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of the first four interlopers, provided the initial clue to the existence of radio-quiet, blue,
quasi-stellar galaxies (QSG) whose optical properties are similar to those of QSS’s (San-
dage 1965).

Spectrograms were subsequently obtained for BSO 1, BSO 8, and BSO-16 by Schmidt
and by Sandage in an attempt to verify the existence of QSG. The spectrum of BSO 16
shows that this object is a hot star having the Balmer lines in absorption near their rest
wavelengths. This was expected on the basis of the non-peculiar U — B, B — V colors.
The spectrum of BSO 8 (called “BSO 105’ by Sandage 1965 on an older numbering sys-
tem) is continuous with no prominent absorption or emission lines. BSO 1 has a large
redshift of AN/Ng = 1.2410, as described elsewhere (Sandage 1965).

Table 1 lists the precise optical positions of the first four interlopers, and estimated
positions, accurate to perhaps + 20", for the thirty-one survey objects. Where available,
the colors and magnitudes determined photoelectrically at the 200-inch are also shown.

These blue objects are undoubtedly of the same class as the faint objects in the cata-
logues of Iriarte and Chavira (1957), Chavira (1958), and Haro and Luyten (1962).
With the identification of most of these objects as intrinsically bright stellar-appearing
galaxies, these catalogues provide a large finding list that can be surveyed by radio tech-
niques to determine if the QSG’s are weak radio emitters, It is expected that such study
will shed light on the evolutionary process of radio decay after the intense QSS radio
phase.

ALLAN SANDAGE
PHILIPPE VERON
May 21, 1965

MouNT WILSON AND PALOMAR OBSERVATORIES
CARNEGIE INSTITUTION OF WASHINGTON
CALIFORNIA INSTITUTE OF TECHNOLOGY
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COSMIC BLACK-BODY RADIATION*

One of the basic problems of cosmology is the singularity characteristic of the familiar
cosmological solutions of Einstein’s field equations. Also puzzling is the presence of mat-
ter in excess over antimatter in the universe, for baryons and leptons are thought to be
conserved. Thus, in the framework of conventional theory we cannot understand the
origin of matter or of the universe. We can distinguish three main attempts to deal with
these problems.

1. The assumption of continuous creation (Bondi and Gold 1948; Hoyle 1948), which
avoids the singularity by postulating a universe expanding for all time and a continuous
but slow creation of new matter in the universe.

2. The assumption (Wheeler 1964) that the creation of new matter is intimately re-
lated to the existence of the singularity, and that the resolution of both paradoxes may
be found in a proper quantum mechanical treatment of Einstein’s field equations.

3. The assumption that the singularity results from a mathematical over-idealization,

* This research was supported in part by the National Science Foundation and the Office of Naval
Research of the U.S. Navy.
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the requirement of strict isotropy or uniformity, and that it would not occur in the real
world (Wheeler 1958; Lifshitz and Khalatnikov 1963).

If this third premise is accepted tentatively as a working hypothesis, it carries with it a
possible resolution of the second paradox, for the matter we see about us now may repre-
sent the same baryon content of the previous expansion of a closed universe, oscillating
for all time. This relieves us of the necessity of understanding the origin of matter at any
finite time in the past. In this picture it is essential to suppose that at the time of maxi-
mum collapse the temperature of the universe would exceed 10'°° K, in order that the
ashes of the previous cycle would have been reprocessed back to the hydrogen required
for the stars in the next cycle.

Even without this hypothesis it is of interest to inquire about the temperature of the
universe in these earlier times. From this broader viewpoint we need not limit the dis-
cussion to closed oscillating models. Even if the universe had a singular origin it might
have been extremely hot in the early stages.

Could the universe have been filled with black-body radiation from this possible high-
temperature state? If so, it is important to notice that as the universe expands the
cosmological redshift would serve to adiabatically cool the radiation, while preserving the
thermal character. The radiation temperature would vary inversely as the expansion
parameter (radius) of the universe.

The presence of thermal radiation remaining from the fireball is to be expected if we
can trace the expansion of the universe back to a time when the temperature was of the
order of 101°° K (~ m,c?). In this state, we would expect to find that the electron
abundance had increased very substantially, due to thermal electron-pair production, to
a density characteristic of the temperature only. One readily verifies that, whatever the
previous history of the universe, the photon absorption length would have been short
with this high electron density, and the radiation content of the universe would have
promptly adjusted to a thermal equilibrium distribution due to pair-creation and an-
nihilation processes. This adjustment requires a time interval short compared with the
characteristic expansion time of the universe, whether the cosmology is general rela-
tivity or the more rapidly evolving Brans-Dicke theory (Brans and Dicke 1961).

The above equilibrium argument may be applied also to the neutrino abundance. In
the epoch where 7' > 101°° K, the very high thermal electron and photon abundance
would be sufficient to assure an equilibrium thermal abundance of electron-type neutri-
nos, assuming the presence of neutrino-antineutrino pair-production processes. This
means that a strictly thermal neutrino and antineutrino distribution, in thermal equi-
librium with the radiation, would have issued from the highly contracted phase. Con-
ceivably, even gravitational radiation could be in thermal equilibrium.

Without some knowledge of the density of matter in the primordial fireball we cannot
predict the present radiation temperature. However, a rough upper limit is provided by
the observation that black-body radiation at a temperature of 40° K provides an energy
density of 2 X 1072 gm cm?, very roughly the maximum total energy density com-
patible with the observed Hubble constant and acceleration parameter. Evidently, it
Evould be of considerable interest to attempt to detect this primeval thermal radiation

irectly.

Two of us (P. G. R. and D. T. W.) have constructed a radiometer and receiving horn
capable of an absolute measure of thermal radiation at a wavelength of 3 cm. The choice
of wavelength was dictated by two considerations, that at much shorter wavelengths
atmospheric absorption would be troublesome, while at longer wavelengths galactic and
extragalactic emission would be appreciable. Extrapolating from the observed back-
ground radiation at longer wavelengths (~ 100 cm) according to the power-law spectra
characteristic of synchrotron radiation or bremsstrahlung, we can conclude that the total
background at 3 cm due to the Galaxy and the extragalactic sources should not exceed
5 X 1073° K when averaged over all directions. Radiation from stars at 3 cm is
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< 10~9° K. The contribution to the background due to the atmosphere is expected to be
approximately 3.5° K, and this can be accurately measured by tipping the antenna
(Dicke, Beringer, Kyhl, and Vane 1946).

While we have not yet obtained results with our instrument, we recently learned that
Penzias and Wilson (1965) of the Bell Telephone Laboratories have observed background
radiation at 7.3-cm wavelength. In attempting to eliminate (or account for) every con-
tribution to the noise seen at the output of their receiver, they ended with a residual of
3.5° + 1° K. Apparently this could only be due to radiation of unknown origin entering
the antenna.

It is evident that more measurements are needed to determine a spectrum, and we
expect to continue our work at 3 cm. We also expect to go to a wavelength of 1 cm. We
understand that measurements at wavelengths greater than 7 cm may be filled in by
Penzias and Wilson.

A temperature in excess of 10'° ° K during the highly contracted phase of the universe
is strongly implied by a present temperature of 3.5° K for black-body radiation. There
are two reasonable cases to consider. Assuming a singularity-free oscillating cosmology,
we believe that the temperature must have been high enough to decompose the heavy
elements from the previous cycle, for there is no observational evidence for significant
amounts of heavy elements in outer parts of the oldest stars in our Galaxy. If the cosmo-
logical solution has a singularity, the temperature would rise much higher than 101°° K
in approaching the singularity (see, e.g., Fig. 1).

It has been pointed out by one of us (P. J. E. P.) that the observation of a temperature
as low as 3.5° K, together with the estimated abundance of helium in the protogalaxy,
provides some important evidence on possible cosmologies (Peebles 1965). This comes
about in the following way. Considering again the epoch 7 >> 101°° K, we see that the
presence of the thermal electrons and neutrinos would have assured nearly equal abun-
dances of neutrons and protons. Once the temperature has fallen so low that photodis-
sociation of deuterium is not too great, the neutrons and protons can combine to form
deuterium, which in turn readily burns to helium. This was the type of process envisioned
by Gamow, Alpher, Herman, and others (Alpher, Bethe, and Gamow 1948; Alpher,
Follin, and Herman 1953; Hoyle and Tayler 1964). Evidently the amount of helium
produced depends on the density of matter at the time helium formation became possible.
If at this time the nucleon density were great enough, an appreciable amount of helium
would have been produced before the density fell too low for reactions to occur. Thus,
from an upper limit on the possible helium abundance in the protogalaxy we can place
an upper limit on the matter density at the time of helium formation (which occurs at a
fairly definite temperature, almost independent of density) and hence, given the density
of matter in the present universe, we have a lower limit on the present radiation tempera-
ture. This limit varies as the cube root of the assumed present mean density of matter.

While little is reliably known about the possible helium content of the protogalaxy, a
reasonable upper bound consistent with present abundance observations is 25 per cent
helium by mass. With this limit, and assumlng that general relativity is valid, then if the
present radiation temperature were 3. 5° K, we conclude that the matter den51ty in the
universe could not exceed 3 X 10~ gm cm3 (See Peebles 1965 for a detailed develop-
ment of the factors determining this value.) This is a factor of 20 below the estimated
average density from matter in galaxies (Oort 1958), but the estimate probably is not
reliable enough to rule out this low density.

CONCLUSIONS

While all the data are not yet in hand we propose to present here the possible conclu-
sions to be drawn if we tentatively assume that the measurements of Penzias and Wilson
(1965) do indicate black-body radiation at 3.5° K. We also assume that the universe can
be considered to be isotropic and uniform, and that the present energy density in gravi-
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Fic 1 —Possible thermal history of the Universe. The figure shows the previous thermal history of the
Universe assuming a homogeneous isotropic general-relativity cosmological model (no scalar field) with
present matter density 2 X 1072% gm/cm?® and present thermal radiation temperature 3.5° K The bottom
horizontal scale may be considered simply the proper distance between two chosen fiducial co-moving
galaxies (poinis) The top horizontal scale is the proper world time. The line marked ‘‘temperature”
refers to the temperature of the thermal radiation Matter remains in thermal equilibrium with the radia-
tion until the plasma recombines, at the time indicated Thereafter further expansion cools matter not
gravitationally bound faster than the radiation. The mass density in radiation is p,. At present pr is
substantially below the mass density in matter, pn, but, in the early Universe p, exceeded p, We have
indicated the time when the Universe exhibited a transition from the characteristics of a radiation-filled
model to those of a matter-filled model.

Looking back in time, as the temperature approaches 10'° ° K the electrons become relativistic, and
thermal electron-pair creation sharply increases the matter density At temperatures somewhat greater
than 1010 ° K these electrons should be so abundant as to assure a thermal neutrino abundance and a
thermal neutron-proton abundance ratio. A temperature of this order would be required also to decom-
pose the nuclei from the previous cycle in an oscillating Universe. Notice that the nucleons are non-
relativistic here.

The thermal neutrons decay at the right-hand limit of the indicated region of helium formation.
There is a left-hand limit on this region because at higher temperatures photodissociation removes the
deuterium necessary to form helium The difficulty with this model is that most of the matter would end
up in helium,
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tational radiation is a small part of the whole. Wheeler (1958) has remarked that gravita-
tional radiation could be important.

For the purpose of obtaining definite numerical results we take the present Hubble
redshift age to be 10'° years.

Assuming the validity of Einstein’s field equations, the above discussion and numerical
values impose severe restrictions on the cosmological problem. The possible conclusions
are conveniently discussed under two headings, the assumption of a universe with either
an open or a closed space.

Open universe.—From the present observations we cannot exclude the possibility that
the total density of matter in the universe is substantially below the minimum value
2 X 1072 gm cm? required for a closed universe. Assuming general relativity is valid, we
have concluded from the discussion of the connection between helium production and the
present radiation temperature that the present density of material in the universe must
be < 3 X 10~% gm cm?, a factor of 600 smaller than the limit for a closed universe. The
thermal-radiation energy density is even smaller, and from the above arguments we
expect the same to be true of neutrinos.

Apparently, with the assumption of general relativity and a primordial temperature
consistent with the present 3.5° K, we are forced to adopt an open space, with very low
density. This rules out the possibility of an oscillating universe. Furthermore, as Einstein
(1950) remarked, this result is distinctly non-Machian, in the sense that, with such a low
mass density, we cannot reasonably assume that the local inertial properties of space are
determined by the presence of matter, rather than by some absolute property of space.

Closed universe.—This could be the type of oscillating universe visualized in the intro-
ductory remarks, or it could be a universe expanding from a singular state. In the frame-
work of the present discussion the required mass density in excess of 2 X 10%° gm cm?
could not be due to thermal radiation, or to neutrinos, and it must be presumed that it is
due to ordinary matter, perhaps intergalactic gas uniformly distributed or else in large
clouds (small protogalaxies) that have not yet generated stars (see Fig. 1).

With this large matter content, the limit placed on the radiation temperature by the
low helium content of the solar system is very severe. The present black-body tempera-
ture would be expected to exceed 30° K (Peebles 1965). One way that we have found rea-
sonably capable of decreasing this lower bound to 3.5° K is to introduce a zero-mass
scalar field into the cosmology. It is convenient to do this without invalidating the
Einstein field equation, and the form of the theory for which the scalar interaction ap-
pears as an ordinary matter interaction (Dicke 1962) has been employed. The cosmologi-
cal equation (Brans and Dicke 1961) was originally integrated for a cold universe only,
but a recent investigation of the solutions for a hot universe indicates that with the
scalar field the universe would have expanded through the temperature range T ~
10° ° K so fast that essentially no helium would have been formed. The reason for this
is that the static part of the scalar field contributes a pressure just equal to the scalar-field
energy density. By contrast, the pressure due to incoherent electromagnetic radiation or
to relativistic particles is one third of the energy density. Thus, if we traced back to a
highly contracted universe, we would find that the scalar-field energy density exceeded
all other contributions, and that this fast increasing scalar-field energy caused the uni-
verse to expand through the highly contracted phase much more rapidly than would be
the case if the scalar field vanished. The essential element is that the pressure approaches
the energy density, rather than one third of the energy density. Any other interaction
which would cause this, such as the model given by Zel’dovich (1962), would also prevent
appreciable helium production in the highly contracted universe.

Returning to the problem stated in the first paragraph, we conclude that it is possible
to save baryon conservation in a reasonable way if the universe is closed and oscillating.
To avoid a catastrophic helium production, either the present matter density should
be < 3 X 1073 gm/cm3, or there should exist some form of energy content with very
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high pressure, such as the zero-mass scalar, capable of speeding the universe through the
period of helium formation. To have a closed space, an energy density of 2 X 10-2°
gm/cm? is needed. Without a zero-mass scalar, or some other “hard” interaction, the
energy could not be in the form of ordinary matter and may be presumed to be gravita-
tional radiation (Wheeler 1958).

One other possibility for closing the universe, with matter providing the energy con-
tent of the universe, is the assumption that the universe contains a net electron-type
neutrino abundance (in excess of antineutrinos) greatly larger than the nucleon abun-
dance. In this case, if the neutrino abundance were so great that these neutrinos are
degenerate, the degeneracy would have forced a negligible equilibrium neutron abun-
dance in the early, highly contracted universe, thus removing the possibility of nuclear
reactions leading to helium formation. However, the required ratio of lepton to baryon
number must be > 10°.

We deeply appreciate the helpfulness of Drs. Penzias and Wilson of the Bell Telephone
Laboratories, Crawford Hill, Holmdel, New Jersey, in discussing with us the result of
their measurements and in showing us their receiving system. We are also grateful for
several helpful suggestions of Professor J. A. Wheeler.

R. H. DickE
P. J. E. PEEBLES
P. G. RoiL
D. T. WILKINSON
May 7, 1965
PALMER PHYsicAL LABORATORY
PriNcETON, NEW JERSEY
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A MEASUREMENT OF EXCESS ANTENNA TEMPERATURE
AT 4080 Mc/s

Measurements of the effective zenith noise temperature of the 20-foot horn-reflector
antenna (Crawford, Hogg, and Hunt 1961) at the Crawford Hill Laboratory, Holmdel,
New Jersey, at 4080 Mc/s have yielded a value about 3.5° K higher than expected. This
excess temperature is, within the limits of our observations, isotropic, unpolarized, and

© American Astronomical Society * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?%3F%3F%3F%3FApJ...142&amp;db_key=AST

NRREY

TADS

420 LETTERS TO THE EDITOR Vol. 142

free from seasonal variations (July, 1964-April, 1965). A possible explanation for the
observed excess noise temperature is the one given by Dicke, Peebles, Roll, and Wilkinson
(1965) in a companion letter in this issue.

The total antenna temperature measured at the zenith is 6.7° K of which 2.3° K is
due to atmospheric absorption. The calculated contribution due to ohmic losses in the
antenna and back-lobe response is 0.9° K.

The radiometer used in this investigation has been described elsewhere (Penzias and
Wilson 1965). It employs a traveling-wave maser, a low-loss (0.027-db) comparison
switch, and a liquid helium—cooled reference termination (Penzias 1965). Measurements
were made by switching manually between the antenna input and the reference termina-
tion. The antenna, reference termination, and radiometer were well matched so that a
round-trip return loss of more than 55 db existed throughout the measurement; thus
errors in the measurement of the effective temperature due to impedance mismatch can
be neglected. The estimated error in the measured value of the total antenna temperature
is 0.3° K and comes largely from uncertainty in the absolute calibration of the reference
termination.

The contribution to the antenna temperature due to atmospheric absorption was ob-
tained by recording the variation in antenna temperature with elevation angle and em-
ploying the secant law. The result, 2.3° + 0.3° K, is in good agreement with published
values (Hogg 1959; DeGrasse, Hogg, Ohm, and Scovil 1959; Ohm 1961).

The contribution to the antenna temperature from ohmic losses is computed to be
0.8° + 0.4° K. In this calculation we have divided the antenna into three parts: (1) two
non-uniform tapers approximately 1 m in total length which transform between the
2%-inch round output waveguide and the 6-inch-square antenna throat opening; (2) a
double-choke rotary joint located between these two tapers; (3) the antenna itself. Care
was taken to clean and align joints between these parts so that they would not sig-
nificantly increase the loss in the structure. Appropriate tests were made for leakage and
loss in the rotary joint with negative results.

The possibility of losses in the antenna horn due to imperfections in its seams was
eliminated by means of a taping test. Taping all the seams in the section near the throat
and most of the others with aluminum tape caused no observable change in antenna
temperature.

The backlobe response to ground radiation is taken to be less than 0.1° K for two
reasons: (1) Measurements of the response of the antenna to a small transmitter located
on the ground in its vicinity indicate that the average back-lobe level is more than 30 db
below isotropic response. The horn-reflector antenna was pointed to the zenith for these
measurements, and complete rotations in azimuth were made with the transmitter in
each of ten locations using horizontal and vertical transmitted polarization from each
position. (2) Measurements on smaller horn-reflector antennas at these laboratories,
using pulsed measuring sets on flat antenna ranges, have consistently shown a back-lobe
level of 30 db below isotropic response. Our larger antenna would be expected to have an
even lower back-lobe level.

From a combination of the above, we compute the remaining unaccounted-for antenna
temperature to be 3.5° + 1.0° K at 4080 Mc/s. In connection with this result it should
be noted that DeGrasse ef al. (1959) and Ohm (1961) give total system temperatures at
5650 Mc/s and 2390 Mc/s, respectively. From these it is possible to infer upper limits to
the background temperatures at these frequencies. These limits are, in both cases, of the
same general magnitude as our value.

We are grateful to R. H. Dicke and his associates for fruitful discussions of their re-
sults prior to publication. We also wish to acknowledge with thanks the useful comments
and advice of A. B. Crawford, D. C. Hogg, and E. A. Ohm in connection with the
problems associated with this measurement.
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Note added in proof —The highest frequency at which the background temperature of
the sky had been measured previously was 404 Mc/s (Pauliny-Toth and Shakeshaft
1962), where a minimum temperature of 16° K was observed. Combining this value
with our result, we find that the average spectrum of the background radiation over this
frequency range can be no steeper than A° 7. This clearly eliminates the possibility that
the radiation we observe is due to radio sources of types known to exist, since in this
event, the spectrum would have to be very much steeper.

A. A. PENzIAS
R. W. WiLson
May 13, 1965

BeELL TELEPHONE LABORATORIES, INC
Crawrorp Hirr, HoLMDEL, NEW JERSEY
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ERRATUM

In the paper “Stellar Evolution. I. The Approach to the Main Sequence” (4p. J.,
141, 993), the following corrections are to be made: page 993, line 1, replace “popuation”
by ‘‘population”; page 997, line 18, delete the last word ‘“‘energy”; page 999, line 2,
replace “‘expanding” by ‘“‘contracting”; page 1007, section heading VI-—replace ‘8" by
%9, page 1007, line 1, replace “Figure 12" by “Figure 17”’; page 1017, line 5, replace
“equation (19)” by “equation (B9)”; page 1018, line 6, replace “W. Z. Fowler” by
“W. A. Fowler.”

June 7, 1965 Icko IBEN, JR.
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