-
surements in the frequency range 400 to 2000 MHzC 2 4>2 5 ]

an upper l imit on the thermal radio emiss ion of the in-
tergalactic p lasma can be set Jv < 10"1 9 e r g c m " 2 s " 1 s r " 1

Hz" 1 corresponding to Tfc < 10°K at 178 MHz or 1°K at
600 MHz. This figure is of the o r d e r of that due to radio
sources at 178 MHz. In spite of this generous upper
l imit these m e a s u r e m e n t s a r e very useful. It is known
that, if the ionization is due to e lectron coll isions, then
below a tempera ture of 10 4 o K a hydrogen p lasma is
pract ical ly neutral and emits only weak thermal radia-
tion but at higher t e m p e r a t u r e s the degree of ionization
and radiation ra te increase rapidly. This fact together
with the present upper l imit to the br ightness t e m p e r a -
ture of hot radiating gas implies a smal l optical depth
for the bremsst rahlung p r o c e s s back to the period c o r -
responding to a redshift ζ ~ 104. This upper l imit on the
radio emission of the intergalactic gas leads to impor-
tant l imits to the epoch of the re-heat ing of any inter-
galactic mat ter in the universe . C 2 e > 2 7 ]

2. The Microwave Background Radio Emission
(600 MHz < ν < 10 1 2 Hz; 300μ < λ < 50 cm)

In 1965 Penzias and Wilson t 2 8 ] discovered that the
background radiation at 7 cm was at least two o r d e r s
of magnitude greater than that expected by extrapola-
tion from the long wavelength region and corresponded
to a brightness temperature of about 3°K. * Since that
t ime all ground based experiments in the wavelength

*Poroshkevich and Novikov [29] emphasised the importance of
making observations in the centimeter waveband as a possible test of
the hot model of the universe.
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Table II. Background radio emission at 178 MHz
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Nature of radiation Brightness
temperature

Observations

Observed minimal brightness of sky

Isotropic background if the spectral index is: α = 0.75
α =0.9

Central background connected with sources entering in the calculations of
the discrete radio sources with s (v = 408 MHz) > 0.01 X 10"" W/m1 Hz

80 °K

3 0 + 7 °K
1 5 ± 3 ° K

- 1 4 ° Κ

ftedicted background

Without cosmological evolution
contribution: of normal galaxies

of powerful extragalactic radio sources
of all galactic sources

With cosmological evolution
contribution: of normal galaxies (non-evolving part)

of powerful extragalactic radio sources
of all extragalactic sources

~ 4 ° K
~ 1 ° K
~ 5 ° K

~ 4 ° K
- 1 6 —19 °K
- 2 0 — 23 °K

r a n g e 7 5 c m t o 3 m m h a v e c o n f i r m e d t h e e x i s t e n c e o f

a b a c k g r o u n d c o m p o n e n t h a v i n g a b l a c k b o d y s p e c t r u m

w i t h r a d i a t i o n t e m p e r a t u r e 2 . 7 ° K . M o s t o f t h e s e e x p e r i -

m e n t s r e f e r t o R a y l e i g h - J e a n s r e g i o n o f t h e s p e c t r u m

w h i c h c a n b e a p p r o x i m a t e d b y t h e l a w i v cc v z b u t r e c e n t

o b s e r v a t i o n s 1 3 0 ' 3 1 ' 2 2 0 3 a r e o f s u f f i c i e n t a c c u r a c y t h a t t h e

d e p a r t u r e o f t h e P l a n c k c u r v e f r o m t h e R a y l e i g h - J e a n s

L a w c l o s e t o t h e m a x i m u m o f t h e b l a c k b o d y c u r v e h a v e

b e e n d e t e c t e d .

a ) I n t e r s t e l l a r m o l e c u l e s a s a t h e r m o m e t e r . O t h e r

e v i d e n c e o n t h e e x i s t e n c e o f t h e c u t - o f f a t m i l l i m e t e r

w a v e l e n g t h s i s o b t a i n e d f r o m o b s e r v a t i o n s o f m o l e c u l a r

a b s o r p t i o n l i n e s i n s t e l l a r s p e c t r a . O b s e r v a t i o n s o f t h e

o p t i c a l a b o s r p t i o n l i n e o f C N e n a b l e t h e p o p u l a t i o n s o f

t h e f i n e s t r u c t u r e l e v e l s o f t h e g r o u n d s t a t e , t h e d i f f e r -

e n c e i n e n e r g i e s o f w h i c h c o r r e s p o n d t o a w a v e l e n g t h o f

2 . 6 m m t o b e d e t e r m i n e d . T h e o b s e r v e d i n t e n s i t i e s c o r -

r e s p o n d t o t h e l e v e l p o p u l a t i o n s w h i c h w o u l d b e e x p e c t e d

i f t h e m o l e c u l e s w e r e s i t u a t e d i n a r a d i a t i o n f i e l d a t a

t e m p e r a t u r e o f 2 . 8 3 ± 0 . 1 5 ° K . T h i s f i g u r e i s f o u n d i n o b -

F I G . 4 . S p e c t r u m o f m i c r o w a v e

r a d i a t i o n .

servations of the absorption lines in the spectrum of the
star £Oph,C353 Similar values of temperature were found
in observations of ten other stars but the accuracy of the
measurements was much poorer because the stars are
much fainter."2"3 5 3 Studies of other optical absorption
lines of the interstellar molecules CN, CH, CH* can be
used to derive upper limits to the radiation tempera-
ture.C 3 5 J These limits are important because they give
information about even shorter wavelengths and support
the view that there exists a Planck cut-off in the spec-
trum (at λ = 1.32 mm, Tb < 4.74°K corresponding to 3V

" ^ ^ ^ 1 at λ = 0.56 mm T ,̂

"2 s"1
< 1.9 χ 10"" e r g c m ^ s ^ s r ^ H z " 1

Wavelength, cm

g ;

< 5.43°K, corresponding to Jv < 2 χ 10~" erg cm"2 s
sr^Hz" 1 ; at λ = 0.36 mm Tb < 8.ΓΚ, corresponding to
Ji, < e ^ x l O ' ^ e r g c m ^ s ^ s r ^ H z " 1 ) .

The interpretation of some of the molecular data is
very complicated. For example, direct radio observa-
tions1 3 6 3 of the absorption lines of interstellar formal-
dehyde at a wavelength of 6 cm have shown that the pop-
ulations of the levels between which the transitions take
place correspond to an effective temperature less than
1.8CK (the absorption lines are observed against the
microwave background radiation). Such a low effective
temperature can be attributed to the net effect of mo-
lecular transitions, electron collisions and infrared
radiation all of which influence the populations of the
four lowest levels of this molecule and each of which
has a different lifetime relative to that of radiation de-
cay. In the case of the molecules CN and CH the radia-
tion lifetimes are very short and it appears that electron
collisions do not play a significant role.

b) Measurements in the submillimeter region. Direct
rocket and balloon observations appear to be in contra-
diction with the molecular data. The Cornell group1-37'383

have confirmed in a number of rocket flights that in the
range 0.4 to 3 mm the background radiation is about 25
times more intense than that expected if the radiation
were of blackbody character at a temperature of 2.7°K
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and corresponds to T r = 8.3^;j °K.* A similar result
has been found by the Massachusetts group H 1 ] who per-
formed measurements from a balloon in three spectral
regions between 0.5 and 1.5 mm which they attributed
to a spectral feature between 1 and 1.25 mm superim-
posed upon the 2.7°K Planck curve. Muehlner and Weiss
C4i:i emphasize that the result is preliminary and that
because of the large uncertainties in taking account of
the contribution of the atmosphere and the instrumental
parameters it is probably best to regard their results
as an upper limit to the intensity of the background in
the submillimeter region.

More recent ground based observations by Blair et
al. 1 8 8 1 1 have failed to detect the millimeter excess back-
ground emission in the range 6 to 0.8 mm, their results
being consistent with black body radiation background
radiation having temperature Tb = 3.11°;° °K. These re-
sults are thus inconsistent with the observations of
Muehlner and Weiss and the observational situation in
this wavelength region remains confused.

Measurements in this region are made with broad-
band semiconductor radiometers at liquid helium tem-
peratures. Since the earth's atmosphere is opaque to
sub-millimeter radiation the detector and cooling sys-
tem must be taken to very great altitudes which entails
other experimental difficulties. The techniques of sub-
millimeter astronomy have been recently reviewed by
SalomonovichC42] and Kislyakov l i31 and therefore we will
give no further discussion of these problems.

These observations would be consistent with the mo-
lecular line data if the background radiation in the sub-
millimeter region is confined to narrow lines, the wave-
lengths of which do not coincide with the wavelengths of
interstellar molecules; alternatively the radiation may
originate in some nearby source such as, for example,
the atmosphere. C 4 4 '4 5 : | Severe limitations can be set to
the first of these possibilities. If the lines originated
in galaxies or other extragalactic objects then the cos-
mological redshift would broaden the lines to a greater
extent than is permissible from the interstellar molec-
ular line observations. In addition, it is difficult to en-
visage such powerful sources of line radiation which
can produce an energy density in background radiation
on the order of 6 eV-cm3, i.e., at least a thousand times
greater than that in the optical, radio and x-ray regions.
This can be seen from Table I since for a given back-
ground the ratios of the energy density in different
spectral regions must be the same as in the sources
themselves.

The results of the rocket and balloon measurements
also contradict the data on the spectra of cosmic rays
of very high energy and the generally accepted ideas
concerning the lifetime of relativistic electrons in the
Galaxy. These data and the inferences which can be
made from them cannot however be used as definitive
arguments against the validity of the direct measure-

*In these observations, measurements were made in several wave-
length intervals between 5μ and 1.3 mm; it seems that in other wave-
bands high estimates of the background have been made. In a recent
rocket flight [39] measurements were made at 100μ and an upper
limit to the background intensity 25 times smaller than the back-
ground intensity reported by Houck and Harwit [40] has been derived
for the same spectral region (see discussion below).

m e n t s . The reso lut ion of t h e s e q u e s t i o n s can only c o m e
f r o m future e x p e r i m e n t s .

In spite of t h e s e uncer ta in t ies in the m i l l i m e t e r w a v e -

band we c o n s i d e r that with a high d e g r e e of a c c u r a c y

(better than 10%) t h e r e e x i s t s a Planck curve between

75 c m and 3 m m . The R a y l e i g h - J e a n s c h a r a c t e r of thr

background at centimeter wavelengths and the discov-
ery of the cut-off in the millimeter region (λ > 3 mm)
are powerful evidence for the existence of blackbody
radiation with temperature 2.7°K. If the powerful emis-
sion in the submillimeter region in fact exists then it is
most likely that it is not in any way related to the micro-
wave background radiation and should be attributed to
some process unrelated to that which produces the
Planck spectrum.

c) The hot model of the universe. The high degree
of isotropy of the microwave background radiation and
its blackbody spectrum are normally considered power-
ful evidence for the fact that the universe passed through
a stage at which it was at a high temperature and a high
density. The blackbody radiation which we observe at
the present day is normally considered the result of
physical processes which took place at a much earlier
stage in the expansion and is the fossilized remnant of
these energetic days. This is why in the USSR it is re-
ferred to as the "relict radiation." Many questions
relating to the hot model of the universe such as the
equilibrium between different types of elementary par-
ticles, nuclear reactions, recombination of hydrogen at

a redshift ζ ~ 1500 and so on have been described in
detail by many workers (e.g., : ι>4 β ]) and we will not go
into these questions in detail. In Friedmann universes
consideration of the physical processes i i' t>*8i shows
that the observed Rayleigh-Jeans spectrum could not
have formed later than a redshift ζ ~ 105, t ~ 3 χ 109 s
(at this time the radiation temperature was 3 χ 105 °K).
This defines the earliest epoch to which the hot model
is supported by the observations. For example, if suf-
ficient energy were injected into a cold universe at red-
shifts greater than 105 then we would also obtain the
observed blackbody spectrum but if the energy release
took place at a later stage then observable distortions
to the equilibrium spectrum would occur.

It is natural to ask whether the spectrum of the mi-
crowave background must be exactly Planckian? Ap-
parently, no. A perfect Planck spectrum arises natu-
rally in a uniform universe but the observed universe
is distinctly inhomogeneous on a small scale. We have
much evidence of violent events taking place in discrete
objects which can result in large releases of energy.
Any injection of energy at an early stage in the expan-
sion of the universe leads to distortions from a Planck
spectrum. Only if the energy release takes place in the
redshift range 104 < ζ < 105 are distortions in the Ray-
leigh-Jeans region expected [ 4 7> 4 8 ] and at later epochs
such injections of energy lead to distortions in the Wein
region. [2?>49:1 On the other hand, the presence or absence
of specific distortions of the spectrum of the microwave
background enable us to discuss quantitatively possible
sources of energy, such as the annihilation of antimatter
or the dissipation of primeval turbulence.

d) Isotropy of the microwave background. As opposed
to the situation at meter wavelengths there is no diffi-
culty in detecting the isotropic component of the micro-
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wave background radiation. The galaxy and d i scre te
radio sources do not contribute significantly to large
scale observations at short wavelengths (wavelengths
les s than 3 cm) . The observed background radiation
is highly isotropic and on no angular scale have any de-
p a r t u r e s from isotropy been detected. The existing up-
per l imits correspond to t e m p e r a t u r e fluctuations ΔΤ/Τ
< 10"3 on all sca les from a 24-hour per iod to about 3'
a r c . ' 4 9 " 5 1 ' 2 2 2 1

Although the majority of a s t r o n o m e r s consider the
microwave background radiation strong evidence in
favor of the hot model of the universe at tempts have
been made to explain this radiation a s the integrated
effect of d i sc re te sources with inverted radio spectra
at cent imeter wavelengths.C 5 Z>5 3 3 in order to produce
spectrum s imi lar to a Rayleigh-Jeans curve at centi-
meter wavelengths it is necessary to adjust carefully
the many p a r a m e t e r s which descr ibe these sources and
their space distribution. Without supposing a ra ther ex-
otic distribution of such sources , for example, suppos-
ing thei r number to be much greater than that of galax-
ies, such sources should lead to angular fluctuations in
intensity of the microwave background radiation exceed-
ing the existing upper l imits. 1 · 5 4 " 5 6 3 In addition, the most
recent counts of d i scre te radio sources at 1407 MHz a r e
in excellent agreement with those at lower frequencies
assuming the mean spectra l index to be a = 0.75. In this
case d i sc re te s o u r c e s cannot explain m o r e than 3% of the
background radiation at this frequency. Not more than
2% of the s o u r c e s detected at this frequency could con-
ceivably have spectra sufficiently steep to produce a
Rayleigh-Jeans curve.

The high degree of isotropy of the microwave back-
ground radiation has a number of other important con-
sequences. On the la rges t angular sca les much interest
is attached to the possibility of detecting a 24- or 12-
hour period in the background intensity. The f irst of
these could be associated with the peculiar motion of
the earth relat ive to the inert ial f rame of reference a s -
sociated with the microwave background radiation. This
motion is the vector sum of our motion about the sun,
the velocity of the sun relat ive to the center of the gal-
axy, and the motion of our galaxy in the local group and
superc lus ter . Es t imates of the magnitude of this veloc-
ityC 5 7 3 give ν « 250 k m - s " 1 which is just at the l imit of
sensitivity of present-day techniques. There, of course,
remains the possibility that these vectors could add up
by chance to a small value but with an order of magni-
tude increase in sensitivity it should be possible to mea-
sure the 24-hour period associated with the motion of
the ear th about the sun. C 5 8 3 Conklin1·5 9 3 has est imated
that the projected velocity of the motion of the earth
relat ive to the microwave background in the plane in
which he makes his observations to be 400 k m - s " 1 (this
velocity does not exceed significantly the experimental
e r r o r s of the m e a s u r e m e n t s ) . The theoret ical est imate
which Conklin gives for the relat ive velocity of the Gal-
axy relative to the microwave background radiation is
ν « 160 k m - s " 1 . Although the third component of veloc-
ity is unknown* this figure is surpris ingly small sug-

*The measurements are only made in one plane. The radiotelescope
remains fixed with respect to the Earth and thus the beam sweeps out a
circle on the celestial sphere.

gesting that the galaxy is pract ical ly at r e s t in a sys-
tem of coordinates attached to the microwave back-
ground radiation. X-ray m e a s u r e m e n t s give l imits to
all three components of this velocity (see below).

The absence of any observed anisotropy with 12-hour
periodicity sets l imits to the anisotropic expansion of
the universe at the epoch when the last scatter ing of the
photons of the microwave background took place. This
method is about two o r d e r s of magnitude more sensitive
than d i rect observations of the distribution of galaxies
and radio s o u r c e s .

It is normally supposed that galaxies, c lus ter s of
galaxies and other extragalactic sys tems condensed
from a more or less uniform pr imaeval distribution of
matter which contained small imperfections which grow
as the universe expands.1-13 The interaction of these
fluctuations of density with radiation at the epoch of r e -
combination of hydrogen ι β 0 > β η ought to give r i s e to smal l
scale angular fluctuations (Θ < 1°) in the t e m p e r a t u r e of
the microwave background. t 6 2 > 6 3 3 it might be possible to
determine from the amplitude of such t e m p e r a t u r e fluc-
tuations which re late to the epoch of recombination the
epoch of formation of galaxies since the law of growth
of such fluctuations is well known.

Small-scale fluctuations could also a r i s e due to the
gravitational deflection of light in mass ive large-sca le
sys tems in the p r o c e s s of formation,1·6 4·1 due to the in-
teract ion of radiation with gravitational waves [ β 5 3 and
due to i r regu lar reheating of the intergalactic g a s . c e 3 ]

Thus, observations of the fluctuations in the microwave
background can give information about the epoch of gal-
axy formation, about gravitational waves in the universe,
e tc . In fact, it tu rns out that the most likely source of
fluctuations is d i scre te radio and infrared s o u r c e s . 1 5 6 3

At long wavelengths ordinary radio sources make a
large contribution and at mi l l imeter wavelengths infra-
red sources dominate. At 11 cm StankevichC 6 e 3 has
found fluctuations on an angular scale of about 1° of
ΔΤ/Τ « 3 χ 10~4. This is exactly what one would expect
from di scre te radio s o u r c e s . Thus although d i scre te
sources cannot contribute to the total intensity of the
microwave background they a r e likely to be the p r i n c i -
pal source of fluctuations.

e) X-rays and cosmic r a y s . It is c lear from Table I
that the microwave background provides the dominant
contribution to the energy density of radiation in i n t e r -
galactic space. As a resul t it i s the principal source
of photons for interactions with cosmic r a y protons and
elect rons . These interactions give r i s e to x- and y-rays
and therefore we will defer discussion to the appropr i-
ate sect ions.

II. INFRARED WAVELENGTHS (101 2 < K 3 x 10 1 4 Hz;
Κ λ < 300μ)

In this spectra l region there a r e only upper l imits to
the intensity of the background radiation (excluding of
course the submil l imeter background discussed above).
In general there a r e far fewer observations in the infra-
red region because of absorption and emiss ion by mole-
cules in the upper a tmosphere . Observations from the
surface of the earth a r e only possible in a window at
wavelengths le s s than 25μ. Observations of celest ial
objects in the range 25 < λ < 300μ must be made from
rockets , balloons and high flying a i rcraf t .
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The development of techniques in infrared observa-
tions has led to the discovery of an excess in the infra-
red spect ra l power of d i sc re te s o u r c e s . A significant
number of galactic objects including certa in types of
s t a r s a s well a s a number of p lanetary and infrared
nebulae" 7 · 1 appear to be anomalously bright in the far
infrared wavelength range (λ < 25μ). In the majority
of these c a s e s the objects a r e either cold s t a r s (e.g.,
condensing p r o t o s t a r s or giant s t a r s ) having t e m p e r a -
t u r e s le s s than 3000°K or dusty s y s t e m s involving the
re-radia t ion of ultraviolet and optical radiation in the
vicinity of hot s t a r s . B 8 ] The luminosit ies of these ob-
ject s however a r e not part icular ly great and they do
not give an important contribution to the background
radiation. Recently observations of extragalactic
sources have given an unexpected resu l t . The nuclei
of many galaxies and q u a s a r s radiate a great deal of
energy in the infrared waveband, in many c a s e s more
than in all other wavebands".

1. The Infrared Radiation from the Nuclei of Galaxies
and Quasars

a) Observations. The most interest ing galactic
source is the center of the Galaxy which is at a d i s-
tance from the Sun of 10 kpc. According to m e a s u r e -
ments made from the surface of the earth in the range
10 to 20μ there is a nuclear component which has di-
a m e t e r about 1 pc and luminosity L ~ 10 e L Q ~ 3 χ 10 3 9

e r g s " 1 . " 9 3 But an even more surpr is ing resul t has
come from observations (of the galactic center) made
from above the a tmosphere at about λ ~ 100μ. Accord-
ing to the balloon observations 1 7 0- 1 in the range 80 to
120μ it consis ts of an extended line source (about 6°)
and has luminosity L ~ 1 0 9 L Q ~ 10 4 2 e r g - s " 1 . Recent
observations from high flying aircraft 1 · 7 1 3 have discov-
ered a powerful point source (radius le s s than 5 pc)
coincident with the nucleus in the 10 to 20μ region.
This source is also observed at radio wavelengths. In
addition to this a number of weak s o u r c e s have been
discovered apparently lying in the galactic plane in the
direction of the center . The luminosity of the nucleus
of our galaxy in the range 40 to 350μ s e e m s to be about
L ~ 1 0 8 L o ~ 3 χ l O ^ e r g - s " 1 , i . e . , a b o u t 1% of the total
luminosity of the galaxy. The peak of the radiation oc-
c u r s at a frequency of about v0 = 4.2 ± 0.2 χ 10 1 2 Hz;
λ = 70μ (see Fig. 5).

A s imi la r maximum at 70μ has been discovered in
the spectrum of the Seyfert galaxy* NGC 1068C 7 2 ] (see
Fig. 5) but in this case infrared luminosity is L ~ 2
χ 10 1 2 L Q ~ 1 0 * e r g - s ' 1 implying that i ts integrated
emiss ion i s 5 o r d e r s of magnitude g r e a t e r than the
nucleus of our galaxy.

Kleinmann and LowC 7 2 ] have observed 28 galaxies in
the range 5 to 25μ. In 14 c a s e s intense infrared e m i s -
sion from the nuclei was discovered and in the majority
of these 14 galaxies the maximum emiss ion must occur
in infrared range peaking about 100μ. This conclusion
follows from the rapid increase in spectra l power b e -
tween the optical and infrared regions and the necessi ty

3mm 300 f 30* 3 u

Center of galaxy

*Seyfert galaxies are characterized by very active nuclei in which
the emission lines in the spectra are very broad. Often the compact
nucleus contributes a significant fraction of the luminosity of the galaxy.

10 II IZ 13 №
Log (frequency) (Hz)

F I G . 5. Spectrum of infrared radiation of the center of t h e galaxy,

the core of the Seyfert galaxy NGC 1068, and the core of the galaxy

M 8 2 [ 7 2 · 7 5 ] .

of a s h a r p d r o p f r o m t h e l a t t e r t o t h e r a d i o w a v e b a n d .

In s o m e o b j e c t s t h i s s h a r p r i s e h a s b e e n o b s e r v e d e x -

p e r i m e n t a l l y ( s e e F i g . 5 ) . A m o n g t h e e x t r a g a l a c t i c i n -

f r a r e d s o u r c e s a r e t h e n u c l e i of n o r m a l g a l a x i e s ( T h e

Milky Way, Μ 31), i r r e g u l a r galaxies (such a s the ex-
ploding galaxy Μ 82), Seyfert galaxies (NGC 1068),
N-galaxies (3C 120) and q u a s a r s (3C273), the luminosi-
t ies of which span a range of at leas t 6 o r d e r s of mag-
nitude. In Table ΙΠ we give es t imates of the luminosi-
t ies of these objects in different wavebands. In the case
of the infrared wavebands it is assumed, following
Kleinmann and Low,C 7 2 ] that al l the spect ra of infrared
sources a r e sharply peaked in this waveband. It can
be seen from the table that a maximum emissivity in
the infrared waveband is a general property of the nu-
clei of galaxies and q u a s a r s but there i s a wide range
of spectra l powers among different objects.

b) Models of infrared s o u r c e s . The origin of the
maximum in the infrared region is not yet understood.
It is important to note that a wide c lass of different ex-
tragalact ic objects peak in exactly the same wavelength
region. This suggests that the same type of physical
mechanism is occurr ing in all these c a s e s , perhaps
having a character s imi lar to that of a resonance f re-
quency. In many cases the radiation in this peak is
equal to the total luminosity of the object and therefore
a highly efficient radiation mechanism is required.

Until the discovery of the infrared peak at 70μ the
intense radiation from the nuclei of Seyfert galaxies in
the range 1 to 25μ was attributed to the emiss ion of
dust. In this type of model 1 7 3 3 it i s supposed that there
exists a compact centra l source of optical emiss ion
having luminosity Ι Ο ^ - Ι Ο 4 7 e r g - s " 1 surrounded by a
cloud of dust. The optical radiation is absorbed and
reradiated by the hot dust at infrared wavelengths. In
this model the spectrum in the infrared region is the
integrated radiation from dust at different t e m p e r a t u r e s
and densi t ies . As a resu l t it is possible to obtain, for
example, a power law spectrum in the range 2 to 22μ
by assuming par t icular distr ibutions of density and



THE U N I V E R S A L E L E C T R O M A G N E T I C B A C K G R O U N D R A D I A T I O N

Table ΠΙ. Luminosities of extragalactic sources in different wavebands* (erg/sec)
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Type of source

Our galaxy

Large Magellanic
Cloud

Μ 87
(NGC 4486)
Virgo A

Ccn A
(NGC 5128)

Cyg A

NGC 1275
(3C 84)

NGC 1068

NGC 4151

3C 273

Waveband

radio

0 , 5 m <λ <
< 3U0 m

~ 3-1038 (e)

~ 3-1035

2-1041

1041

3-1044

2-1041

1030

1038

2-1043

:;mm< λ -̂
< u , 5 ra

~ 5-103 8 (e)

~ 5-1035

3 - 1 0 U ( A ( D

-

1045 (,.)_ ( v)

3 1041 (C)

< 1040

3-1045 (v)

infrared

25 μ < λ •'
< 3 mm

1042 ( C )

—

-

-

1046 ( e?)

104.»

ΙΟ4» (e?)

1 μ <r>. <
< 'if> μ

-

—

< 2-1043

—

-

3-1044(c), (ν)

3-1044 (c), (ν)

2-1043 (ο), (ν)

2-1041 (V)

optical

3 · 103 < λ <
< 104 Λ

5-1043

5-1042

1044

8-1043

7-1044

6-1043

8-1043

2-1043

1048 (ν)

x-ray

1 keV< % <

< ·» keV

1039_1040(6)

4-1038

3-1043 (V)

5-1041 (C)

<1043

4-1045(0?)

< 4-1042

3-1042 (c?)

1048

7-rays

% > 100 MeV

1038—1039

< 4-1044

-

< 104'

< 4-104'·

-

7-1044

< 7.104?

Distance
to source

-

0.05

15

5

220

70

13

13

630

Spatial den-
sity of

sources (N =
0.03 Mpc"')

Ν

~ 10/V

-10-3Λ-

- 1 0 - Λ '

-10-Λ-

~ 10-4 ;V ?

~ 10-2 Λ'

~ 10-2 ,v

~ ίο-» .-ν

*In this table the letters e, v, c, and j denote the following: "e"—estimates, and not measurements; "v"-variability of source (energy flux from
the source varies with time); "c"—the main contribution to the galaxy luminosity is made by a compact source in the region of the core; "j"—the
same for the jet from the core. The question mark denotes uncertainty of the estimate (e?) or of the identification (c?).

t empera ture for the inters te l lar dust. The biggest dif-
ficulty with this type of model i s that the dust i s ex-
pected to expand from the nucleus because of the high
radiation p r e s s u r e . In addition because of the large di-
mensions of the region containing the dust it is difficult
to explain the rapid var iat ions of these objects. There
is one attract ive feature, however,—in this model it i s
simple to explain why the maximum often occurs in the
infrared wavelength region. If the dust were hotter than
1500°K it would evaporate. As a resul t we have a r e a -
sonably good explanation for the spectrum in the region
2 to 22μ. The discovery of rapid variat ions of infrared
nuclei (for re ferences , see c e 8 ] ) and the sharp infrared
peak at 70μ a r e not explicable in this model which r e -
quires an extended dust-filled region. Detailed d i scus-
sions of these difficulties have been given by K 8> 7 1> 7 4 : 1.

Pacholczyk t 7 4 ] has shown that the rapid variability
(t < 3 χ 10*s; R < ct = 10 1 5 cm) of the nucleus of the
galaxy NGC 1068 at 2.2μ cannot be reconciled with the
hypothesis that the infrared peak is due to either a uni-
form cource of synchrotron radiation or to synchrotron
radiation from many compact sources (IRtrons).C 7 5 : l In
the f irst case the small dimensions of the source at a
frequency of 4 χ 101 2 Hz leads to an energy density in
the magnetic field which is much les s than the energy
density in radiation. In this case the relat ivist ic e lec-
t rons lose their energy principally by inverse Compton
scatter ing and not by synchrotron radiation. In the sec-
ond case , it is not possible to obtain rapid variabil ity.*
Pacholoczyk has descr ibed an inhomogeneous spher i-
cally symmetr ic synchrotron source in which the mag-
netic field, the flux of radiation and the maximum fre-

*See the discussion below of the possibility of obtaining rapid vari-
ations from a large number of objects. [76]

quency vary with radius and in which the source is op-
tically thick.

All models designed to explain the infrared peak a s
the synchrotron emission of relat ivist ic e lectrons c e 8 > 7 5

7 4 ' 7 7 ] encounter the following difficulties (i) the peak
emission occurs at the same frequency although the
luminosit ies range over many o r d e r s of magnitude;
(ii) the steep slope of the spectrum to the low frequency
side of the maximum (synchrotron self-absorption gives
a = — % but the observations require a = — 7/ 2). If the
magnetic field were directed radially outward from the
source the spectrum could be steeper than a = - 5/2;

C78: l

(iii) the anomalously steep spectrum of relat ivist ic e lec-
t rons necessary to explain the observed spectra l index
a = 3.5 to the high frequency side of the maximum, as a
resu l t of which most of the energy is concentrated in
relat ivist ic e lectrons having minimum energy which
pract ical ly do not radiate synchrotron emission because
of self-absorption. They lose their energy in other spec-
t r a l regions and therefore would produce large cont r i -
butions to the luminosity of the source outside the in-
frared region (an example of such a mechanism is the
inverse Compton effect). But this is in contradiction
with the observed proper t ie s of different nuclei and
also the data on the background radiation (see Tables I
and III). The requirement that most of the energy of the
nucleus be lost in the infrared waveband is probably the
most difficult requirement for the majority of non-ther-
mal mechanisms; (iv) if the br ightness t e m p e r a t u r e at
the peak frequency is g r e a t e r than kTo > τη6ο

2/τ^(1 + τγ
then induced Compton scatter ing by t h e r m a l e lectrons
leads to significant distort ions of the spectrum of the
peak and resu l t s in a cut-off at low f requencies . [ 2 3 ]

Here τ τ = a T N e R is the optical depth of the radiating
region to Thomson scatter ing and V 2 ^

which in many models exceeds m e c 2 . This condition



580 Μ. S. LONGAIR a n d R. A. SUNYAEV

sets a significant limit to the quantity and distribution
of gas in the source no matter what the origin of the
radiation (i.e., this result refers not only to synchrotron
emission). If the nucleus is gaseous, then the infrared
radiation must originate in an optically thin region at
its surface.

Bisnovatyi-Kogan and SunyaevΙΊβ1 have attempted to
explain the infrared peak as the result of the supercriti-
cal accretion* of gas onto neutron stars. This comes
about because in the case of supercritical accretion the
electron density in the region at the surface of the star
N e is practically independent of the density of gas far
from the star. For the parameters appropriate to neu-
tron stars, the plasma frequency ν = Ve2Ne /irme for
electrons in the flow of material close to the surface of
the neutron star is close to the frequency of the ob-
served infrared peak. The formation of collisionless
shock waves and the consequent excitation of plasma
waves in the envelope can in principle result in the ra-
diation of a major part of the kinetic energy of the inci-
dent gas at the plasma frequency.

If the nuclei of galaxies and quasars consist of com-
pact clusters of stars then there will be frequent super-
nova explosions " 9 : ι and many neutron stars. Accretion
onto neutron stars is a particularly efficient source of
energy in that the infalling gas can liberate 0.2 of its
rest mass energy and therefore there is no energy prob-
lem. By choosing an appropriate number of neutron
stars it is possible to obtain any luminosity from the
nucleus and yet the spectral properties will remain un-
changed. The spectrum of the near infrared (λ < 25μ)
and millimeter region can be ascribed to Compton in-
teractions of the radiation at the peak with the thermal
electrons in the space between neutron stars. Any chang
in the density of interstellar gas will lead to intensity
variations from the object at these wavelengths. Because
the flux of radiation in the peak is 4 orders of magnitude
greater than that in the other regions (see Fig. 5) chang-
ing the physical conditions in only a small fraction of
gas in the nucleus can lead to large changes in the flux
from the object in the near infrared and millimeter re-
gion whilst the amplitude of the peak remains constant.
It is therefore possible in this model to explain the
rapid variability of NGC 1068 at 2.2μ."4 3

In studying such models the principal difficulty is the
means by which radiation leaves a zone having radius
r < 108 cm around the neutron star. The density of en-
ergy in radiation is very large so that the motions of
electrons in the varying electromagnetic field become
relativistic. They must therefore radiate at harmonics
of the fundamental frequency and the spectrum will be
distorted. Calculations show that the plasma frequency
remains more or less constant in the region 10e < r
< 108 cm. It is possible that the whole zone containing

*The equilibrium between the force of gravitational attraction and
the repulsion due to radiation pressure determines the critical luminosity
of a neutron star by accretion which is Lc * 1038 erg-s"1. For the known
gravitational potential of a neutron star (M = M©, r 0 = 106 cm, φ = 0.2c2,
the velocity of infall = 0.4c), the critical luminosity of the neutron star
corresponds to dM/dt = L/φ = 5 Χ 101 7 g/s'1 and N e = ( d M / d t K ^ u ) " 1

= 10 1 8 cm"3. Further increase in the gas density far from the neutron star
(the supercritical condition) cannot lead to an increase in L, dM/dt or N e .
For details see [']•

r e l a t i v i s t i c e l e c t r o n s b e h a v e s l i k e a s i n g l e g e n e r a t o r

of p l a s m a w a v e s r a d i a t i n g a t t h e p l a s m a f r e q u e n c y .

M a n y o t h e r p o s s i b i l i t i e s a r e o p e n e d up if a c c o u n t i s

t a k e n of t h e e x i s t e n c e of a s t r o n g m a g n e t i c f ie ld w h i c h

c a n l e a d t o a d e c r e a s e in t h e c r o s s s e c t i o n f o r s c a t t e r -

ing a n d in t h e o p a c i t y of t h e g a s . T h i s p r o b l e m n e e d s

f u r t h e r c l a r i f i c a t i o n .

2. T h e B a c k g r o u n d R a d i a t i o n

a ) C a l c u l a t i o n s . It i s i m p o s s i b l e t o d e t e r m i n e wi th

any a c c u r a c y t h e e x p e c t e d b a c k g r o u n d d u e t o i n f r a r e d

s o u r c e s s i n c e t h e i r l u m i n o s i t y funct ion a n d s o u r c e

c o u n t s a r e unknown. T h e p r o b l e m h a s b e e n d i s c u s s e d

b y Low a n d T u c k e r i m who h a v e e v a l u a t e d t h e b a c k -

g r o u n d u s i n g t h e m e a g e r e x p e r i m e n t a l d a t a a v a i l a b l e

a n d m a k i n g d i f f e r e n t a s s u m p t i o n s a b o u t t h e c h o i c e of

c o s m o l o g i c a l m o d e l a n d a b o u t t h e i m p o r t a n c e of c o s m o -

l o g i c a l e v o l u t i o n . A c c o r d i n g t o t h e i r e s t i m a t e s C 8 C : | t h e

b a c k g r o u n d in t h e i n f r a r e d r e g i o n i s p r i m a r i l y d e t e r -

m i n e d b y S e y f e r t g a l a x i e s . Al though t h e r e i s no d i r e c t

e v i d e n c e f o r t h e c o s m o l o g i c a l e v o l u t i o n of t h e r a d i o

p r o p e r t i e s of S e y f e r t g a l a x i e s , t h e s i t u a t i o n c o u l d b e

q u i t e d i f f e r e n t in t h e i n f r a r e d w a v e b a n d s . We h a v e i n -

d i c a t e d t h e i r e s t i m a t e s in F i g . 1, F i g . 6, a n d in T a b l e I,

t h e l a s t of w h i c h i n c l u d e s a t y p i c a l m o d e l w i t h o u t c o s -

m o l o g i c a l e v o l u t i o n . We n o t e t h a t t h e s e r e s u l t s w e r e

o b t a i n e d p r i o r t o t h e d i s c o v e r y of t h e m a x i m u m a t a b o u t

ΙΟΟμ"53 so that the estimates under favorable conditions
might be an order of magnitude greater. It is evident
that these values are only order-of-magnitude estimates.

Other sources of infrared radiation such as the radi-
ation due to hyperfine transitions of ions and molecules
in interstellar gas in galaxies have been discussed in
[44,45]_ T h e m o s t important contributions are expected
to arise from the lines of ΰΠ(λ156μ), Si II(λ 34.8μ) and
Nell (λ 12.8μ), but these are likely to give only a small
contribution in comparison with that of the nuclei of
galaxies because the total energy balance in the inter-
stellar gas is small in comparison with the luminosity
of a galaxy. It would however be interesting if such ra-
diation were to be discovered in our own or in other
galaxies. If galaxies originate at large redshifts (z ^> 2)

/mm
Wavelength

fff μ In

itrs

W'! W'3 10'

Wavelength, cm

FIG. 6. Summary of experimental data on the background in the

millimeter, infrared, optical and ultraviolet regions of the spectrum (de-

tails in tex t ) .
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and young galaxies were much brighter than they are at
the present time then their optical emission would be
redshifted into the infrared band and could give a sig-
nificant contribution to the near infrared background
emission. [ 8 1 ' 8 2 ]

b) Observations. In Fig. 6 we have collected together
the experimental data on the background at millimeter,
infrared, optical and ultraviolet regions of the spectrum.
In this graph the measurements are presented in terms
of the brightness multiplied by frequency, i.e., viv

[erg-cm"2 s^sr" 1 ] , which characterizes the energy den-
sity radiated in the frequency interval Δν ~ ν whereas
in Fig. 1 the intensity of the background Jv is given,
which characterizes the number density of quanta in the
range Δν ~ v. The upper limits and measurements in
Fig. 6 are taken from the following references: [ 3 0>3 X ] _
observations of the microwave background measured
from the surface of the Earth; [38>83>a4J —rocket observa-
tions by the Cornell group; M 1 ] —balloon observations;
[39,85] _ r o c i j e t observations by McNutt and Feldman;
Lm —optical observations from the surface of the Earth;
i81i -American, l m British, [89:l Japanese rocket obser-
vations in the ultra-violet; C90~92:l measurements from
the Soviet space probe "Venus"; unpublished rocket
data by Walker and Price (WP) and McNutt and Feld-
man (MF) presented in a recent survey; l № l the symbols
CN, CH, CN* and CH+ indicate the results obtained
from observations of interstellar molecules. i 3 t i

Figure 6 illustrates the uncertainties in the present
situation, in particular the complications in the submil-
limeter and infrared regions of the spectrum as a result
of the contradictory results of measurements by differ-
ent groups. Particularly striking is the difference of
1.5 orders of magnitude between the rocket data of
McNutt and Feldman [ 3 9 J and the Cornell groupC40] in the
same spectral region at λ ~ ΙΟΟμ (see discussion in i932).
In the former experiments luminescence due to atmo-
spheric oxygen was observed. The intensity and distri-
bution of the radiation from the atmosphere was in full
agreement with theoretical estimates.

The upper limits to the intensity of the background
at ΙΟΟμ is about an order of magnitude greater than es-
timates of the background due to extragalactic sources
of Low and Tucker. All the other points in the infrared
region are too high to provide useful limits.

ΙΠ. OPTICAL WAVELENGTHS. 3 x 10" < ν < 1015 Hz;
3ΟΟθΑ<λ<1μ

To determine the extragalactic component of the
background optical radiation it is necessary to elimi-
nate contributions from relatively nearby sources such
as the emission of the atmosphere, zodiacal light (solar
light scattered by interplanetary dust) and the integrated
emission of stars in our Galaxy. The first of these dif-
ficulties can be eliminated by making observations from
above the earth's atmosphere. If observations are made
on the surface of the earth theoretical corrections must
be made from studies of the luminescence of the atmo-
sphere as a function of zenith angle. The second could
in principle be eliminated by making observations from
a space station at a distance of about one astronomical
unit in a direction perpendicular to the ecliptic where
there is little dust. Alternatively, as can only be done

at the present day, it is necessary to eliminate this
component using a model for the scattering due to zo-
diacal dust. It is also possible to make observations
within the Fraunhofer lines in which the sum emits rel-
atively little radiation and therefore the zodiacal light
is weak. The third component must be evaluated from
a knowledge of the luminosity function and space distri-
bution of stars in our Galaxy. This last remains the
main uncertainty in determining the extragalactic com-
ponent of the sky brightness. A recent detailed study
has been made by Roach and Smith l 8 e l who have made
observations from the surface of the earth. Many
months' observations of the sky were averaged and the
data compared with models of the distribution of zodi-
acal light and the light from stars in the galaxy. No
evidence was found for an isotropic component and they
give an upper limit of 5 tenth-magnitude stars per
square degree corresponding to J ,̂ < 10"19 erg-cm"2

sr^Hz" 1 at a wavelength λ = 5500Α. This figure is about
a hundred times smaller than the total sky brightness
which can all be attributed to the above causes. Until it
is possible to construct better models for the zodiacal
light and the distribution of stars in the Galaxy it will
be difficult to improve this estimate at 5500 A. At the
present time the zodiacal light is being intensively
studied with rockets and satellites. Recently Lillie1 8 7 3

has described rocket measurements of the background
at a wavelength λ = 4100 A with a result corresponding
to 2 blue stars per square degree or Ju < 2 χ 10~20 erg-
cm"2 s"1 Hz"1.

Knowing the spectrum of individual galaxies and their
space densities it is possible to evaluate the integrated
emission of normal galaxies from the universe as a
whole. It is found that the principal contribution to the
background comes from normal galaxies, i.e., the radi-
ation is basically starlight. The accuracy of these cal-
culations is not very great since they require an exact
knowledge of the luminosity function of galaxies which
is not precisely known at the present time. There re-
main some differences between the different functions
proposed to describe space density of galaxies of dif-
ferent luminosities, particularly in the high luminosity
region.£ 9 4 ]

Calculations of the predicted intensity of background
radiation'9 5 1 amount to about half of the experimental
upper l imits. l s r l This implies that at small redshifts
(z < 1) the optical luminosities of normal galaxies can-
not have exhibited strong evolution. This, of course,
does not exclude the possibility that particular classes
of galaxies and quasars exhibit strong cosmological
evolution. The latter are known to evolve at optical
wavelengths just as powerful radio sources evolve at
radio wavelengths.[17'9β:ι If the evolution of galaxies
took place at large redshifts then the contribution of
distant galaxies would appear not in the optical region
but in the infrared which is difficult to observe.C 8 i :

Thus the situation is reasonably well defined at op-
tical wavelengths. In Fig. 1 we have included a typical
model of Peebles and Partridge.C 9 5 : It should be remem-
bered that this prediction may have been significantly
underestimated in the infrared region.

If intergalactic space contains stars, star clusters
or dwarf galaxies then they are practically impossible
to detect at the present day using conventional tech-
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niques of observation. It is not known how much such
luminous objects contribute to the mean density of m a t -
t e r in the universe . An upper l imit to such matter can
be found from the upper l imit on the background inten-
sity at optical wavelengths if it is assumed that these
objects have s imi lar m a s s to light ra t ios to those found
in galaxies. Using the data of B 7 ] it is found that p l u m

< 0 . 1 p c r i t as an upper l imit to the density of " l u m i n o u s '
mater ia l in the universe. Thus luminous mater ia l is in-
sufficient to close the universe. C 9 5 3

TV. ULTRAVIOLET WAVELENGTHS

It i s possible to consider this region of the spectrum
in two p a r t s , the f i rs t being access ible to observation
from rockets and sate l l i tes , the second not being observ-
able in experiments made within the solar system.

1. The Wavelength Range Accessible to Observation

(912 A < λ < 3000 A; 10 1 5 < K 3 . 3 x 1 0 l s Hz)

The br ightness of the sky in the ultraviolet region of
the spectrum i s determined by the radiation of hot s t a r s
in our Galaxy. The higher the surface temperature of
the s tar the g r e a t e r i ts radiation of ultraviolet quanta.
The number of s t a r s of a given t e m p e r a t u r e falls r a p -
idly with increasing absolute magnitude. The radiation
also falls off rapidly with decreas ing wavelength and
hence the total background radiation from s t a r s in the
Galaxy also d e c r e a s e s . F o r example, according to the
m e a s u r e m e n t s of V. G. Kurt from the Space Observato-
r i e s in the " V e n u s " s e r i e s , the integrated luminosity
of our galaxy (excluding the unknown contribution of its
nucleus) in the range 1225 to 1340 A is Ι Ο ^ - Ι Ο 4 1 e rg-s" 1

which corresponds to only Ι Ο ^ - Ι Ο " 3 of i ts optical lumi-
nosity. C 9 7 ] It is therefore expected that the separation
of the extragalact ic component in the ultraviolet region
will be s impler than at optical wavelengths and that it
will contain information about the origin and nature of
non-stel lar sources such as the nuclei of galaxies,
q u a s a r s and the intergalactic gas.1-913 However, in spite
of a l l expectations no extragalactic component has been
isolated from the observations which have detected an
anisotropic galactic component. An upper l imit i s all
that has been found and this is ei ther given by the mini-
mum sky br ightness or by the background of cosmic
rays or by the sensit ivit ies of the r e c e i v e r s .

a) Observations. The most important experimental
points a r e given in Fig. 6. These points a r e taken from
observations with the " V e n u s " space station: Jv < 10" 2 1

e r g - c m " 2 s ^ s r " 1 Hz" 1 in the range 1225 < λ < 1340A C 9 1 ]

and Ju < 7 x l O " 2 1 e rg-cm" 2 s ^ s r " 1 Hz" 1 in the range 1050
< λ < 1180 A.C 9 2 ' 9 8 1 The observations were made with
gas filled counters sensitive to radiation in the range
1050 < λ < 1340 A with a filter to el iminate the r e s o -
nance line radiation of Lyman α (λ = 1216 A). The sky
is very bright in this waveband because of re-radia ted
solar Lyman a by interplanetary hydrogen. The Japa-
nese rocket m e a s u r e m e n t s C 8 9 ] have also used photon
counters and give an upper l imit J ^ < 10"2 0 e rg-cm" 2 s"1

s r ^ H z " 1 in the range 1350 < λ < 1480 A. British photo-
metr ic observations made from a rocket1·8 0·1 give an
upper l imit of 3V < 1-2 χ 10"2 0 e rg-cm" 2 s ^ s r " 1 Hz" 1 in
the r a n g e 2 0 2 0 < λ < 2790 A with an effective wavelength
λ = 2425 A. The experiments on board the " M a r i n e r "

spacecra f t " 9 3 (1250 < λ < 2200 A) and the satel l i tes in
the " C o s m o s " s e r i e s " 0 0 3 (2450 < λ < 3150 A) have not
found an extragalactic component but the minimum ob-
served signal in these cases is somewhat g r e a t e r than
the upper l imits found by the British group.

The most important contribution to the brightness of
the Galaxy at about 1300 A comes from AO s t a r s and
those of e a r l i e r spectra l types which constitute only a
small fraction of the total number of s t a r s in the Galaxy
and which a r e concentrated towards the galactic plane.
If the field of view of the apparatus is decreased it is
possible to make observations in the direct ions of the
galactic poles so that no hot s t a r s fall within the field
of view. In this case the signal will fluctuate violently
but its minimum level will determine the extragalactic
component of the background and the radiation of hot
s t a r s scat tered by in ter s te l la r dust. The best r e s u l t s
can be achieved by making observations with angular
resolution better than 0.01 square d e g r e e s . " 0 1 ' 9 1 3 If the
field of view is further decreased the contribution of
cold s t a r s begins to become important. In optical r e -
gion this does not happen because the important contr i-
bution to the luminosity of the Galaxy is due to the large
number of s t a r s of late spect ra l type. The discrepancies
between the r e s u l t s of the J a p a n e s e t 8 9 ] and Soviet 1 9 7 3

groups a r e due to the different fields of view of the ap-
p a r a t u s . " 0 1 3 We note that the Brit ish observat ions 1 8 8 3

also imply that the Japanese data a r e an overes t imate .

Absorption by inters te l lar dust has little effect on
the passage of ultraviolet background radiation through
the disc of the galaxy (d ~ 100 pc) . There i s l i tt le r a d i -
ation from the interplanetary medium and at 1000 A scat-
tering of the light of hot s t a r s by dust is smal l . It is
therefore to be hoped that future m e a s u r e m e n t s will
give a significant improvement in the existing upoer
l imits to the background.

By analogy with our Galaxy it is natural to suppose
that all normal galaxies a r e weak e m i t t e r s in the u l t r a -
violet waveband and that the background due to them will
be smal l . However, recent observations with the Ameri-
can Orbiting Astronomical observatory (OAO) have d i s-
covered unexpectedly large ultraviolet fluxes in the
range 1200-2500 A from the nuclei of Μ 31 (the Androm-
eda nebula) and from a number of other galaxies and
therefore the magnitude of the background again b e -
comes a question of interes t . Even the existing data
enable us to draw the following conclusion: on average
the nuclei of normal galaxies radiating in the ultravio-
let wavelength band cannot l iberate more than 10% of
the total luminosity of the galaxy.

b) Other aspects of the r e s u l t s . Observations of the
ultraviolet background a r e important in studies of the
proper t ies of the hot intergalactic gas which, as we have
already noted, may be the principal contributor to the
mean density of mat ter in the universe. In par t icular ,
in the waveband 1225-1340 A, redshifted Lyman a from
redshifts l e s s than 0.1 is expected from the most com-
mon element in the universe, hydrogen. The upper l im-
its to the intensity of the background in this range set
significant l imits to the tempera ture and density of the
gas C 9 0 3 . In the spectra of distant quasar s with redshifts
ζ > 2 the absence of absorption bands due to redshifted
Lyman a sets a very low limit to the density of neutral
hydrogen at these redshifts. Photons emitted to the
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short wavelength side of the line are redshifted at some
epoch to the Lyman α frequency at which they can be
rapidly scattered because of the large scattering cross-
section for Lyman a resonance scattering. The absence
of such absorption implies that there is negligible neu-
tral hydrogen in intergalactic space ng < 10"" cm"3,
i.e., if there is any intergalactic gas at all, it must be
very highly ionized, n n / n p & 3 χ 10"8 at ζ ~ 2.E104>105]

The possibility of ionizing the intergalactic gas as a
result of photo-ionization by the ultraviolet radiation
from quasars is related to this problem. £ l c e ' 1 0 7 : 1 The
ultraviolet flux must be estimated knowing the luminos-
ities and luminosity functions of quasars. It is also nec-
essary to suppose strong evolution to obtain significant
numbers of ionizing photons. The upper l imitsto the
intensity of the ultraviolet background at 2500 A can
help resolve this question.

An observed wavelength of 2500 A corresponds to an
emitted wavelength of 830 A at a redshift of 2, i.e., these
observations give information about the intensity of the
background close to the Lyman limit at 912 A and hence
about the role of photo-ionization in the thermal balance
of the intergalactic gas at this stage in the expanding
universe. Simple calculations show that in the absence
of other heating mechanisms* photo-ionization main-
tains the temperature of the gas in the range 7 χ 103

< T e < 3 χ 104K and cannot explain the observed degree
of ionization of intergalactic gas [ 1 0 5 ] at ζ = 2 if the den-
sity parameter of the gas Ω is greater than 0.3. This
process can only be important for small values of Ω .
Conversely it is possible to set limits to the cosmo-
logical evolution of the ultraviolet luminosity of quasars
and galaxies.

Ultraviolet measurements of the integrated back-
ground from the Galaxy are important for determining
the luminosity function of hot s tars i s n i and the energy
density of galactic sub-cosmic rays with energy 100
keV, t1081 but these topics lie outside the scope of this
review.

2. The Wavelength Range Inaccessible to Direct
Observations. (100 < λ < 912 A; 3.3 χ 1015 < ν
< 3 χ 101β Hz)

Quanta having wavelengths less than 912 A (hi; > 13.6
eV) ionize hydrogen atoms which are the principal con-
stituent of interstellar gas in galaxies. It immediately
follows that the background radiation at wavelengths
less than 912 A cannot be observed directly from within
the solar system since the radiation is completely ab-
sorbed by the interstellar gas. However, the cross sec-
tion for photo-ionization decreases rapidly with increas-
ingenergy of the photons and at wavelengths less than
50 A the disc of the galaxy is optically thin to the back-
ground radiation. To study the background in the range
100 to 912 A indirect methods must be used. [ 1 0 9 ' U 0 ]

The existence of ionizing background radiation must
lead to the appearance of ionization zones around galax-
ies analogous to the Stromgren spheres around hot stars.

In the central regions of spiral galaxies (R <10 kpc)
where there is much gas of high density these ionization
zones are small. But as we go away from the center,
the total number of particles along any line of sight
through the disc decreases whilst the thickness of the
disc increases, i.e., the density of the gas falls rapidly
and at some distance from the center of the galaxy all
the gas will be ionized by the background radiation. To
put it another way, if we observe neutral hydrogen in
the peripheries of galaxies and we know its depth and
density, we can find an upper limit to the intensity of
the ionizing background radiation. We note a limiting
case. An intensity of Jv ~ 10"18 erg-cm"2 s^sr" 1 Hz"1

would be sufficient to ionize all the gas in our Galaxy,
including clouds. In this case all the characteristic1

times are smaller by a large factor than the time scale
of the Galaxy. It is important in these calculations to
solve the problem of the ionization and dissociation of
high density clouds.C 1 1 1 ] A similarity solution for the
motion of the ionization front has been found for the
case in which the outflowing gas has large optical
depth.

At the present time the distribution of neutral hy-
drogen as determined by its 21-cm radio emission has
been studied in considerable number of external galax-
ies. In Fig. 7 we show the distribution in the galaxy
Μ 31 (the Andromeda nebula).1 1 1 2 1 It can be seen that
the gas is observed at great distances from the center
of the galaxy where there is negligible density of stars
(R ~ 30 kpc ~ 1023 cm). The thickness I of the disc
must be greater than 2 kpc c i l 3 ~ 1 1 5 ' l l o ] and the density
of gas very small. In addition, an extended bridge hav-
ing dimension greater than 10 kpc has been observed
joining together two associated galaxies.C l l e ' 1 1 7 ]

*In cases in which the gas is heated to a high temperature by other
mechanisms, the role of photoionization becomes much more important
because with increasing temperature the recombination coefficient de-
creases.

50

FIG. 7. Distribution of neutral hydrogen in the M31 galaxy (Andro-
meda nebula). The numbers correspond to the number of atoms of
neutral hydrogen along the line of sight in units of 1020 atoms/cm2.
The heavy ellipse corresponds to the optical boundaries of the galaxy—
isophot of 25th visible magnitude from a square second.
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FiG. 8. Expected cutoff in the distribution of the neutral hydrogen
on the periphery of galaxies.

Felten and BergeronC 1 1 8 ] have argued that the disc of
neutral hydrogen can be protected by a thick layer of
ionized gas which would absorb all the background ra-
diation. Undoubtedly if neutral hydrogen is observed
in the peripheries of galaxies, then it has not been ex-
posed to the effect of ionizing radiation. But the ques-
tion of the thickness or emission-measure (N|Ze) °f the
ionized region and that of the intensity of the ionizing
background radiation can only be decided by observation
but not necessarily those of the ionized gas. The deci-
sive answer comes from 21-cm observations. Theory
predicts a diffuse distribution of gas (except for clouds
of neutral hydrogen) at the distant peripheries of gal-
axies and a rapid cut-off to the distribution of neutral
hydrogen connected with the existence of ionizing back-
ground radiation.

a) The cut-off in the distribution of neutral hydrogen.
Observations show that beyond some radius the emission
from the gaseous disc decreases with distance from the
center of the galaxy according to an exponential law
(see Figs. 7 and 8). It is natural to suppose that such a
dependence of NJJZ(R) continues to the extreme periphery
of the galaxy, even beyond the region which has been ob-
served. This postulate is important in the ensuing dis-
cussion.

Suppose the column density of gas along the line of
sight at distances greater than some value Ro decreases
according to the law HI = N o Z o e" a R and that aR > 1. We
will suppose that the gas is homogeneous. Within the
disc the gas is neutral (NjZj) and outside it, it is ionized
so that № = N^i + N e / e ; I = h + h- The flux of quanta
which causes the ionization is

Λ7 = + Nele; I = U + h-

I = n \^dv
quanta

cm"2 s"1

where wavelengths λ < Xc = 912 A will be completely ab-
sorbed in the ionized region if a N | i e = 1 i.e., the number
of recombinations in a column of gas per second is equal
to the number of incoming quanta. Here α is the recom-
bination coefficient to all excited levels. Therefore

= m ( 1 - ^ £ )

i . e . , a t t h e e d g e of t h e g a l a x y w e e x p e c t t o o b s e r v e a

s h a r p cut-off in t h e d i s t r i b u t i o n of n e u t r a l h y d r o g e n .

H e r e t h e c o n s t a n t A « I/aN 2 / , , ^ 1 c h a r a c t e r i z e s t h e

w e a k n e s s of t h e i n f l u e n c e of t h e b a c k g r o u n d r a d i a t i o n

on the gas at a distance Ro. A power law dependence of
l(R) and the essential condition N e < Ν leads to a more
powerful result. From Fig. 8 it can be seen that the
thickness of the cut-off layer is small by comparison
with the sizes of the ionized and neutral regions AR
< Ri. Κ R < Ri we have № « ΝΛ > Ne*e and if R > Ri
the opposite inequality applies № « N e / e S> N ^ .

b) Diffuse gas or clouds ? A column of gas at a great
enough distance from the center of a galaxy is optically
thin to radiation having wavelength less than 150 A and
therefore heating by soft x-rays or hard ultraviolet ra-
diation must have a strong influence upon its physical
parameters . t U 0 > U 9 : i Because of the large interaction
cross-section for neutral atoms of hydrogen and helium
with radiation at wavelengths of 100 to 200 A the heating
of the gas in the outer regions of galaxies by such hard
radiation may well exceed the heating due to ionization
losses by sub-cosmic rays in the inner regions (R < 10
kpc) of the galaxy.*

Pikelner t l 2 ( U has studied (in detail) this question of
the ionization and heating of the interstellar gas by sub-
cosmic rays and has shown that to explain the observed
properties of the interstellar gas an energy flux of the
order of q « 3 χ 10~26 erg-s"1 per hydrogen atom is nec-
essary (more recent computations have confirmed this
conclusion1-121·1). As a result of such heating, thermal
instabilities in the interstellar gas give rise to the ex-
istence of two phases in dynamical equilibrium; dense
clouds having NJJ > 1 cm"3 and with a temperature T e

< 100°K and diffuse intercloud gas with NH *. 0.1 cm"3

and T e & 1000°K. In gas having mean density less than
0.1 cm"3 it is impossible to form new clouds in the pres-
ence of such heating. [ 1 2 0 > 1 2 1 ] If the density is less than
10"2 cm"3 then there is only one stable phase and any
fluctuations in density will disperse because their in-
ternal pressure cannot be balanced by that of the inter-
cloud gas so that only diffuse gas is possible.t But such
a density Ng ~ 1-3 χ 10~3 cm"3 seems to be the mean
density of gas in the outer regions of the Andromeda
nebula assuming N ^ ~ 1019 cm"2 ll2Zl and the thickness
of the disc I £ 2 kpc. The last figure comes from an
analysis of the distribution of neutral hydrogen in the
Milky Wayc i l 3 ] and also from estimates of the thickness
of a homogeneous gas disc under the influence of the
gravitational field of the central regions of the galaxy. c u o ]

If observations confirm the absence of clouds at the
peripheries of galaxies then one could conclude that out
to the cut-off in the distribution of neutral hydrogen the
column density in the ionized region is smaller than the
neutral one. On this basis an upper limit to the intensity
of the background ionizing radiation of 3V < 10"23 erg-

*Heating by the background radiation is small if the gas is distributed
in massive clouds having NH' > 1020 cm"2. It is noted below that under
typical conditions found in the outer regions of galaxies (NJJ < 10'2 cm"3),
there is little likelihood of new clouds forming from the diffuse gas. It is
even less likely that clouds can reach the outer regions of the galaxy
from the central regions.

t We also note that a small abundance of heavy elements in the gas
in the outer regions of galaxies leads to a sharp decrease in the energy
losses of dense clouds and thus to the existence of only diffuse gas.



THE UNIVERSAL E L E C T R O M A G N E T I C B A C K G R O U N D RADIATION 585

c m ^ s ^ s r ^ H z x can be found.1·109·' This limit refers to
the wavelength region 300 < λ < 912 A. With decreasing
wavelength the cross section for photo-ionization falls
as σ ex (vc/v)3. Calculations of the secondary effect
(ionization of atoms by photo-electrons) leads to a limit
Jv < \Q'Z3(v/vcf erg-cm" 2 s^sr" 1 Hz"1. These limits
are important in studies of the properties of the inter-
galactic gas and in estimating its density. They are
also important in analyzing the spectra of relativistic
electrons as sources of the X-ray background (see next
section).

The limits which we have obtained are two orders of
magnitude smaller than those found experimentally in
the neighboring "observable" ultraviolet waveband. Hy-
drogen in the outer regions of galaxies turns out to be
potentially a hundred times more sensitive a detector
than counters on board rockets and satellites. But even
this limit is not particularly low since it corresponds to
ten thousands of ionizing quanta falling every second on
each square centimeter of the surface of the galaxy. The
total energy falling on a galaxy such as the Andromeda

nebula having dimensions R~30kpc is 'L~4.-n1Rz jnjvdv
"c

f» lO^-lO^erg-s^which is of the order of the total
power of sources of cosmic rays in the Galaxy. l lZ3i

Therefore if galactic sources of energy can ionize the
gas in the disc by internal heating then in the outer re-
gions the dominant role may well be played by the back-
ground radiation.

To confirm the above limits requires careful analy-
sis of the existing experimental data and new observa-
tions of our own Galaxy and external galaxies at 21 cm
with high resolution. It is clear that the method we have
described can give important information about the ion-
izing background radiation which is impossible to find
in any other way and which is very important for under-
standing physical processes in the intergalactic medium.

V. X-RAY WAVELENGTHS (0.01 < λ < 100 A; 3 x 10 l e

< K 3 x 102c Hz; 100 eV < (. < 1 MeV)

X-ray astronomy began in the late 1940's when x-ray
emission from the Sun was discovered. In 1962 the first
galactic sources were discovered and since that time
systematic studies of sources and the x-ray background
have continued.

1. Observations

Observations with rockets, balloons and satellites
have shown that there exists a highly isotropic x-ray
background in the classical x-ray region, 1 to 10 A, im-
plying that it is of extragalactic origin. Its spectrum
has also been determined and a number of measure-
ments made in recent years is shown in Fig. 9 which
is taken from the survey of Silk.:2:l It can be seen that
the spectrum of the x-ray background is not particularly
well determined but some features seem to be appearing.

a) The hard x-ray region ( ΐ > 1 keV). In the range
40 keV < hv = € < 0.5 MeV the spectrum is of power-
law form having spectral index a « 1.2 (i.e., J( I)

gies greater than 100 MeV. In any case such a spectrum
does not contradict y-ray observations in the range
30 MeV < '( < 1 GeV which have been made from the
space platforms "Proton-2" "Cosmos-208" t l 44 ] and
OSO-III.C132J The excess background intensity in the
range 1 to 6 MeVcl43:l can be considered a contribution
of soft y-rays superimposed on a single power law spec-
trum (see Fig. 12 and the subsequent discussion).

There seems to be a break in the background spec-
trum at about 30 to 40 keV and in the range 10 to 40 keV
the spectral index is most likely to be a « 0.7. It is
possible that in the range 1 to 10 keV the spectrum is
even flatter and values as low as 0.3 have been reported.
However there is no single opinion as to the exact value
as is evident from Fig. 9. It is not known whether the
radiation in this region is truly a power law spectrum.
It is only clear that in the range 1 to 40 keV the slope
of the spectrum is significantly smaller than that for
I > 40 keV. Figure 9 should also include the back-

ground measurements at 1 keV from the space station
"Luna-12" llisl which were among the first observations
to find a break about 10 keV.

The determination of the exact spectrum for energies
greater than 300 keV are extremely difficult because in
this region the Compton losses of the quanta in the
counters are not unambiguously related to the initial
spectrum of the radiationC1471 which is why Vette et al.[143]

could not give an exact estimate of the spectrum in the
range 0.25 to 6 MeV. The parameters of the spectrum
can only be obtained from the spectrum of energy losses
on the basis of certain assumptions (see the following
section). These remarks, : i47J however, are not impor-
tant in the region of the break of the spectrum at (
~40keV. [ 2 ]

b) The soft x-ray region (250 eV < g < 1 keV).
From Fig. 9 it can be seen that at energies less than
1 keV the spectrum again steepens. The exact value of

i -/ -

-j

1
, ' ! Baxter etal, 1969 (»l
o" Sleeker, leerenburg, 1969 (»l

---. Boldt etal,1969 Ί&χιη
t t

t Banner etal,1969 №

e Chupp etal,1970 \W
Δ C l a r k e t a / , 1 9 6 6 ; S a r m

"•-- lucres etal, 1969•«'»
fcsa Borenstein etal,1969 tn

3 l f

+ , Hat/akawa et al, 1969 (»1
^ s 1 Henry etal, I9SS I'M
•f- Schwartz et al, 1970 Ml
- a ! Metzger et at, 1964 I'M
i Rocchia et al ,lS6o ι™1
• Rot hen flag el al. 1968 »«l
+ Toar etal.WW Μ

•$· Vandcn Bout and lint is, 1970 1™J
- + - Vette etal,1970 №

r

0
oc ι•-1·2; N( I) = J( (')/ f = 100 •( ~ 2 ' 2 quanta-cm"2s"1

keV~1sr"1). It is possible that this law extends to ener-

log (energy S)(keV)

FIG. 9. Spectrum of x-ray background radiation of universe.
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intensity of the background in this region is not known
because of uncertaint ies in the correc t ions for absorp-
tion by in ters te l la r gas in the galaxy. But even if no
account i s taken of these correct ions the measurements
indicate the existence of excess soft x-ray emiss ion in
comparison with that expected from extrapolation from
the region having energy t > 1 keV.£ 1 2 9 1 It is found that
the intensity of the background at I ~ 250 eV has a
strong dependence upon galactic c o o r d i n a t e s / 1 2 8 ' 1 2 9 ' 1 3 5 '
1 4 2 1 Other m e a s u r e m e n t s ' 1 4 8 1 have shown that the excess
background and dependence upon galactic coordinates
a r e sti l l p resent at 680 eV. The intensity has a maxi-
mum in direct ions perpendicular to the galactic plane
which is readily explained if the absorption of the back-
ground radiation takes place in the inters te l lar gas and
is evidence for the extragalact ic nature of the soft x-ray
background emiss ion. Only one set of m e a s u r e m e n t s 1 1 2 4 3

has not found this dependence on galactic coordinates
and they have found an anomalously high background in-
tensity contradicting all the other data. These resu l t s
could be explained if the background which they ob-
served originates in the a t m o s p h e r e . ' 1 4 9 1 The d i sc rep-
ancies between the r e s u l t s of different groups a r e not
great and a r e mostly connected with differences in the
direction of observation which of course corresponds
to different amounts of absorption. In addition some
groups C 1 3 e l have attempted to make correct ions for the
absorption for observations in the direction of the ga-
lactic poles (basing their cor rec t ions on 21-cm e m i s -
sion m e a s u r e m e n t s which would suggest a factor of 3
should be applied to their resu l t s ) . Other g r o u p s ' 1 2 8 1 do
not include these correct ions since they consider the in-
t e r s t e l l a r gas to be concentrated in clouds which would
make the in ters te l la r medium optically thin for soft x-
ray radiat ion. C 1 5 0 1 In any case as we have already noted
the m e a s u r e m e n t s indicate that t h e r e exists an excess
background in the soft x-ray region and that it is ex t ra-
galactic in n a t u r e . There r e m a i n s the possibil ity that
this radiation could originate in the halo of our galaxy.
However such an interpretat ion encounters energetic
difficulties. On the other hand it is impossible to r e -
ject this possibility completely in view of the many dif-
ficulties which will be encountered in constructing sa t-
isfactory models for the soft x-ray background. For
example Shklovsky and ShefferC 1 5 1 ] have proposed that
if the galactic spurs—extended arc-l ike features of the
radio sky a r e the remnants of nearby old supernovae
(-30-100 pc distant, ages ~ 1 0 5 - 1 0 6 years) then thei r
t h e r m a l emiss ion could explain the observed excess
soft x-ray emiss ion.

Recent observations of the background with high
spectra l reso lut ion : i 4 8 » 1 5 2 ] have found evidence for the
existence of a narrow spectra l feature in the back-
ground spectrum close to 7 keV (Δλ/λ < 0.15) which
they interpret as the K a line of i ron. There is inde-
pendent evidence for the existence in the background
spectrum for the K a line of carbon. 1 · 1 5 3 1 These data
have not been substantiated but if they a r e , then the
small spectra l width of the l ines imply that the source
of the radiation is nearby.* The sources of the radiation

*More recent observations [1S2a] designed to search for line radia-
tion have failed to detect any line on the background spectrum at about
7keV.

cannot be at cosmological distances because the redshift
would smear out the line to a broader bandwidth. The
well-known mechanism for producing effective K a line
emission from heavy ions is charge exchange non-reso-
nance transi t ions due to sub-cosmic r a y s (Ε ~ 10-30
MeV), by inters te l lar hydrogen/ 1 5 4 1 If supernova r e m -
nants accelerate a large quantity of enriched heavy e le-
ments to sub-cosmic ray energies then their charge
transfer radiation in x-ray lines could be associated
with nearby supernova remnants , such as might explain
the galactic s p u r s .

2. The Origin of the X-ray Background

The question of the origin of the x-ray background
radiation and what the principal sources a r e is not yet
settled. There exists a large number of theor ies of
varying degrees of credibil ity. This is connected with
the fact that information is almost completely lacking
both about d i screte extragalactic x-ray sources and
also about physical conditions in intergalactic space.
More than 50 x-ray sources a r e now known and of these
6 a r e extragalact ic. These include—the neares t galaxy
to us, the large Magellanic Cloud,1·1 5 5 1 the radio galaxy
Centaurus A (NGC 5128),C X 5 e ' 1 5 7 1 the powerful radio gal-
axy with an active nucleus Μ 87 (Virgo A ) [ 1 5 8 ' 1 5 9 1 in
which the observed explosion contributes a significant
fraction of the radio and optical luminosity of the gal-
axy, the quasar 3C 2 7 3 [ 1 5 6 ' 1 5 7 ] and the Seyfert galaxies
NGC 1275 C l e o ' 1 6 1 1 and NGC 4151. C 1 8 1 1 In addition there
exist upper l imits to the x-ray luminosity of the power-
ful radio sources Cygnus Α , [ 1 β 3 ] the Seyfert galaxy NGC

1 0 6 8 t i e n a n d a n u m b e r o f o t h e r objects. The x-ray
emission from the radio galaxy Centaurus A comes
from the region of the compact nucleus and not from
the extended radio s t ructure 1 · 1 5 6 ' 1 5 7 1 whereas in the case
of the radio galaxy Μ 87 an extended region of x-ray
emission is observed which was at one t ime thought to
be the integrated x-ray emiss ion from galaxies in the
Virgo cluster . 1 · 1 8 2 1 The extended region of x-ray e m i s -
sion in the Virgo c luster was f irst discovered in obser-
vations with the satel l i te " C o s m o s . " 1 · 1 6 4 1 The radio
galaxy Μ 87 has been found to be variable at x-ray wave-
lengths—over a per iod of two years the hard x-ray
emission («5 > 10 keV) has changed by a factor of about

1 0 [is?] x _ r a y emiss ion has also been observed from the
Milky Way having intensity about 10% that of the isotropic
background in the range Ζ ~ 1-10 keV. t i e 5 1 In fact it is
difficult to est imate the total x-ray luminosity of our
Galaxy from these data. The most rel iable es t imates
of the luminosity of the Galaxy due to d i scre te x-ray
sources is Lx ~ Ι Ο ^ - Ι Ο 4 0 e rg-s" 1 . 1 1 6 8 1 The luminosities
of the objects described above a r e included in Table III.

It is a straightforward calculation to es t imate the
contribution of d i scre te sources such as our Galaxy to
the total energy density of the x-ray background and it
amounts to w x κ LxNt ~ 3 χ 10" 7-3 χ 10"6 eV-cm~3 which
is 30 to 300 t imes smal ler than the observed back-
ground of w x s» 10~* eV-cm" 3. The spect ra l c h a r a c t e r
of such radiation is not known although it is c lear that
there a r e other difficulties with this model. It is not
known, for example, how a population of sources such
as the Crab Nebula, ScoXRI and so on can explain the
observed spectrum of the background and in par t icu lar



THE U N I V E R S A L E L E C T R O M A G N E T I C BACKGROUND RADIATION 587

the break at 6 ~ 40 keV. If it is supposed that the x-ray
sources evolve with cosmological epoch then the energy
problem can be solved but not the problem of the spec-
trum. By the same type of argument sources such as
Cen A, Cyg A, M 87, and 3C273 also cannot explain the.
observed intensity of the x-ray background and the only
possibility seems to be Seyfert galaxies (see Table III).
If on average the latter have x-ray luminosities of the
order of that found in NGC 1275 then the background
would be about 10 times greater than that observed.
However NGC 4151 and 1068 are much weaker x-ray
sources than NGC 1275.

The observed spectrum and intensity lead to severe
restrictions upon models of the origin of the background
and upon possible sources such as the intergalactic me-
dium or discrete sources—quasars, normal galaxies,
radio galaxies, Seyfert galaxies or some other type of
galaxy. Any theoretical model must explain the follow-
ing facts —

a) a power law spectrum with a « 1.25 in the energy
range 40 < f < 500 keV;

b) the spectral break at f « 40 keV;
c) the excess of soft x-ray emission at f ~ 250 eV;
d) the high energy density of the x-ray background

radiation which corresponds to a factor of 1000 greater
than the energy density of the non-thermal radio back-
ground (see Table I).

Condition a) can be explained by some non-thermal
mechanism of radiation. It is often supposed that this is
the inverse Compton scattering process of low energy
(relict?) radiation by relativistic electrons having power
law spectrum dN e = ReE^^dEe- The existence of such
electrons in cosmic objects is without doubt. They are
observed as a constituent of the primary cosmic rays
in our Galaxy and in addition their radiation in the gal-
actic magnetic field gives rise to the radio emission
from our Galaxy and from radio galaxies. In spite of
the fact that this radiation mechanism is well known it
is not clear what the sources of the relativistic elec-
trons are nor the region in which the x-ray emission
is generated (discrete sources or intergalactic space).
The simplest models cannot explain conditions b), c),
and d).

The high intensity of the soft x-ray background is
usually explained by another mechanism—the brems-
strahlung emission of hot gas in intergalactic space or
in discrete sources or as the radiation of supernovae
in other galaxies. An interesting model of the latter
type has been proposed by Shklovskiic i e 7 ] in which the
excess radiation at ΐ ~ 250 eV is attributed to the r e m -
mants of supernovae radiating in the resonance l ines of
oxygen, Ο VII and Ο VIII, at a wavelength λ ~ 20 A. A
significant fraction of the kinetic energy of the cloud
ejected from the s tar would have to be radiated in these
l ines . The redshift of this radiation from distant galax-
ies will be observed at ΐ ~ 250 eV (λ ~ 50 A) if they
have a redshift ζ ~ 1. The model predicts that there
should be sharp x-ray lines in the spectra of the r e m -
nants of supernovae in our Galaxy (we note that at higher
energies continuous radiation has already been observed
from such objects) and a sharp cutoff to the spectrum of
the background at wavelengths λ < 20 A.

It is important to note the importance of p r e c i s e
spectra l measurements of the background. In par t icu-

lar observations of absorption features in the back-
ground spectrum could be related to photo-ionizing Κ
electrons of atoms and ions of heavy elements and make
it possible to determine the abundances of heavy ele-
ments (C, Ν, Ο etc.) in the interstellar gas of our Galaxy.

Below we will describe particular mechanisms of ra-
diation as the source of the x-ray background. We will
find limits to the parameters of the intergalactic gas
and to the energy density of relativistic electrons in
intergalactic space as well as other information which
can be found from analysis of the intensity and spectrum
of the observed background radiation.

3. The Bremsstrahlung Mechanism

a) The radiation from the intergalactic gas. The ob-
served soft x-ray background together with the ultra-
violet observations described above set important limits
to the present state and past history of the intergalactic
gas. A hot intergalactic gas c i e 8 j radiates high energy
quanta principally by free-free transitions in the field
of the nuclei of atoms. The spectrum of this emission
by electrons at temperature T e is roughly flat (a = 0)
up to a frequency ν ~ kT e /h above which the emission
decreases exponentially. The exact predicted spectrum
of the x-ray background depends upon the thermal history
of the gas but an exponential cutoff is characteristic for
all reasonable models. [ 1 β 9 ' 1 7 0 : ι In Fig. 10 we show the ra-
diation spectrum of the intergalactic gas for a number of
different models of its temperature history and making
different assumptions about its density as discussed by
Doroshkevich and Sunyaev.c m : l

It is impossible to explain the overall x-ray back-
ground spectrum as bremsstrahlung emission of the in-
tergalactic gas. In the hard x-ray region ( ΐ > 1 keV)
it is impossible to explain the power law spectrum up
to energies ΐ ~ 500 keV.£14e] The excess soft x-ray
emission was immediately interpreted as evidence for
the existence of a hot intergalactic gas of roughly criti-
cal density at a temperature T e ~ 3 χ 105-10β °K. [136»172]

In this case, however, it is difficult to find a satisfactory
exponential law in the soft x-ray region which does not
exceed the upper limits to the intensity of the ultraviolet
background which were found in the preceding section
from observations of neutral hydrogen in the peripheries
of galaxies, provided, of course, these limits are con-
firmed by future studies. These arguments apply not only

L.H1 Hell
λ ml

ε, eV

F I G . 1 0 . R a d i a t i o n s p e c t r u m o f i n t e r g a l a c t i c g a s , c a l c u l a t e d u n d e r

v a r i o u s a s s u m p t i o n s c o n c e r n i n g i t s d e n s i t y a n d t h e r m a l h i s t o r y .



588 Μ. S. L O N G A I R a n d R. A . S U N Y A E V

to the radiation of the inter galactic gas but also to any
model which involves large quantities of high t e m p e r a -
ture gas ( T e ~ 10 5 -10 e °K) along the line of sight, e.g.,
gas in the halos of galaxies, d i sc re te thermal sources
o r intergalactic gas in c l u s t e r s of galaxies. 1 · 1 7 4 3

Bunner et a l . t 1 2 9 3 have made observations in two spec
t r a l bands at 250 eV and 900 eV. F r o m the relat ive in-
tens i t ies in these two bands they have found that their
observations a r e best represented by bremss t rahlung
emiss ion of an intergalactic gas with density Ω ~ 0.2
(n e ~ 2 χ 10"6 cm" 3 ) and T e ~ 2.5 χ 10β °Κ. This involves
a correct ion for the hard x-ray emiss ion which is found
from extrapolation from the range 1 to 10 keV. This
model does not contradict the l imits in the ultraviolet
because at such a high t e m p e r a t u r e the intensity of the
radiation 3V oc exp ( - h y / k T e ) pract ical ly does not in-
c r e a s e with decreasing energy of the quanta (hi;/kT e

< 1 for hi; > 250 eV).

We d igress from par t icu lar models of the evolution
of the intergalactic gas since knowing only the total in-
tensity of radiation at I ~ 250 eV upper l imits can be
found for the intergalactic gas at any redshift . 1 1 7 3 3 If
Ω = 1 we find T e < 1.5 χ 106 (1 + z) °K. Because the ex-
p r e s s i o n for the intensity of bremss t rahlung radiation
has the form j v <χ η | Τ β

ν 8 exp {-h^/kT e } then for hi//kT e

S> 1 the l imits to the tempera ture depend logari thmic-
ally upon Ω . The dependence of the limiting temperature
on redshift is connected with the fact that for a constant
exponent in the above expression T e must change in the
expansion as v, i .e., T e <* (l + z ) . Because of the many
ways in which n e and Τ could depend upon redshift the
above l imit is useful since it must be t rue for any r e d -
shift provided there exis ts hot gas for per iods of t ime
of the o r d e r of the cosmological t ime scale at that epoch.

The intergalactic gas i s optically thin for soft x-ray
radiation. It therefore follows that the abundances of
heavy e lements a r e smal l (about 100/Ω t i m e s smal ler
than in the Galaxy) and also that helium is highly ion-
ized which r e q u i r e s T e > 105 °K if Ω ~ l . c m 3 A 10%
helium abundance in the pr imaeva l mat ter is predicted
by the hot model of the universe. For smal l values of
Ω photo-ionization can lead to the ionization of the gas
even at low t e m p e r a t u r e s . C 1 7 1 3

b) The bremsst rahlung emission of subcosmic r a y s .
It has been proposed a s an alternative that in the inter-
galactic medium besides a Maxwellian p lasma there also
exist large fluxes of sub-cosmic rays , both e l e c t r o n s 1 1 7 5 3

and protons . 1 · 1 7 8 ' 1 7 7 3 The spectrum of their b r e m s s t r a h l -
ung emission will not be exponential but will depend upon
that of the injected p a r t i c l e s . We note that non-thermal
protons radiate x-ray quanta in coll is ions with the Max-
wellian e lectrons of the intergalactic gas—in a sense,
this is " i n v e r s e " bremss t rahlung radiation—and the
non-thermal e lectrons interact with protons of the i n t e r -
galactic gas . By an appropriate choice of the initial
spectrum of p a r t i c l e s and the epoch of injection, it i s
possible to obtain a spectrum of the x-ray emiss ion
s imi lar to that observed. The break at 40 keV can be
explained in such a model as a distortion of the spec-
t r u m of the non-thermal p a r t i c l e s in the low energy r e -
gion because of ionization losses (to be more exact, b e -
cause of Coulomb scattering) in the intergalactic gas.
In o r d e r that the break occur at 40 keV in the c a s e of
e lect rons, the density must be le s s than Ω %. %o and in

the proton case all the par t ic le s will be thermalized by
electrons within cosmological t ime sca les if their en-
ergies a re g r e a t e r than 60 keV (E ~ 800 keV if Ω = 1)
and the spectrum of the radiation will not be power-law
in nature .

This model can only be tenable in the case when the
intergalactic gas contains (or contained in the past) a
very high density of sub-cosmic r a y s because the non-
thermal bremsst rahlung mechanism is a very ineffec-
tive way of converting the kinetic energy of par t ic les
into radiation. A major fraction of their energy goes
into heating the surrounding p lasma and this energy is
lost adiabatically in the expanding universe. In the case
of x-ray radiation, only about 10"4 of the energy loss of
the sub-cosmic rays goes into x-ray emiss ion. To ex-
plain the observed intensity of the x-ray background it
is necessary to suppose unacceptably large injections
of energy a significant fraction of which goes into ion-
izing and heating the gas . The re-radiat ion of even a
small fraction of this energy of the intergalactic gas
(or the gas in the sources of cosmic rays themselves)
at radio, optical, ultraviolet and x-ray wavelengths
would contradict the observat ions.

There is a further difficulty; it is not known how the
par t ic le s can escape from thei r sources which a r e sup-
posed to be radio galaxies or q u a s a r s . They must e s -
cape through regions of high density cold p lasma where
they must be rapidly thermal ized (detailed c r i t i c i s m s
of this hypothesis a r e given in £ 1 7V 9> 2 : 1 .

4. The Inverse Compton Scattering Mechanism

The theory of the origin of the x-ray background for
energies f > 1 keV which has received most attention
is the following. Photons' of the microwave background
radiation which have mean energy hi>ph « 2 . 8 k T r = 7
χ 10~* eV a r e scat tered by relat ivist ic e lectrons origi-
nating in extragalactic radio sources or normal galax-
ies . These photons a r e elevated to X-ray energies with

«=4Μ^Γ· (υ
If the spectrum of electrons is of power-law form

then the x-ray emiss ion also obeys a power law. In fact,
to f irst approximation it follows from (1) that

i.e., the spectra l index of x-ray emiss ion is (γ - 1)/2.
It is well known that there is a strong s imi lar i ty b e -

tween the synchrotron and inverse Compton mechanisms
of energy loss by relat ivist ic e l e c t r o n s " 8 0 3 For our fur-
ther discussion it is sufficient to use the s imple formu-
lae describing the radiation of relat ivist ic e lectrons lo-
cated in a magnetic field of intensity Β and in an iso-
tropic radiation field of energy density w p h· The spec-
t r a l coefficient of the radiation (per unit volume if Ke
is given in units of cm" 3 or for any number of e lectrons
provided the dimensions a r e c o r r e c t ) is equal to the
following at radio and x-ray wavelengths
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v-i
2

ν-ι
2 (2)

where σ̂ ρ = (8π/3)(β 2 /πι θ

ο 2 ) 2 i s ' the Thompson scattering
c r o s s section, um - 0.4eB/27rm ec = 1.2 χ10"*Β (where
Β is given in Gauss) and the mean frequency of the pho-
tons is yph, which in the case of the microwave back-
ground radiation is î ph = 1.5 χ 1 0 u ( l + z) Hz, assuming
it to be Planckian. Since the energy los ses of re lat iv i s-
tic e lectrons by inverse Compton scatter ing is

dEe

~dT
Ee

(3)

and by synchrotron radiation

dEe

it can easily be shown that the lifetime of relat ivist ic
electrons is

Ee

a ) T h e m i c r o w a v e b a c k g r o u n d r a d i a t i o n a n d t h e x - r a y

b a c k g r o u n d . R e l a t i v i s t i c e l e c t r o n s o r i g i n a t i n g i n e x t r a -

g a l a c t i c r a d i o s o u r c e s l o s e e n e r g y b o t h b y t h e s y n c h r o -

t r o n a n d i n v e r s e C o m p t o n m e c h a n i s m s . S y n c h r o t r o n

l o s s e s b e c o m e n e g l i g i b l e w h e n t h e r e l a t i v i s t i c e l e c t r o n s

l e a k o u t of r a d i o s o u r c e s b u t t h e i n v e r s e C o m p t o n l o s s e s

d u e t o t h e m i c r o w a v e b a c k g r o u n d r a d i a t i o n a r e a l w a y s

p r e s e n t b e c a u s e t h e e l e c t r o n s c a n n o t e s c a p e f r o m t h i s

o m n i p r e s e n t r a d i a t i o n . T h e e l e c t r o n s t h e r e f o r e c o n t i n u e

r a d i a t i n g x - r a y s u n t i l t h e y h a v e l o s t a l l t h e i r e n e r g y .

B e c a u s e Vph a n d ^ x c h a n g e d u r i n g t h e e x p a n s i o n of t h e

universe according to the general law ν = vo(l + z) and
there is a l inear relation between them, ux = y 3 fph
χ ( E e / m e c 2 ) 2 a given observed x-ray wavelength always
corresponds to low frequency photons being scat tered
by relat ivist ic e lectrons of the same energy independent
of redshift. The lifetime of e lectrons against inverse
Compton scatter ing los ses is

-^ "' "' 4 aTwph \ Ee I (l + z)4

so that it d e c r e a s e s rapidly with redshift because of the
increasing radiation energy density. The lifetime of
e lectrons having energies E e < 100 MeV exceeds c o s -
mological t ime scales at the present epoch t ~ H^1

~ 101 0 y e a r s and therefore for ΐ < 100 eV the spectrum
of the radiation is determined by the above formula and
α = (Y~ 1)/2. C 1 8 1 1 Electrons having energies E e > 500
MeV correspond to x-ray photons of energy ( > 100 eV
and their half-lives a r e t c & 2 χ 109 years , i.e., their
lifetime is significantly smal le r than cosmological t ime
sca les . Since t c cc E e* oc ( ~1 / 2, it follows that for ΐ
> 100 eV the spectra l index of photons of the x-ray r a -
diation changes by a half, i .e., a = γ/2 for an injection
spectra l index of e lectrons into the intergalactic space
of γ. This resul t is independent of the t ime dependence
of the injection of p a r t i c l e s . It is only important that
the par t ic le s lose all their energy.

There is another way of seeing how this comes about.
If we have a continuous injection of e lectrons per unit
volume and their lifetimes a r e small then

where b(E) oc E ^ descr ibes the Compton losses (Eq. (3))
and q ( E e , t) = AkgEg^ c h a r a c t e r i z e s the ra te of injec-
tion. t l 8 2 J In the stationary situation 9 N e / 9 t = 0 and the
solution of the above transfer equation is N e oc ΕζΥ'1,
i .e., the spectrum of e lectrons has steepened.* The
steady-state x-ray emission of the e lectrons then c o r -
responds to J[,(i5) oc £-Y/z. Taking account of the ex-
pansion of the universe does not change this conclusion.
Thus the spectrum of the x-ray emission must be
steeper than the spectrum of the radiation from the
sources of relat ivist ic e lectrons in the radio waveband.

The observed integrated energy density of x-rays
can be used to find an upper l imit to the density of c o s -
mic rays in intergalactic space

;1.8·1Ο-*(1+Α·) eV c m " (6)

independent of the s o u r c e of the p a r t i c l e s , their c o s m o -
l o g i c a l evolut ion and the epoch of injection of c o s m i c

r a y s [183] The only hypothes i s i s that the rat io of p r o -
tons to e l e c t r o n s r e m a i n s the s a m e a s generated in
s o u r c e s (Lp = K L e ) . It i m m e d i a t e l y fo l lows from (6)
that the energy dens i ty of r e l a t i v i s t i c e l e c t r o n s at the
present epoch in intergalactic space is w e s 1.8 χ 10"4

eV-cm" 3. But the l imit given by (6) is much more pow-
erful. Electrons rapidly lose all their energy but the
lifetime of protons having energies in the range 108

< Ep < 10 1 8 eV a r e significantly g r e a t e r than cosmo-
logical t ime sca les . This is why the x-ray background
radiation, which gives direct ly the energy in re la t iv i s-
tic e lectrons ejected into intergalactic space, contains
important information about the present day density of
cosmic rays in the universe. t In our own galaxy Κ
« 100 and therefore if the cosmic rays observed in the
Galaxy having energy density w c r ~ 1 eV-cm" 3 were
extragalactic in origin, then an x-ray background 60
t imes greater than that observed should be observed.
This is an important piece of evidence in relation to
the theory of the galactic origin of cosmic rays (see
discussions in C 1 8 4 . 1 8 5 J ) .

b) Discrete source models . The nearby extragalac-
tic objects which have extended regions of radio e m i s -
sion such as normal galaxies and radio galaxies a r e
certainly sources of x-ray emiss ion because of the ex-
istence of the microwave background radiation. How-
ever such objects cannot explain the observed x-ray
background, because in radio galaxies (Cyg A, Cen A)
L X / L R & 3 (see Table III) in comparison with that nec-
e s s a r y to explain the background L X / L J J ~ W X / W R
~ 103 (see Table I). In the case of our Galaxy the losses
due to inverse Compton scatter ing a r e of the same order
as those due to synchrotron radiation because L X / L R
~ νφ/(Βζ/8ττ) ~ 1 (see liZ3}). This means that if we
neglect the effects of cosmological evolution the inverse
Compton scatter ing of the microwave background radia-
tion by relat ivist ic e lectrons in galaxies and radio

*If the characteristic lifetime for low energy electrons exceeds the
characteristic time of the system ts, then the electron spectrum (and
the corresponding x-ray spectrum) will have a break in the energy range
for which t c ~ t s.

tThis refers, of course, to redshifts ζ <S 100, at which distortions of
the x-ray background may be expected (see next section).



590 Μ. S. LONGAIR and R. A. SUNYAEV

sources cannot give much more than 10~3 of the observed
background unless we suppose the magnetic fields in
radio galaxies are less than 10"8 Gauss (since Β2/8π
< 10~3 Wph) which is implausibly low.

The necessary ratio of W X /WR can be found if:
1) The escape time of relativistic electrons from

galaxies and radio galaxies is 1000 times less than the
characteristic time for synchrotron losses. Then the
electrons can lose all their energy by inverse Compton
scattering in intergalactic space where undoubtedly
Β2/8π < 10"3 Wph.

2) The principal contribution to the background
originates at large redshifts (ζ ~ 5-10). This hypothe-
sis enables us to use the observed cosmological evolu-
tion of powerful radio sources so that the injection of
relativistic electrons in the past was much greater than
at the present day. More important is the change in the
energy density of the microwave background which
changes as wph = wph (z = 0)(l + z)4. If the magnetic field
in sources remains the same with epoch then the ratio
87rwph/B2 and hence L X / L R increases.C 1 8 e > 1 8 7 ]

3) The x-ray emission originates in the nuclear re-
gions of Seyfert or other galaxies or even quasi-stellar
galaxies in which objects the energy density of infra-
red radiation Wph ~ Lir/477r2c in the small region r
< 1-100 pc can greatly exceed the value of Β2/8π.C1883

We note that this model can explain the excess soft x-
ray background radiation (see below). The majority of
models of the first and second type cannot account for
the spectral difficulties a) and b) described above and
do not explain the excess soft x-ray emission c).

In the most popular form of the theory" 8 1 ' 1 8 9" 1 9 2 3 it is
supposed that the electrons lose a small fraction of their
energy in radio sources and therefore their radio spec-
tra are of the form Jv °c u~a where α is related to the
spectrum of electrons by a = (y - 1)/2. The electrons
are then injected into intergalactic space where they
lose all their energy to photons of the microwave back-
ground converting them into x-rays with spectrum J( ΐ )
oc ι-(Oti/i). The mean spectral index of radio sources
is α = 0.75 t e l and therefore the predicted x-ray spec-
trum has a = 1.25 which is in excellent agreement with
the observed value for energies greater than 40 keV.
With an appropriate choice of parameters of radio
sources namely weak magnetic fields and lifetimes of
the electrons within radio sources of 106 years (i.e.,
their diffusion time from the region have Β » 10"8

Gauss and R ~ 10 kpc), it is possible to construct mod-
els of radio sources which include cosmological evolu-
tion and which can explain the observed ratio of energy
densities at x-ray and radio wavelengths.

However, in this simple model it is very difficult to
explain the existence of the break in the x-ray spectrum
at about 40 keV, as has been discussed in detail by
U9i,i88,i83] T n e o n l y b r e a k i n ^g injection spectrum of
the electrons of the correct from to produce the ob-
served break in the spectrum of the x-ray background
is the break in the radio background emission at 2 MHz
(see Sec. 1). However only if the magnetic field in all
radio sources is less than 10"7 Gauss could these breaks
be related, which seems an unreasonably small value of
the magnetic field. In any other variant it is necessary
to suppose the existence of further loss mechanisms
for the electrons as they are injected into intergalactic

space, e.g., adiabatic losses." 9 1 3 In this case the pa-
rameters of radio sources must be carefully adjusted
at large redshifts or else the distant radio sources
would have spectra Jv cc ν'1·25 which would contradict
the observations.C133 According to these observations
the mean spectral index of very faint radio sources are
the same as those of bright radio sources and have a
= 0.75. Furthermore it has recently been found that the
spectra of a significant fraction (about 40%) of radio
sources in the revised 3C catalogue (the standard cata-
logue of bright sources in the northern sky) have a spec-
tral break at high frequencies."9 3 3 This fact is difficult
to reconcile with this theory because it implies the ex-
istence of a further break within the observed hard x-ray
region. If the break were connected with synchrotron
losses in radio sources then the theory would be com-
pletely untenable because in this case the electrons
would have already lost a large fraction of their energy
in radio waves and could not supply a further factor of
1000 to produce the x-ray emission.

Brecher and Morrison1-21·1 have considered the first
of the above possibilities for obtaining W X /WR ~ 103—
the rapid ejection of electrons from normal galaxies
(with escape times of ~ 10s years for galaxies such as
ours). The radio spectra of normal galaxies appear to
have a break with Δ a ~ % in the frequency range v\>
«s 500-1500 MHz {a « 0.8 for ν > ν\> and a « 0.3 for ν
< i^b).1·1943 Normally this break is attributed to the fact
that electrons radiating in a magnetic field will have a
break in their spectrum at a frequency corresponding
to the energy of electrons for which the diffusion escape
time from the galaxy is equal to their lifetime against
synchrotron losses. The electrons from the high energy
region lose all their energy as radio emission and there-
fore for ν > fD the spectral index is a = y/2. Electrons
with small energies lose only a small fraction of their
energy as synchrotron emission and therefore a
= (y ~ l)/2· Thus, for injection with y = 1.6, most of
the total energy of electrons / N e ( E e ) E e d E e is radiated
in the radio region.

For this reason Brecher and Morrison must suppose
that the break in the spectrum of electrons at E e ~ 3
GeV from y ~ 2.6 to y ~ 1.6 is formed in the sources of
cosmic rays themselves, i.e., the break is primeval.
Compton scattering of photons of the microwave back-
ground from such electrons when they diffuse into the
intergalactic medium result in the observed break,
namely a = y/2 changes from 1.3 to 0.8 at I ~ 40 keV.*
Even allowing for a range in spectral indices it is diffi-
cult to obtain good agreement with the soft x-ray back-
ground and the y-ray background at energies greater
than 1 MeV. In the energy region t > 30 MeV the pre-
dictions of this model contradict the experimental data
(see Fig. 12).

In fact, normal galaxies can only contribute about
10% of the total radio background (see Table III) where-
as Brecher and Morrison suppose that they provide the

*A similar model [*85·192] has been proposed utilizing radio galaxies
in which the break in the radio spectra at high radio frequencies [196 ],
from aR - 0.75 to «R = 1.25, i.e. the spectra are steeper than in the
case of normal galaxies. The break in the x-ray background, from a x =
1.25 to a x = 1.75, contradicts the observed x-ray background spectrum.
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FIG. 11. Comparison of spec-
trum predicted by the model of
[»88j wjtjj tjje observed spectrum
of the background x-radiation—
solid line; the dashed line corre-
sponds to extrapolation of the
power-law spectrum from the
hard region: Jg ~ g-i·2·
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d o m i n a n t c o n t r i b u t i o n , a b o u t 9 0 % . T h i s m e a n s t h a t t o

o b t a i n t h e o b s e r v e d r a t i o W X / W R ~ 1 0 3 i t i s n e c e s s a r y

t h a t t h e e s c a p e t i m e o f e l e c t r o n s f r o m g a l a x i e s i s l e s s

t h a n 1 0 ~ * o f t h e c h a r a c t e r i s t i c t i m e f o r l o s s e s b y s y n -

c h r o t r o n e m i s s i o n f o r e l e c t r o n s h a v i n g E e ~ 3 G e V i n

a f i e l d o f a f e w m i c r o g a u s s , t ~ 1 0 8 y e a r s , i . e . , t ^ i f f

~ 1 0 4 y e a r s . C o s m i c - r a y p r o t o n s h a v e l i f e t i m e s i n t h e

g a l a x y g r e a t e r t h a n 1 0 7 y e a r s b e c a u s e o f t h e i r h i g h d e -

g r e e o f i s o t r o p y . I t s e e m s u n n a t u r a l t o s u p p o s e t h a t t h e

e s c a p e t i m e o f e l e c t r o n s s h o u l d b e 2 t o 4 o r d e r s o f m a g -

n i t u d e d i f f e r e n t f r o m t h a t o f r e l a t i v i s t i c p r o t o n s o f t h e

s a m e e n e r g y .

T h e m o d e l o f B r e c h e r a n d M o r r i s o n p r e d i c t s t h e e x -

i s t e n c e o f a s e c o n d b r e a k i n t h e s p e c t r u m o f r e l a t i v i s t i c

e l e c t r o n s i n g a l a x i e s . N o m a t t e r h o w r a p i d t h e e s c a p e

o f t h e e l e c t r o n s f r o m g a l a x i e s t h e r e e x i s t s s o m e l o w e r

e n e r g y s u c h t h a t e l e c t r o n s o f g r e a t e r e n e r g y h a v e l i f e -

t i m e s a g a i n s t s y n c h r o t r o n l o s s e s l e s s t h a n t h e e s c a p e

t i m e . W e a l s o n o t e t h a t i f t h e p r i m a r y s o u r c e o f r e l a -

t i v i s t i c e l e c t r o n s i n t h e g a l a x y i s t h e n u c l e u s t h e n t h e

b r e a k a t E e ~ 3 G e V c o u l d b e e x p l a i n e d b y i n v e r s e

C o m p t o n l o s s e s o f e l e c t r o n s c l o s e t o t h e n u c l e u s a n d

t h e s e c o n d a r y b r e a k c o u l d b e t h e r e s u l t o f s y n c h r o t r o n

l o s s e s i n i n t e r s t e l l a r m e d i u m . S u c h a m o d e l h a s b e e n

c o n s i d e r e d b y t h e a u t h o r s 1 · 1 9 7 1 t o e x p l a i n t h e r e l a t i o n s h i p

b e t w e e n t h e o b s e r v e d i n f r a r e d a n d g a m m a r a y a c t i v i t y

o f t h e n u c l e u s o f o u r G a l a x y .

c ) A r e t h e n u c l e i o f g a l a x i e s t h e p r i n c i p a l s o u r c e o f

t h e x - r a y b a c k g r o u n d ? A w a y o f a v o i d i n g a l l o f t h e a b o v e

d i f f i c u l t i e s w h i l s t r e t a i n i n g t h e a t t r a c t i v e f e a t u r e s o f t h e

i n v e r s e C o m p t o n m o d e l s w a s p r o p o s e d b y t h e a u t h o r s i i a a l

i n w h i c h i t w a s p o s s i b l e t o e x p l a i n n o t o n l y t h e h a r d r e -

g i o n o f t h e s p e c t r u m b u t a l s o t h e c o m p l e t e b a c k g r o u n d

a t e n e r g i e s g r e a t e r t h a n 1 0 0 e V . I n t h i s m o d e l w e u s e d

the fact that the spectrum of the background for ΐ > 40
keV is in good agreement with the mean spectrum of the
radio emiss ion of d i sc re te powerful radio sources if the
e lectrons lose a large p a r t of their energy by inverse
Compton scatter ing. Possible sources of the low energy
quanta for scatter ing by relat ivist ic e lectrons a r e the

compact infrared sources discussed above in Sec. 2.
The energy density of infrared radiation within a d i s -
tance of 1 to 100 kpc greatly exceeds the energy density
of the microwave background and the magnetic field en-
ergy Bz/8ir. We suppose that compact infrared nuclei,
in which it is well known violent explosions take place
releasing colossal energies, a r e the sources not only of
intense infrared emission but also of relat ivist ic e lec-
t rons with spectra s imi lar to those found in powerful
extragalactic radio s o u r c e s . As the e lectrons escape
from the nucleus the most energetic of them lose a
large fraction of their energy by inverse Compton scat-
ter ing of the infrared quanta in the nucleus which leads
to a hard x - r a y spectrum with a break s imi la r to that
observed at if > 40 keV. The e lectrons then escape into
intergalactic space where they lose all their remaining
energy by scatter ing photons of the microwave back-
ground radiation converting them into soft x - r a y quanta.

Since the mean energy of quanta in the infrared peak
(λ « 70μ) is 25 to 30 t imes g r e a t e r than the mean energy
of quanta of the microwave background, the break in the
electron spectrum must take place about E e ~ 600 to 700
MeV. In this case we will obtain a break in the x-ray
spectrum at 40 keV. The energy of the x-ray quanta
originating in intergalactic space have energy ν±τ /vph
~ 25-30 t imes smal ler than quanta result ing from the
scatter ing by the same e lectrons of the infrared rad ia-
tion close to the nucleus, i.e., the soft x-ray radiation
in this model originates in intergalactic space. As a
resu l t it is possible to explain the complete spectrum
of the x-ray background as ar is ing from a population of
infrared s o u r c e s . Detailed calculations a r e shown in
Fig. 11 and it can be seen that the resu l t s a r e in good
agreement with the observations throughout the range
250 eV to 1 MeV and for t > 30 MeV.

This model has a number of at tract ive features . For
example, it can explain why the total energy of radiation
in the soft and hard regions of the x-ray spectrum are
of the same o r d e r of magnitude. Secondly, there is no
energy difficulty since to obtain the observed x-ray
background it is only necessary that about 0.1 to 1% of
the energy in the infrared quanta go into relat ivist ic
e lect rons .

Bratolyubova-Tsi-
T lukidze et al., 1970 {'«]
~ Vetteetal., 1970 [""]
•-J-Garmiie, 1970 [ ' " ]

F I G . 1 2 . E x p e r i m e n t a l d a t a o n

b a c k g r o u n d y r a d i a t i o n . I t is s e e n

t h a t t h e m o d e l o f [ 2 1 ° ] , w h e r e b y

t h e 7 r a d i a t i o n c o m e s f r o m ir°-

meson decay at ζ ~ 100, contra-
dicts the background measure-
ments at £ > 30 MeV.

Brecher-Morrison
model, 1969 ["1
Τ Golenitskn et al,

1971 [">']

Sleeker's model,
1969 [1 1 0 |

0,1 I 10 100

S, MeV
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The x-ray quanta having energy £ ~ 1 to 3 keV cor-
respond to electrons having energy 100 to 200 MeV. At
such energies the injection spectrum of electrons may
be distorted because of ionization losses in the inter-
stellar gas close to the nucleus which could explain the
flattening of the x-ray spectrum in the low energy region
and also for '(: < 250 eV. In the latter case the increase
in intensity also diminishes because the lifetime of elec-
trons having E e < 100 MeV exceeds cosmological time
scales (see formula (5)).

The principal difficulty with this model is the require-
ment that the principal sources of the x-ray background
have similar physical properties or else the spectral
features of the background spectrum will be washed out.
This problem is, of course, present in all models in
which the detailed features of the x-ray background are
to be explained as the superposition of the spectra of
discrete sources. It is also important that the sources
which contribute to the background lie within a rela-
tively narrow range of redshift.

In the proposed model powerful infrared sources
must be among the most powerful and common class
of x-ray sources. The mean x-ray luminosity of the
nuclei of Seyfert galaxies would have to be Lx ~ 104S

erg-s"1, i.e., of the order of that observed in the radio
galaxy Μ 87. The existence of large numbers of ran-
domly distributed powerful sources of hard x-ray emis-
sion must lead to fluctuations of the background radia-
tion of the order AJg /Jg ~ 5 χ 10"2 on angular scales
of about Γ .

The nuclei of galaxies of small infrared luminosity
must also be sources of x-ray emission. In the case of
our galaxy the energy density in infrared radiation ex-
ceeds that of the microwave background within a radius
of 500 pc and part of the gamma-ray emission from the
region of the center l l 3 U could be explained on the basis
of such amodel . c i 9 7 ]

Recently unexpectedly large x-ray fluxes have been
detected from the Seyfert galaxies NGC 1275. u e 0 ' l e l ]

NGC 4151 £ l e " and the quasar 3C273 £ l e " whichare also
powerful sources of infrared emission. As we have al-
ready noted above, observations of the radio galaxy
Cen A and the variability of Μ 87 at x-ray wavelengths
indicate that the x-ray emission originates in the com-
pact nuclear regions of these galaxies. The fact that we
expect the nucleus of NGC 1275 and the quasar 3C 273
to be x-ray sources has already been discussed. It ap-
pears that the synchrotron spectrum of the radio source
associated with NGC 1275 could lie on the extrapolation
of the x-ray spectrum t l 9 8 3 and Shklovsktf noted that it
might be thermal emission from hot plasma close to
the nucleus. He also noted at that time the possibility
of converting radio quanta into x-ray quanta by scatter-
ing by relativistic electrons. [ 1 β β ] At the same time the
existence of the powerful infrared peak in the spectrum
of the radiation from the nucleus and relativistic elec-
trons in the observed compact radio source must inevi-
tably lead to x-ray emission by inverse Compton scat-
tering. Simple calculations show that in the cases of
NGC 1275 and 3C273 the x-ray radiation of the elec-
trons inferred to be present from the radio emission
from the compact source and radiating in the field of

the infrared radiation is of the order of that observed.*
The solution of the problem of the mechanism of gener-
ation of the x-ray emission can only be resolved by de-
tailed spectral observations of individual sources. Pre-
liminary data on the spectrum of the radiation suggest
1 < a < 2. Much further research is needed.

5. The Isotropy of the X-ray Background

The most convincing evidence for the extragalactic
origin of the x-ray background is the high degree of its
isotropy. Measurements from the satellite OSO-IIl'1653

have set an upper limit to large scale fluctuations in the
background in the range 10 < t < 100 keV of AJ X /J X

< 5% on angular scales θ ~ 10° and AJ X /J X s 3% on
scales θ ~ 20°. In the latter case the solid angle sub-
tended by the detector on the celestial sphere is Ω
= 0.1 sr. These data decisively rule out the hypothesis
that the hard x-ray background originates in the halo
of our galaxy and suggest that the contribution of the
halo to the background cannot exceed a few percent.

The observed upper limits to the large scale fluctu-
ations enable lower limits to be set to the number of
extragalactic x-ray sources in the universe—i.e., AJX/JX

« ΔΝ/Ν « (ΔΩ)~1/Ζ assuming a random distribution of
sources of the same observed brightness on the celestial
sphere or AJ X /J X « ΔΝ/Ν « (ΝΩ)"1/3 assuming them to
be randomly distributed in space. The first assumption
corresponds to the picture of strong cosmological evo-
lution in which the maximum number of sources occurs
at some redshift z m a x and the second to that in which
sources within a Hubble radius (R < CHQ1) are randomly
distributed in space. In the latter case the measure-
ments [ ι β 5 ] set a lower limit 4ττΝ > 3 χ 10β to the number
of sources on the celestial scale. This limit is about 10
times smaller than the observed number of clusters of
galaxies t l M ] and much less than the number of Seyfert
galaxies. At the same time this limit sets interesting
restrictions on the existence of super clusters of galax-
ies assuming, of course, that x-ray sources tend to be
concentrated in them. It is clear that if sources are
concentrated in clusters and superclusters much larger
fluctuations in the background are expected.

Thus the observations i i m i do not contradict the ma-
jority of models for the origin of the x-ray background.
There is the further possibility that observations of
fluctuations of the background can be used to distinguish
between different models. These models give different
predictions for the dependence of the amplitude of the
fluctuations upon the energy of the quanta. If the x-ray
background originates due to inverse Compton scatter-
ing of low energy radiation by relativistic electrons in
discrete objects then there should be no such dependence.
In models in which electrons escape into intergalactic
space the amplitude of the fluctuations should increase
with increasing energy of the quanta because the high
energy electrons do not have time to diffuse far from

The spectrum of the radio emission from the compact source will
be distorted because of induced compton interactions between the radi-
ation and thermal electrons, [23] and so the radio spectrum may differ
from the x-ray spectrum and have α « 0.
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their s o u r c e s . In the case of non-thermal b r e m s s t r a h l -
ung radiation in intergalactic space the opposite picture
i s found—particles with low energies a r e most easily
thermalized—and fluctuations a r e expected to decrease
with increasing energy.

In the model in which the pr incipal sources of r e l a -
tivistic e lectrons a r e the nuclei of infrared objects fluc-
tuations in the background at hard x-ray energies do not
depend on frequency but the soft x-rays which originate
in intergalactic space must be almost absent because the
lifetimes of the e lectrons radiating in this region a r e
comparable with cosmological t ime scales and greatly
exceed the t ravel t ime of e lectrons over the mean d i s-
tance between s o u r c e s . At the same t ime other models
of the origin of the soft x-ray background (e.g., super-
novae and their remnants , t h e r m a l emiss ion of hot gas
in c lus te r s of galaxies and discrete sources , and also
the intergalactic medium because of possible fluctua-
tions in the density of mat ter) predict significant fluc-
tuations in the background. Indeed observations of fluc-
tuations in the soft x-ray region a r e very difficult be-
cause of the presence of i r regu lar i t i e s in the inters te l lar
gas which lead to nonuniform absorption of the x-ray
background.

Measurements of the isotropy of the background also
give information about the large scale proper t ie s of the
universe, any anisotropy in its expansion, its rotation,
etc . The existing upper l imit to the 12- and 24-hour
period of the anisotropy is A J X / J X < 3%. These l imits
£ 1 β 5 ] in the range 10 < % < 30 keV have been determined
from a survey of roughly half the celest ia l sphere which,
of course, differs from the isotropy measurements of
the microwave background radiation which a r e made in
a single plane. The x-ray radiation is much more sen-
sitive to large scale anisotropies in the universe (and
of course for other sources of angular var iat ions of in-
tensity) because of the power law character of its spec-
t rum, i .e., it has positive spectra l index.L Z 0 0 1 The ex-
isting l imits a re three t imes weaker than those of the
microwave background radiation so that, for example,
the upper l imit to the velocity of the earth with respect
to the x-ray background is 800 k m - s " 1 in comparison
with ~250 km-s" 1 , see Sec. 1. In pract ice, it is very
difficult to improve the observations in the centimeter
region whereas observations at x-ray wavelengths a r e
just beginning to be made.

VI. y-RAY WAVELENGTHS (v > 10 2 0 Hz; t > 0.5 MeV)

Just as at x-ray wavelengths, y-ray emission is p r o -
duced by the inverse Compton scattering of low f re-
quency radiation by relat ivist ic e lectrons

e + hv—>e' +y

and by the bremss t rahlung radiation of non-thermal p a r -
t ic les interacting with t h e r m a l gas

H o w e v e r , t h e r e a r e n o w n e w p r o c e s s e s . A m o n g t h e s e

a r e the production of π mesons in proton collisions and
in the annihilation of ant imatter followed by the decay
of neutral pions

2γ,

The excitation of nuclei by non-thermal par t ic le s can
also resul t in y-ray quanta

p + Z—>p + z*,
Z'^Z + y,

and the annihilation of posi trons

and so on. Since the c r o s s sections and probabil i t ies of
all these p r o c e s s e s a r e well known, theoretical e s t i -
mates of the expected fluxes of y rays from di scre te
sources and the plane of our Galaxy can be made a s well
as the intensity of the background. Even the first de-
tailed observations have given interesting and unex-
pected r e s u l t s .

1. OBSERVATIONS

The discovery of powerful of y-ray emission from
the plane of our galaxy was as unexpected for the ob-
s e r v e r s as it was for the theoret ic ians . The telescopes
on board the orbiting solar observatory (OSO-III) d i s-
covered an extended line source lying in the plane of
the galaxy in the direction of the galactic center, the
flux of quanta having energies g rea ter than 100 MeV
being F ~ 5 x 10"4 c m ^ r a d ^ s ' V 1 3 " This flux was 25
t imes greater than that expected from a knowledge of
the density of cosmic r a y s in the galaxy which was a s -
sumed to be constant and equal to that observed at the
surface of the ear th . The resu l t s of the calculations, of
course , were strongly dependent upon the model taken
for the distribution of the galactic magnetic field, the
density of cosmic rays and of inters te l lar gas but they
could not account for this discrepancy. The intensity of
the background according to these observations was also
several t imes greater than that expected from extrapo-
lation from the x-ray region. These observations resul ted
in much theoretical speculation. Among these was the
possibility that the excess was related to the intense
background radiation observed in the sub-mil l imeter
region which has already been described in Sec. 1. In
this hypothesis it is supposed that the y rays were the
resul t of inverse Compton scatter ing of the mi l l imeter
background radiation by galactic relat ivist ic e lec t rons .
However, more recent balloon experiments have not
only verified the existence of a flux of y rays from the
disc of the galaxy but also have shown that the intensity
of the background was overest imated by a factor of 4
(this was connected with uncertaint ies in the calibration
of the telescopes on board OSO m 1 1 3 2 ' 2 0 " . They also
showed that the mechanism of production of the y rays
in the plane of the galaxy is most likely to be the decay
of TT0 mesons which a r e produced in p-p coll is ions. Ι Ζ 0 4 1

This follows from a comparison of the fluxes having
energies % ~ 50 MeV and those having % k, 100 MeV
which indicate that the spectrum of the radiation must
be pract ical ly flat, in contradiction to the production
spectrum of most other possible mechanisms of y-ray
production. The correc ted value of the flux F « 104 cm" 2

r a d ^ s " 1 can be explained on the bas i s of reasonable
models of the distribution of cosmic rays and inter-
ste l lar gas. 1 1 2 0 "

The value of the intensity of the y-ray background l l t 1 1

was also revised. G a r m i r e i 1 3 2 1 on re-investigating the
old data from OSO III gives only an upper l imit to the
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background for % > 100 MeV which is shown in Figs . 9
and 12. The background y emiss ion has also been stud-
ied from the satel l i te " C o s m o s 2 0 8 " C l 4 4 J and their over-
all data a r e in good agreement with an extrapolation
from the hard x-ray region 40 keV < '€· < 500 keV using
a spect ra l index α = 1.2 (often the spectra a r e given in
numbers of photons p e r unit bandwidth for which the
spectra l index is ο + 1 = 2 . 2 ) .

The soft y-ray region has also not been without s u r -
p r i s e s . Observations from the satel l i te ERS-18 in a
very distant orbit from the ear th have discovered an
excess background intensity in the range 1 < ΐ < 6 MeV.
The intensity of the background is significantly g r e a t e r
than the value expected by extrapolation from the hard
x-ray region. 1 1 4 3 * Investigations of the soft y-ray back-
ground have also been made in the range 0.3 < £ < 3.7
MeV by the low-flying sate l l i tes " C o s m o s 1 3 5 " and
" C o s m o s 1 6 3 " . B o e : l In these experiments only upper
l imits have been found to the intensity of the background
but these upper l imit s in the range 1 to 3.7 MeV a r e
about an o r d e r of magnitude smal le r than the data of
Vette 's group1·1*3-1 but do not contradict the values ex-
pected by extrapolation from the x-ray region.

The bulk of the y rays observed near the Earth and
detected by the " C o s m o s " satel l i tes β ο β : 1 a r e generated
in the a tmosphere due to the interaction of p r i m a r y c o s -
mic r a y s and their intensity depends upon geomagnetic
coordinates and the rigidity of the geomagnetic cutoff.
To separate the isotropic component from the observed
emiss ion of y rays it i s necessary to know exactly the
above dependences which a r e not very well known. Using
additional evidence on the form of these relat ions it is
possible to make an extrapolation of the experimental
data to infinite threshold rigidity and to obtain a value
for the intensity of the y-ray background. In fact only
an upper l imit is found.C 2 0 e ]

In interplanetary space the flux of y-ray radiation
evidently gives only a l imit to the y-ray background. The
authors of C 2 0 e ] believe that a possible cause of the d i s-
crepancy between the resu l t s of the m e a s u r e m e n t s of the
background radiation close to the ear th and beyond the
magnetosphere is connected with differences in the lev-
els of activity in the mater ia l of the detector for p r i m a r y
cosmic rays , the density of which is much greater in in-
terplanetary space than within the magnetosphere. We
note that m e a s u r e m e n t s of soft y-ray background in the
atmosphere made from bal loons 1 1 2 1 1 2 i a ] seem to be in
agreement with the r e s u l t s of Vette's group. C 1 4 3 ] The
situation in this interest ing spectra l range i s not yet
c l e a r . If the resu l t s of Vette 's group a r e confirmed,
they a r e evidence for the existence of some other mech-
anism bes ides inverse Compton scatter ing which is no
less important in determining the spectrum of the y-ray
background.

Discre te sources were not discovered in these exper i-
ments nor in any of the e a r l i e r exper iments . Khiffen and
Fichtel 1 2 0 4 · 1 found no evidence for the source of y r a y s
having energies g r e a t e r than 100 MeV which was discov-
ered by Frye et a l . : 2 0 7 ] There exist only upper l imits to
the fluxes of y rays from a number of extragalactic ob-
ject s some of the most interest ing of which a r e given in
Table I I I . № M

Antimatter in the universe. It is often supposed that
the universe is s y m m e t r i c a l with respect to baryon num-

b e r . It is c lear that the existence of intermixed matter
and antimatter is most easily detected by i ts y-ray e m i s -
sion. Despite special investigations, the y-ray line at
0.511 MeV due to posi tron annihilation has not yet been
discovered. Of course it will be broadened by the effects
of cosmological redshift.

The universe is optically thin for annihilation y rays
having energy g ~ 100 MeV out to a redshift ζ ss 100 (see
below). This fact and the observed background make many
hypotheses about the existence of mat ter and antimatter
in the universe unattractive because the total energy den-
sity in y-rays is negligible in comparison with that con-
tained in mat ter , w y / w m a t t e r ~ (10"Vn)(l + z a n n ) . Here
z a n n is the redshift at which the annihilation takes place
and Ω is the density p a r a m e t e r of the intergalactic gas.
It follows that in the case Ω = 1 throughout the period
0 < ζ < 100 during which the mean density of mat ter in
the universe changes by 6 o r d e r s of magnitude only one-
millionth p a r t of the matter could have annihilated. If
the annihilation took place e a r l i e r it would lead to d i s-
tort ions of the spectrum of the microwave background
r a d i a t i o n . " "

2. Theoretical Models of the Origin of the y-ray
Background

a) The inverse Compton mechanism. In our inter-
pretation (see also iBB1) the spectrum of the y-ray back-
ground must be the continuation of the hard x-ray spec-
t rum and resu l t s from inverse Compton scatter ing (of
low frequency radiation) by relat ivist ic electrons—the
microwave background radiation in intergalactic space
or infrared quanta in d i screte s o u r c e s . Such an extrap-
olation is not part icular ly r e m a r k a b l e . In our Galaxy
the spectrum of relat ivist ic e lectrons detected at the
earth is a power law up to about 100 GeV. Therefore,

if the break in the x-ray spectrum at 40 keV corresponds
to e lectrons of energy 3 GeV (supposing them to scat ter
photons of the microwave background) or having energy
700 MeV (if they scat ter infrared quanta—see above) then
the y rays having energy 100 MeV correspond to e lectrons
having energy Ee= ( 8 ' / g ) 1 / 2 E e corresponding to 150 GeV
in the f irst case and 30 GeV in the second.

We note that the model of Brecher and M o r r i s o n C 2 i : to
explain the y-ray background runs into difficulties because
of the dispersion in the spect ra l indices of normal galax-
ies which implies that the slope of the background will
become les s steep with increasing energy and the p r e -
dicted intensity of y- rays in the range 50 to 100 MeV
would considerably exceed the experimental upper l imits .

The excess background radiation at 1 to 6 MeV cannot
be explained in such a model but can be interpreted a s
some additional source of radiation superimposed upon
a single power law spectrum.

b) p-p coll is ions. The decay of neutra l π mesons or ig-
inating in collisions between cosmic ray protons and in-
tergalact ic protons leads to the character i s t ic broad y-
ray spectrum with a maximum close to g = 70/(1 + z)
M e V _ [180,201,208,209] χ y ^ i n j e c t i o n o f c o s m i c r a y s i n t o i n _

t e r g a l a c t i c s p a c e a n d t h e d e c a y o f TTC m e s o n s t a k e s p l a c e

a t s m a l l r e d s h i f t s t h e n t o e x p l a i n t h e i n t e n s i t y o f t h e y -

r a y b a c k g r o u n d i n t h e r a n g e 5 0 t o 1 0 0 M e V t h e i n t e r g a l -

a c t i c d e n s i t y o f c o s m i c r a y s m u s t b e o n l y 5 t o 1 0 t i m e s

smal le r than that observed in the galaxy if Ω ν̂™ ~ 1. If
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the density of intergalactic gas is less than the critical
value much higher densities of intergalactic cosmic rays
are needed.

Taking account of the integrated effect of p-p colli-
sions in normal galaxies does not change this picture
much. Silk's calculations121 using figures similar to the
observed radiation from the plane of our Galaxy have
shown that normal galaxies could not contribute more
than 10% of the present upper limits to the intensity of
the background at 100 MeV.

To explain the excess radiation in the range 1 to 6
MeV SteckerC21o:l proposed that cosmic rays are injected
into intergalactic space at a redshift ζ ~ 70. In this case
the maximum y-ray emiss ion from the decay of ττ° m e -
sons is observed at about 1 MeV. This model encounters
the following difficulties:

1) The predicted intensity of the background in the
range 30 to 100 MeV is much g r e a t e r than that observed
(see Fig. 12).

2) The spectrum of the radiation will be strongly d i s-
torted because of interactions with the intergalactic gas
(see below in Sec. 3).

3) Such an early injection of protons requi res 100
t imes greater energy input per gram of mat ter than at
the present day because the energy of each quantum d e -
c r e a s e s due the effect of redshift whereas the r e s t m a s s
energy of mat ter does not change.

4) The observed evolution of quasars and powerful
radio galaxies is r e s t r i c t e d to small redshifts (z < 2-4).
At e a r l i e r epochs the growth in the number density can-
not have continued or the number of quasar s having red-
shifts g r e a t e r than 2 would be much g r e a t e r than that ob-
served. It is also likely that such objecys would make a
significant contribution to the radio, optical and ultravio-
let background radiation. It is still not impossible, how-
ever, that d i scre te objects existed at redshifts ~100 but
we recal l that at the present t ime there is only one object
known with redshift g r e a t e r than 2.5, the quasar 4C0534
having a redshift 2.877.

c) The origin of the soft y-ray background. Clayton
and Silk£2 1 i : i have proposed that the excess background
radiation in the soft y-ray region is the resul t of β and
subsequent y-ray activity of the nuclei Ni 5 e and Co 5 6 ,
these elements being synthesized in large quantities in
supernova explosions. This model predict s a cut-off in

This conclusion can be readily understood. The con-
centration of posi trons under stationary conditions is de-
termined by the equilibrium between two processes—pair
formation—

~ -\-p,

and pair annihilation

The c r o s s section of the f irst of these p r o c e s s e s for en-
erg ies g r e a t e r than threshold is pract ical ly independent
of energy but the second falls rapidly, σ °c E e

2 . At an en-
ergy E e « 20 MeV the c r o s s section for the f irst p r o c e s s
is g r e a t e r than that for the second, the concentration of
posi trons becomes s imilar to that of e lectrons and these
in turn become further sources of p a i r s due to i n t e r a c -
tions with protons, e tc . In this way, the number of p a i r s
rapidly i n c r e a s e s . In this argument, the supposition of
a Maxwellian electron distribution is not important—it is
only important that the mean energy is high.

The existence of a relat ivist ic p lasma within and s u r -
rounding quasars , the nuclei of galaxies and other sources
of low frequency radiation means that they must be
sources of y rays with a character i s t ic spectrum. In
astrophysics, high energy radiation often has a non-
thermal spectrum which is normally explained by the
inverse Compton scatter ing of low energy radiation or
by the synchrotron emission of relat ivist ic e lectrons
having a power law spectrum and the " t h e r m a l " e lec-
trons in the object play a negligible ro le . In the present
case, all the e lectrons in the object a re heated to re la-
tivistic t e m p e r a t u r e s and have a Maxwellian distribution
radiating thermal y rays with a spectrum Jv = const
χ e-htVkTe. χ η θ existence of an upper l imit to the t e m -
p e r a t u r e k T e = 20 MeV for the stationary relat ivist ic
p lasma determines the conditions in the object and the
spectrum of the y-ray emission which must cut off ex-
ponentially at energies g rea ter than 20 MeV (by station-
ary we mean that the t ime during which the region ex-
ists exceeds the t ime for positron formation and the
density must be sufficiently high that bremss t rah lung
losses a r e g rea ter than Compton losses) . Because of
their high energy, annihilation of posi trons and e lectrons
does not lead to radiation in the y-ray line at 0.511 MeV
because the ra te of formation of pos i t rons is 137 t i m e s

the spectrum at 3.26 MeV which has not been observed. c l 4 3 J le s s than the probability of bremss t rahlung emiss ion.

The soft y-ray emission discovered by Vette's group
can be ascr ibed to the integrated emission of d i screte y-
ray sources. 1- 2 1 2 3 There a r e a number of reasons for this
hypothesis. Firs t ly , heating by induced Compton s c a t t e r -
ing of low frequency radiation heats all the e lectrons
close to powerful sources of infrared and radio emiss ion
to relat ivist ic t empera tures . ί Ζ ί 3 Ί It is possible that other
sources of heating such as shock waves, varying magnetic
fields, e tc . can also lead to relat ivist ic t e m p e r a t u r e s .
Secondly, calculations of the equilibrium concentration of
posi trons in a stationary, optically thick, relativist ic plas
ma have shown that for t e m p e r a t u r e s (or in the absence
of a Maxwellian distribution, if the mean energy of e lec-
trons) SS > 20 MeV, catastrophic formation of p a i r s takes
p l a c e l z M and energy losses by bremsst rahlung and syn-
chrotron radiation a r e greatly enhance. The density of
electron-positron p a i r s is then determined by the rate of
energy injection from the source and the tempera ture
stabil izes at 20 MeV.

Quasars and powerful radio galaxies exhibit strong
cosmological evolution and it is therefore expected that
the most important contribution to the background will
come from sources having redshifts ζ ~ 2. In this case
the exponential cutoff is expected about 6 MeV. We note
that the total energy density of the background in the
range 1 to 6 MeV is only Wy ~ 3 χ 10~5 eV-cm" 3 which is
3 or 4 o r d e r s of magnitude les s than the energy density
of the background radiation in the infrared region. It
follows that even if only a small fraction of the total lu-
minosity of infrared sources goes into heating e lectrons
to relat ivist ic t e m p e r a t u r e s , it is possible to explain the
excess soft y-ray background.

3. The Interaction of the X- and y-ray Backgrounds
with the Intergalactic Gas

The observed spectrum of the x- and y-ray back-
ground gives information not only about the p r o p e r t i e s
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of the s o u r c e s but a lso about the epoch of their maximum
activity, i .e., the epoch of formation of the hard back-
ground radiation. This a r i s e s because Compton s c a t t e r -
ing of hard radiation by e lectrons of the intergalactic gas
(or pre-galact ic gas) with t e m p e r a t u r e k T e <^ hy is a c -
companied by a d e c r e a s e in the energy of the quanta
(Av/v ~ hi^/m e c 2 if h y / m e c 2 <C 1) and by distort ions of
the spectrum of the background radiation. C 2 1 4 ' 1 8 7 ] In the
case h y / m e c 2 <C 1 the spectrum of the background will
be significantly dis torted if the optical depth for Compton
scatter ing exceeds τ χ ~ m e c 2 / h f and, under the condition,
hi/0(l + z m a x ) / m e c 2 «C 1, if

Here z m a x corresponds to the epoch of maximum activity
of the s o u r c e s of the x - r a y emiss ion. An analytic solu-
tion for the dis tort ions of the x-ray spectrum of d i scre te
sources and the background is given in C 2 1 5 ] .

This effect is most important for energies hi/ ~ m e c 2

because for h i / / m e c 2 k, 1 the Compton scatter ing c r o s s -
section d e c r e a s e s according to the Klein-Nishina for-
mula. For quanta having energies g £. 50 MeV the p r i n -
cipal loss mechanism is photo-pair production involving
electrons and protons of the intergalactic gas. The c r o s s
section for this p r o c e s s has only a weak dependence on
the energy of the photons. For quanta with energy greater
than 10 6 ( l + z)~2 GeV electron-posi tron pair formation due
to interaction with photons of the microwave background
leads to a cutoff in the spectrum of y-rays at very high

energies [216,217]

In Fig. 13 we show the dependence of the maximum
range of redshifts access ible to observations in the x-
and y-ray region in t e r m s of the energy of the quanta
observed at the p r e s e n t day. This dependence is shown
for two extreme values of the density of the intergalactic
gas, Ω = 1 and Ω = 0.01 and these curves show that it is
likely that the observed background x-ray emiss ion or ig i-
nates at redshifts l e s s than 30. If the background or ig i-
nated at e a r l i e r epochs, the spectrum would no longer be
of power law form. If Ω = 1, the background probably
a r i s e s from redshifts l e s s than 1 0 . t 2 1 4 a i This can be
seen from the fact that the universe has optical depth
g r e a t e r than 1 for Compton scatter ing to a redshift ζ
« 10 if Ω = 1 and that a photon observed with % = 40 keV
at ζ = 0 would have energy ΐ ~ m e c 2 at a redshift of 10
so that significant spect ra l distort ions would take place
in a single scat ter ing.

Only in the soft x-ray region and in the hard y-ray
region can redshifts of the o r d e r 100 play an important
ro le in forming the background spectrum. For energies
les s than 10 keV, Thomson scatter ing makes it impos-
sible to observe sources at redshifts g r e a t e r than 10 and
only for t > 100 keV a r e d i sc re te sources observable

-10 1
log So (MeV)

FIG. 13. Maximum red shift ac-
cessible to observation vs. the pre-
sent-day quantum energy £ 0 . The
solid curve corresponds to the back-
ground radiation, and the dashed
one to the discrete source.

out to redshifts ζ ~ 60-100. This is because the Compton
scatter ing cross-sect ion d e c r e a s e s with increasing en-
ergy of the quanta. The universe is thus optically thin to
y-ray quanta to a redshift ζ ~ 100 which indicates the
importance of y-ray astronomy as a tool for studying
the evolution of the universe.
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