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The far-infrared background due to a superposition of infrared galaxies of the type re-
cently observed is computed. It is shown that these galaxies contribute an amount of en-
ergy to the universe roughly equal to that radiated by the other galaxies and produce a
far-infrared background peaking beyond 50 p. It is likely that they account for most of
the observed extragalactic radio background but not the 3°K microwave background.

The origins of the diffuse cosmic background
found in different spectral regions have recently
been widely discussed. Here we calculate the
far-infrared background caused by a superposi-
tion of infrared galaxies of the type observed by
Kleinmann and Low' and Low.? Of particular in-
terest is the possible explanation of the 3°K mi-
crowave background as the gray-body tail on this
far-infrared background with peaks near 50 p.
We find that this possibility is excluded by the
fact that the infrared galaxies have radio spec-
tra which add up to the observed level of the ra-
dio background at 10® Hz before the 3°K level is
reached. We show that the bright infrared gal-
axies, which apparently comprise only one per-
cent of all observable galaxies, contribute an
amount of energy to the universe roughly equal
to that radiated by the other galaxies, and pro-
duce a far-infrared background peaking beyond
50 u and possibly the observed extragalactic ra-
dio background. If the 3°K microwave back-
ground is in fact a black body, it remains the
predominant source of radiant energy in the uni-
verse by a factor of 10.

Kleinmann and Low' have reported infrared ob-
servations of five Seyfert galaxies out to 22 u
and Low? has reported similar data on the qua-
sar 3C273. Radio and microwave data can be
found in the literature. All these objects display
the same type of far-infrared spectral distribu-
tion, i.e., that shown in Fig. 1, a fact which con-
stitutes the chief observational basis for the ex-
istence of a bright far-infrared cosmic back-
ground.

Here we do not attempt to explain either the
energy source or the radiative mechanism pro-
ducing this infrared phenomenon. Nor do we at-
tempt to establish observational criteria for
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membership in the class of infrared galaxies.

It may be that all galaxies and quasars display
this same phenomenon on some scale. This can
only be determined by further observations and
should not strongly influence the conclusions of
this paper unless widely different spectral ener-
gy distributions are found.

Strictly speaking, the integrated background in
any frequency interval due to a particular class
of galaxies is proportional to [Ln(L)dL =nyy¢L.
Here L is the source luminosity in the given fre-
quency interval, n(L)dL is the number density of
the particular class of galaxies with L between
L and L +dL, niot is the total number density of
the class, and L is the average luminosity of
that class. Since only six infrared galaxies have
been observed, and their infrared luminosities
vary over a wide range, it is impossible to esti-
mate the average T as computed above. Our ap-
proach will be to take the arithmetical mean of
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FIG. 1. Far-infrared spectral distribution of a typi-
cal infrared galaxy.
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the infrared luminosity of the five Seyfert galax-
ies observed by Kleinmann and Low. Based on
the observations of these galaxies, we have con-
structed a model infrared galaxy whose spec-
trum is shown in Fig. 1. This spectrum is de-
scribed analytically as follows:

L(v)=Av? for v<v,,
=Av®(v,/v)? for v=v,,

where v, =5x10" Hz and A = 10" Hz correspond-
ing to a spectral luminosity at 5x 10'2 Hz of L(5
x 10'2 Hz) = 5x 10°2 erg/sec Hz. The change in
slope at 5x10'2 Hz is necessary to join the mi-
crowave and infrared points. The radio spec-
trum is not shown because the radio luminosity
varies so much from one infrared galaxy to an-
other that it is very difficult to construct a mod-
el radio spectrum (see below).

The total number density of Seyfert galaxies
has been estimated by Burbidge, Burbidge, and
Sandage® to be about 1% of all galaxies, corre-
sponding to a number density of 2x 10~ cm ™3,
Schmidt’s* observations of quasars indicate an
excess (compared with the predictions of the
usual relativistic cosmologies) of sources near
redshift z = Av/v =2. Schmidt shows that this can
be interpreted as a density evolution relative to
the cosmic expansion proportional to (1 +z )"
with a cutoff around z =2, where m = 3. Since in-
frared galaxies appear to include both quasar
and Seyfert galaxies, which are similar in many
other respects, it is natural to assume that they
might show such a density evolution too.

It has been shown® that the preponderance of
redshifts around z =2 can be explained in terms
of relativistic cosmologies with nonzero cosmo-
logical constants. Although it would perhaps be
more satisfactory to compute the integrated flux
for cosmological models of this type, we adopt
here the procedure used by Silk® in his recent
computation of the diffuse x-ray background.
According to this procedure the effects of densi-
ty evolution are taken into account by the intro-
duction of a multiplicative correction factor into
the usual integral for homogeneous Friedmann
universes.” Therefore, the total integrated flux
received from all infrared galaxies in the fre-
quency interval between v and v+dv is given by

fz max
0

I(V)=(nRH/4n) Clz)(1+z)72

X(Zqoz +1)72L(p(1+2))dz.

Here n is the number density of infrared galaxies
(=2x107" ¢m™3), Ry is the Hubble radius (=10*°
light yr), ¢, is the deceleration parameter, and
Zmax 1is the redshift at which the optical depth
due to Thomson scattering is equal to unity.?

In Fig. 2 the integrated spectral flux received
from all galaxies is shown for the model infrared
galaxies described in Fig. 1. Curve (1) is for a
zero-pressure Friedman universe” having a de-
celeration parameter g,=3 corresponding to a
flat universe. Curve (2) represents the case g,
=0.02 corresponding to an open universe. This
value of g, represents the lower limit to the
mean matter density in the universe, i.e., that
which is contained in ordinary galaxies and cor-
responds to p,=7x107% g/cm3.® On the other
hand, the lifetime of the universe for general
relativistic models with ¢, much greater than 3
is uncomfortably close to the age of the earth5:!9;
so the values of g, used here are effectively the
maximum and minimum values which this param-
eter can assume.

No density evolution relative to the cosmic ex-
pansion was assumed in computing curves (1)
and (2). Curve (3) is for g,=0.02 and a density
evolution relative to the cosmic expansion pro-
portional to (1+z)3 for z<2, falling off as (1
+z)73 for 2<z<9, and no evolution relative to
the cosmic expansion for z=9. Also shown in
Fig. 2 are the observed radio background, the

-4 T T T T T T T
N
o -15F 3° K —1
o
2
(]
»
<, -'sf —
T (3)
& -17f- ~
w
"
§ e
-18f 2 -
o P“max
o
s \
£ \ |
'S
2 . |
20
® \ P min
o
-
21 I L 1 1 ] |
S 10 I 12 3 14 5 16

LOG v (Hz)

FIG. 2. Integrated background spectral flux due to
infrared galaxies. The numbers refer to the different
models discussed in the text. Also shown are the ob-
served radio and microwave background, the 3°K
blackbody curve, and the integrated flux from all other
galaxies for two of the models computed by Partridge
and Peebles which bracket all the models they consid-
ered.
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3°K blackbody curve, and the integrated flux
from all other galaxies for two of the models
computed by Partridge and Peebles!® which
bracket all the models they considered.

Several features of these curves are notewor-
thy. First, it is apparent that changing the cos-
mological model from one nonevolving model to
another has little effect on the predicted flux
(about 15%). Secondly, curve (3) shows that if
the infrared galaxies have a density distribution
with respect to z similar to that for quasars, the
predicted flux is a factor 10 higher at the peak
than for the models with no evolution. This cor-
rection is sensitive to the value of g,. For g,=3
the increase amounts to about a factor 6. Third,
the predicted microwave flux is far below the 3°K
blackbody value.

Also of interest is the radio flux from Seyfert
galaxies. If one takes the arithmetical mean of
the radio flux of the Seyfert galaxies observed by
Kleinmann and Low, one obtains a radio spec-
trum which when treated in the same manner as
the infrared yields a flux at 10® Hz which is a
factor 5-50 (depending on the cosmological mod-
el) greater than the observed background. This
discrepancy is no doubt due to the fact that the
principal contributors to our average of the radio
luminosities were NGC1275 and 3C120, both of
which are a hundred times more luminous in the
radio than most of the Seyferts. Since 3C120 and
NGC1275 are the principal contributors to the in-
frared average, this suggests that our averaging
procedure overestimates the flux by a large fac-
tor there as well. However, we do not believe
this to be the case for the following reasons.

All the infrared luminosities lie within about a
factor 10 of the average used here. Further-
more, the infrared emission appears to come
from the nucleus of the galaxy, whereas the low-
frequency radio emission comes from the halo.
Thus there is not necessarily a connection be-
tween the two. A more relevant correlation
would be expected to exist between the optical
luminosity of the nucleus and the infrared lumi-
nosity. On this basis, at least two more of the
12 known Seyfert galaxies (NGC3516, NGC7469)
should have infrared luminosities of the order of
the value assumed here, even though they are
weak radio emitters. Obviously, knowledge of
the far-infrared flux from these objects is es-
sential for an understanding of the far-infrared
background.

In addition, it is important to know more pre-
cisely the radio properties of these objects and
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its relation to infrared emission. For, even if
the average spectral luminosity of a Seyfert gal-
axy amounts to only 5x10°*° erg/sec Hz at 10°
Hz, they could account for most of the observed
background at that frequency. Veron has re-
cently examined the contribution to the radio
background from radio galaxies and from normal
galaxies.'” He accounts for only 1/7 of the ob-
served brightness. We suggest that Seyfert gal-
axies alone can account for the radio background.
It appears that the 3°K background cannot be ac-
counted for in any reasonable cosmological mod-
el without increasing the radio background above
the observed level.

Figure 3 shows a plot of vJ(v) which has units
of ergs cm™2 sec™! sr, and therefore represents
an approximation to the contribution in terms of
total energy of the various types of electromag-
netic radiation. Shown there are the contribu-
tions of the 3°K blackbody radiation, the infrared
galaxies, the contribution of all other galaxies
for the extremes of the models computed by
Partridge and Peebles,'® and the x-ray back-
ground. The contribution of the radio background
is less than 107° erg/cm? sec™! sr; so it is off
the scale shown here. The figure shows that the
infrared galaxies contribute an amount of energy
to the universe roughly equal to that radiated by
other galaxies and a factor 3-30 below the 3°K
radiation.

There are two types of observations that can
be made to confirm the reality of the predicted
far-infrared cosmic background: (a) Direct ob-
servations near the peak at 100 p using a wide

-

LOG »F(») (erg cmZsec'sterad™")
N T Y S
T T T T T T
|

'
@

o
5
~

13 14 15 16 17 18
LOG v (Hz)

FIG. 3. Contribution of various types of electromag-

netic radiation to the total radiant energy density in the
universe.
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field of view and a high throughput radiometer
carried above the earth’s atmospheric water va-
por, and (b) a partial survey of the sky near 50
@ with a telescope capable of resolving and de-
tecting large numbers of individual infrared gal-
axies. Method (b) is basically easier since it is
much less sensitive to extraneous background
radiation and deals with larger signals.

Once the spectral energy distribution is well
determined for a representative sample of in-
frared galaxies, it should be possible to use the
observations of method (a) as a sensitive test of
cosmological models involving evolution.

*This work was supported by the National Science
Foundation and the National Aeronautics and Space Ad-
ministration.
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PARTIAL PHOTOPRODUCTION CROSS SECTIONS UP TO 12 GeV*
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The Stanford Linear Accelerator Center 40-in, hydrogen bubble chamber has been ex-
posed to positron-electron annihilation radiation at 5 and 7.5 GeV, which was superim-
posed upon a background of bremsstrahlung radiation with 12-GeV maximum energy.
Reaction cross sections for events with no neutral particles are presented for all ener-
gies up to 12 GeV, for one neutral at 5 and 7.5 GeV, and for multineutral production at

7.5 GeV.,

We report here the results obtained from a
study of yp interactions produced by the Stanford
Linear Accelerator Center (SLAC) annihilation
beam in the SLAC 40-in. hydrogen bubble cham-
ber. The special feature of this experiment is
that the use of positron annihilation radiation al-
lows a clean separation of events with a single
neutral particle from multineutral events.

The experimental arrangement, and details of
the analysis, have been given in another paper.!
So far 10° pictures have been taken with this
beam setup under various conditions and 180000
have been analyzed to date: (I) 60000 pictures
with 10-GeV e*, 5.2-GeV annihilation energy;
(II) 60000 pictures with 12-GeV e*, 7.5-GeV an-
nihilation energy; (III) 60 000 pictures with 12-
GeV e~, bremsstrahlung.

We present combined results from these three

different exposures on the following reactions
which can be completely analyzed:

w ~priTT, (1)
~patn—n°, (2)
~n2rtm—, (3)
~p2ntan—, (4)
~partanr=r°, (5)
-n3nt2m-. (6)

The separation of reactions with a single neutral
particle from those with more than one is made
possible at 5 and 7.5 GeV by the small energy
uncertainty of the annihilation peak in the photon-
beam energy spectrum. For reactions with no
missing neutrals in these topologies we are fur-
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