


The cosmic microwave background radiation"
R. W. Wilson
Crawford Hill Laboratory, Bell Laboratories, -Box 400, Holmdel, New Jersey 07733

CONTENTS

IV.

V.
VI.
VII.
VIII.
IX.
X.
XI.
XII.
XIII.
XIV.
Refer

Introduction
Radio Astronomical Methods
A. Antennas
B. Radiometers
C. Observations
Plans for Radio Astronomy with the 20 Foot Horn
Reflector
Radiometer System
A. Switch
B.. Reference noise source
C. Scale calibration
D. Radiometer back end
E. Equipment performance
Prior Observations
Our Observations
Identific ation
Results
Confirmation
Earlier Theory
Isotropy
Spectrum
Conclusion
Acknowledgment s
ences

435
436
436
436
437
437
437
437
438
441

442
442
442
444

444

I. INTRODUCTION
Radio astronomy has added greatly to our under-

standing of the structure and dynamics of the universe.
The cosmic microwave background radiation, con-
sidered a relic of the explosion at the beginning of the
universe some 18 billion years ago, is one of the most
powerful aids in determining these features of the uni-
verse. This paper is about the discovery of the cosmic
microwave background radiation. It starts with a sec-
tion on radio astronomical measuring techniques. This
is followed by the history of the detection of the back-
ground radiation, its identification, and finally by a
summary of our present knowledge of its properties.

I I. RADIO ASTRONOMICAL METHODS
A radio telescope pointing at the sky receives radia-

tion not only from space, but also from other sources
including the ground, the earth's atmosphere, and the
components of the radio telescope itself. The 20-ft
horn-reflector antenna, at Bell Laboratories (Fig. 1)
which was used to discover the cosmic microwave
background radiation was particularly suited to dis-
tinguish this weak, uniform radiation from other, much
stronger radiation sources. In order to understand this

measurement it is necessary to discuss the design and
operation of a radio telescope, especially its two major
components, the antenna and the radiometer. '

A. Antennas
An antenna collects radiation from a desired direc-

tion incident upon an area, called its collecting area,
and focusses it on a receiver. An antenna is normally
designed to maximize its response in the direction in
which it is pointed, and minimize its response in other
directions.
The 20-ft horn-reflector shown in Fig. 1 was built by

A. B. Crawford and his associates (Crawford et al. ,
1961) in 1960 to be used with an ultralow-noise com-
munications receiver for signals bounced from the Echo
satellite. It consists of a large expanding waveguide,
or horn, with an off-axis section of a parabolic re-
flector at the end. The focus of the paraboloid is lo-
cated at the apex of the horn, so that a plane wave
traveling along the axis of the paraboloid is focused
into the receiver, or radiometer, at the apex of the
horn. Its design emphasizes the rejection of radiation
from the ground. It is easy to see from the figure that
in this configuration the receiver is well shielded from
the ground by the horn.
A measurement of the sensitivity of a small horn-

reflector antennato radiation coming from different
directions is shown in Fig. 2. The circle marked "iso-
tropic antenna" is the sensitivity of a fictitious antenna.
which receives equally from all directions. If such an
isotropic lossless antenna were put in an open field,
half the sensitivity would be to radiation from the earth
and half from the sky. In the case of the horn-reflector,
sensitivity in the back or ground direction is less than
1/3000th of the isotropic antenna. The isotropic an-
tenna on a perfectly radiating earth at 300 K and with a
cold sky at 0 K would pick up 300 K from the earth over
half of its response and nothing over the other half,
resulting in an equivalent antenna temperature of 150 K.
The horn-reflector, in contrast, would pick up less than
0.05 K from the ground.
This sensitivity pattern is sufficient to determine the

performance of an ideal, los less antenna since such an
antenna would contribute no radiation of its own. Just
as a curved mirror can focus hot rays from the sun and
burn a piece of paper without becoming hot itself, a
radio telescope can focus the cold sky onto a radio
receiver without adding radiation of its own.

B. Radiometers

*This lecture was delivered December 8, 1978, on the oc-
casion of the presentation of the 1978 Nobel Prizes in Physics.
~A more complete discussion of radio telescopy antennas and
receivers may be found in several textbooks. Chapters 6
and 7 of Kraus (1966) are good introductions to the subjects.

A radiometer is a device for measuring the intensity
of radiation. A microwave radiometer consists of a
filter to select a desired band of frequencies followed
by a detector which produces an output voltage propor-
tional to its input power. Practical detectors are
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V I I. IDENT I F IGAT ION

The sequence of events which led to the unravelling
of our mystery began one day when Arno was talking to
Bernard Burke of MIT about other matters and
mentioned our unexplained noise. Bernie recalled hear-
ing about theoretical work of P. J. E. Peebles in R. H.
Dicke's group in Princeton on radiation in the universe.
Arno called Dicke who sent a copy of Peebles' preprint.
The Princeton group was investigating the implications
of an oscillating universe with an extremely hot con-
densed phase. This hot bounce was necessary to destroy
the heavy elements from the previous cycle so each
cycle could start fresh. Although this was not a new
idea, ' Dicke had the important idea that if the radiation
from this hot phase were large enough, it would be ob-
servable. In the preprint, Peebles, following Dicke's
suggestion, calculated that the universe should be filled
with a relic blackbody radiation at a minimum tem-
perature of 10 K. Peebles was aware of Hogg and
Semplak's (1961) measurement of atmospheric radiation
at 6 cm using the system of DeGrasse et al. , and con-
cluded that the present radiation temperature of the
universe must be less than their system temperature of
15 K. He also said that Dicke, Boll, and Wilkinson
were setting up an experiment to measure it.
Shortly after sending the preprint, Dicke and his co-

workers visited us in order to discuss our measure-
ments and see our equipment. They were quickly con-
vinced of the accuracy of our measurements. We
agreed to a side-by-side publication of two letters in
the AsA.opIIysica/ Journal —a l.etter on the theory from
Princeton (Dicke et a/. , 1965) and one on our measure-
ment of excess antenna temperature from Bell Labora-
tories (Penzias and Wilson, 1965b). Arno and I were
careful to exclude any discussion of the cosmological

theory of the origin of background radiation from our
letter because we had not been involved in any of that
work. We thought, furthermore, that our measurement
was independent of the theory and might outlive it. We
were pleased that the mysterious noise appearing in our
antenna had an explanation of any kind, especially one
with such significant cosmological implications. Our
mood, however, remained one of cautious optimism for
some time.

VIII. RESULTS
While preparing our letter for publication we made one

final check bn the antenna to make sure we were not
picking up a uniform 3 K from earth. We measured its
response to radiation from the earth by using a trans-
mitter located in various places on the ground. The
transmitter artificially increased the ground's brightness
at the wavelength of our receiver to a level high enough
for the backlobe response of the antenna to be mea-
surable. Although not a perfect measure of the struc-
ture of the backlobes of an antenna, it was a good enough
method of determining their average level. The back-
lobe level we found in this test was as low as we had ex-
pected and indicated a negligible contribution to the an-
tenna temperature from the earth.
The right-hand column of Fig. 10 shows the final re-

sults of our measurement. The numbers on the left
were obtained later in 1965 with a new throat on the
20 ft. horn reflector. From the total antenna tempera-
ture we subtracted the known sources with a result of
3.4+ 1 K. Since the errors in this measurement are
not statistical, we have summed the maximum error
from each source. The maximum measurement error
of 1 K was considerably smaller than the measured
value, giving us confidence in the reality of the result.

I

New Thr oat Old Throat

He Temp.
Calculated Contribution
from Cold Load Naveguide
At tenuator Setting for
Balance 2.73

.70 + 0.2
Z. IO + 0.1

Total C.L. 7 ~ 33 7.32+ 0 3 6.7 + 0.3

Atmosphere
Waveguide and
Antenna loss
Back lobes

23+ o.3
1.8 + 0.3
.1 + 0.1

2.3 + 0.3
.9 + 0.3
.1 + 0.1

Total Ant. 4.2 + 0.7 3.3+ 07
Background 3 ~ 1+ 1
FIG. 10. Results of our 1965 measurements of the microwave background. "Old Throat" and "New Throat" refer to the original
and a replacement throat section for the 20 ft horn reflector.

See Hoyle and Taylor (1964). A less explicit discussion of the same notion occurs in Gamow (1948).
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FIG. 11.Results of the large-scale isotropy experiment of Smoat, Gorenstein, and Muller, showing the clear cosine dependence of brightness
expected from the relative velocity of the earth in the background radiation. This figure is reproduced with the permission of Scientific American.

radiation dominated the universe and the Jeans mass,
or mass of the smallest gravitationally stable clumps,
was larger than a, cluster of galaxies. It is only in the
period following recombination that galaxies could have
formed.
In 1967 Bees and Sciama (1967) suggested looking for

large scale anisotropies in the background radiation
which might have been left over from anisotropies of
the universe prior to recombination. In the same year
Wilkinson and Partridge (Partridge and Wilkinson,
1967) completed an experiment which was specifically
designed to look for anisotropy within the equatorial
plane. They reported a limit of 0.1% for a 24 h asym-
metry and a possible 12 h asymmetry of 0.2%. Mean-
while we had reanalyzed an old record covering most
of the sky which was visible to us and put a limit of
0.1 K on any large-scale fluctuations (Wilson and
Penzias, 1967). Since then a series of measurements
(Conklin, 1969; Henry, 1971; Corey and Wilkinson,
1976) have shown a 24 h anisotropy due to the earth' s
velocity with respect to the background radiation. Data
from the most sensitive measurement to date (Smoot
et al. , 1977) are shown in Fig. 11. They show a strik-
ing cosine anisotropy with an amplitude of about 0.003
K, indicating that the background radiation has a maxi-
mum temperature in one direction and a minimum in the
opposite direction. The generally accepted explanation
of this effect is that the earth is moving toward the di-
rection where the radiation is hottest and it is the blue
shift of the radiation which increases its measured
temperature in that direction. The motion of the sun
with respect to the background radiation from the data
of Smoot et al. is 390+ 60 km/s in the direction 10.8 h
H. A. , 5 Dec. The magnitude of this velocity is not a
surprise since 300 km/s is the orbital velocity of the
sun around our galaxy. The direction is different, how-
ever, yielding a peculiar velocity of our galaxy of about
600 km/s. Since other nearby galaxies, including the
Virgo cluster, have a small velocity with respect to our
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FIG. 12.Measurements of the spectrum of the cosmic microwave back-
ground radiation. The shaded area and arrows show the values allowed
by the data of Woody and Richards.
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galaxy, they have a similar velocity with respect to the
matter which last scattered the background radiation.
After subtracting the 24 h Rnisotropy, one can search
the data for more complicated anisotropies to put ob-
servational limits on such things. as rotation of the
universe (Smoot et al. , 1977). Within the noise of 0.001
K, these anisotropies are all zero.
To date, no fine-scale anisotropy has been found.

Several early investigations were carried out to dis-
credit discrete source models of the background radia-
tion. In the most sensitive experiment to date, Boynton
and Partridge (1973) report a relative intensity varia-
tion of less than 3.7&& 10 ' in an 80 arcsec beam. A dis-
crete source model would require orders of magnitude
more sources than the known number of galaxies to
show this degree of smoothness.
It has also been suggested by Sunyaev and Zel'dovich

(1972) that there will be a reduction of the intensity of
the background radiation from the direction of clusters
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Measurement of “Excess Antenna 
Temperature” at 4080 MHz (7.4cm)

Measurements in the decade 
that followed, performed at 
different frequencies, plotted 
as intensity vs wavelength
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