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COSMIC MICROWAVE BACKGROUND —-- PRESENT STATUS AND FUTURE PROSPECTS

This is the signal primeval. Bigbang! Bigbang! burning bright
The murmuring microwave background, In the darknese of the night!
Hidden in noise and galactic emission, What immortal hand or eye,
Indistinet in the starlight.* Could frame thy fearful symmetry?*

It has been 13 years since the discovery of the cosmic microwave radia-
tion by Penzias and Wilson of Bell Laboratories,l but it is only recently
that the explanation put forth by Dicke, Peebles, Roll and Wilkinson2 has
been nearly universally accepted by the astrophysics community. Only with
the now clear observation of the peak of the Planckian spectrum and its Wien
tail have the doubts of many skeptics been answered. The correct prediction
of the entire spectrum after the observation of the intensity at only one
frequency must certainly be considered one of the great triumphs of cos-
mological theory. One of the indications of the impact of their discovery
has been the award of the Nobel Prize in physics to Penzias and Wilson this
year. The cosmic microwave radiation is not only the strongesf evidence we
have for the hot, compressed early Universe, but it provides one of the most
iirect means for studying that Universe. After a brief review of the origia
cof the radiation according to the "standard model", I shall discuss the status
of present measurements of the spectrum and the large-angular-scale isotropy,
and finally indicate what the pruspects are for improved measurements in the

next decade.

ORIGIN OF THE RADIATION
The very existence now of a 'standard model" for the origin of the
Universe is a reflection of the present acceptance of the theory.3 In this

model, half a million years after the big bang the Universe was uniformly

*
Apologies to H.W. Longfellow and W. Blake
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filled with a hot plasma of photons, electrons, protons and heavier atoms.
The expansion of the Universe cocled the plasma to the point that the elec-
trons and protons combined to form neutral hydrogen. The previously opaque
Universe suddenly became transparent, since photons are much less strongly
coupled to neutral hydrogen than to the plasma. From that period until now
the cosmic blackbody photons have been traveling virtually unscattered,4
carrying information about the nature of the Universe at the time of the
decoupling (see Figure 1). In the Lorentz frame moving with the plasma, the
photons have a blackbody spectrum with a characteristic temperature of about
4500°K; however the Hubble expansion gives this frame a velocity with respect
to ours large enough to redshift the radiation by a factor of 1500 to the
observed temperature of 3°K. (The fact that a Doppler shift preserves the
Planckian form of the spectrum was first derived by Peebles and Wilkinson.s)
Study of the radiation is therefore a study of the shell of matter which last
scattered the radiation.

The cosmic blackbody photons are coming from the most distant region of
space ever observed, and were emitted earlier in time than any other cos-
mological signal. Although the "background" radiation was originally given
that name because of its potential interference with satellite communications,
the word has taken on a new and vivid meaning: the radiating shell of matter
forms the spatial background in front of which all other astrophysical objects,
such as the quasars, lie. Until methods are devised to detect the neutrinos
or gravitons which decoupled earlier, we will have no direct means of viewing

beyond this background.

SPECTRUM MEASUREMENTS
There have been more than twenty articles published on measurements of

the spectrum of the radiation; for a review see ref(6). However only in the
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last few years have accurate measurements truly verified the Wien tail of
the Planck distribution. Particularly impressive are the recent results of
D. Woody and P.L. Richards,7 shown in Figure 2. These results are plotted
on linear/linear axes rather than the traditional log/log in order to empha-
size the fact that most of the energy of the background radiaticn is in the
range of frequencies measured in this experiment, a region which had few
previous measurements because of intense atmospheric emission. Woody and
Richards used a balloon-borne Fourier spectrometer, which is sensitive to
the entire range of frequencies simultaneously. The spectrum is obtained
by Fourier transform of the output signal, with correction for atmospheric
emission and detector response. Their "raw" spectrum with instrumental
correction but no atmospheric subtraction is shown in Figure 3. Note that
even without atmospheric correction the Wien tail of the radiation is clezrly
seen in the raw data.

The striking confirmation of the Planckiarn shape is the most important
result of the Woody/Richards experiment. However they point out that they
do see a statistically significant weviation from the Planckian shape:

their spectrum is high in the region of 3 to 7 cm—l and low from 9 to 12 cm—l.

The probability of a fluctuation accounting for this effect is about 10—6,
corresponding to about 5 standard-deviations. (The spectrometer resolution
is shown in Figure 2 and is about 1 cm_{ Measurements of the spectrum sepa-
rated by this interval are effectively statistically independent.) Great
care was taken by the experimenters to determine if the deviation could be
instrumental; this is particularly important to do since an overall reduction
in normalization by 227% brings the data into good agreement with a 2.8°K

blackbody curve. If the deviation from the blackbody curve is cosmological

in origin, its interpretation is of great interest.



ISOTROPY MEASUREMENTS

The large-angular-scale isotropy of the cosmic background radiation
is the most sensitive probe we have of several phenomena of cosmological
interest. These include the isotropy of the Hubble expansion, possible
rotation of the Universe,8 and the existence of very-long wavelength gravi-
tational radiation.9 Anisotropy can also arise from non-uniform distri-
bution of matter at the time of the decoupling.

Anisotropy has now been clearly observed by at least two groups,lo’ll
however its smooth cos{0) behavior suggests that we should attribute it to
a local rather than a cosmological effect: the motion of the earth relative

to the radiation. After subtraction of the cosine term, there is no statis-

tically significant anisotropy remaining. The most sensitive experiment so
far is that done by our group at Berkcley11’12 using a 33 GHz twin-horn Dicke
radiometer flown in a series of flights aboard the NASA-Ames Earth Survey
Aircraft (U-2). In this experiment we were able to put an upper limit (90%
confidence level) on the existence of a second-order (quadrupcle) component
to the background radiation of 1.1 x 10_3 °K or about 4 parts in 10,000 of

a 2.8 °K signal.12 This limit refers to 4 of the five possible quadrupole
components; the fifth component is indistinguishable in the data from the
dipole (cosine) component due to our lack of data in the southern hemisphere.
The ambiguity will be resolved with a few flights in the southern hemisphere,
scheduled to take place early in 1979. In addition to the quadrupole limit,
we place an upper limit on the sky '"roughness" (i.e. the statistical signifi-

cance of the ..atter of the data points around the cosine fit) of 0.60 x 10—3 °K

at the 95% confidence level.12
Although my original interest in the experiment was due to the cosmological

phenomena, perhaps the most interesting result turred out to be the local

velocity of the earth. Like Michelson and Morley, we were surprised by the
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result, but for the opposite reason: we obtained a velocity for the Milky
Way (and the local group of galaxies) much higher than we had expected. The
data for flights through early 1978 are shown in Figire 4, along with the
cosine fit. The amplitude of the cosine is 3.61 * 0.54 x 10'-3 °K, in a
direction of R.A. = 11.23 * 0.46 hours, dec = 19 * 7.5 deg (ref 12). For
a cosmic background temperature of T, this implies a velocity for the earth
of 361 x (3°K/T) km/sec. When this is folded with the known velocity of
the sun relative to the Milky Way galaxy (from galactic rotation) one finds

a net velocity for the local group of galaxies (assuming T = 2.8 °K} of

about 550 * 75 km/sec in the direction R.A. = 10.5 hr, dec = -11 deg.

It is the large magnitude of this velocity that is particularly dis-
turbing, especially since peculiar velocities for nearby galaxies are small.
The relative velocity of the Milky Way and the Andromeda galaxy is only
80 km/sec, and Peebles has concluded13 that the peculiar (non-Hubble) veloc-
ity of the Virgo cluster is similarly small. But these large peculiar ve-
locities seem to be cropping uvp recently in diverse areas of cosnmology.

V.C. Rubin reported at the last Texas symposium on a similarly high velocity
for the Milky Way measured with respect to nearby (3500 < cz < 6500 km/sec)
galaxies14 (but in a different direction thanours, see refs. 11 and 12).

And in this conference J. Peebles is reporting the recent results of his group
at Princeton which sees similarly high velocity differences in pairs of
(presumably) bound galaxies. It is difficult to reconcile the high kinetic
energy of these galaxies with the belief that they are gravitationally bound
unless one supposes that the mass of each galaxy is much greater than the
visible mass. The missing mass must be comparable to that required to close

the universe.
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THE FUTURE

The deviations observed in the spectrum of the background radiation
are tantalizing, and an order-of-magnitude improvement in sensitivity is
going to be necessary in order to study them in detail., In addition one
would like to study the deviations as a function of direction in the sky,

a combined spectrum and isotropy experiment. The isotropy measurcments have
already yielded an unexpected discovery in the high peculiar velocity of the
local group of galaxies, but as of yet no intrinsic anisotropy has been ob-
served. Again one would like to see an order-of-magnitude improvement. For-
tunately just such an improvement in both the spectrum and isotropy is on the
near horizon: COBE.

COBE stands for COsmic Background Explorer, a satellite which may be
flown by NASA as early as 1983. The COBE scientific team includes many of
the scientists in the U.S. who have made the best state-of-the-art measure-
ments from roof-tops, balloons and airplanes. The planned configuration is
shown in Figure 5, and includes the following experiments:

(1) Spectrum measurement from 3.3 to 0.33 mm, based on differential
comparison with an adjustable temperature blackbody, with a sensitivity of

14 w/cmzsr cm—l for each 7 degree diameter field of view. This in-

2 %10
strument should be capable of measuring the spectrum to 0.1% of the peak flux
for each field of view on the sky.

(2) Anisotropy measurements at 4 frequencies: 23,5, 31.4, 53, and 90
GHz, again with a 7° field of view. The differential microwave radiometers
should be able to detect deviations from isotropy to 10_4 of the background
intensity, and should be limited ounly by the galactic synchrotron emission.
Inclusion of four frequencies should allow subtraction of galactic emission.

(3) Diffuse Infrared Background photometer: to measure the infrared

3

region 8 to 300 microns in 6 octave bands; sensitivity of 10-1 w/cmzsr for

each 1° field of view.
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As a physicist who is not actively working on COBE I feel free to
express my delight at the beautiful design of the experiments, and to
express unbiased optimism for the expected data. Without a satellite an
order-of-magnitude improvement over the existing data would be nearly im-
possible; with COBE we can expect to have it in the next few years. The
advantages of COBE come not only from the sensitivity, but also from the
complete sky coverage afforded by its polar orbit. The COBE sensitivity
is such that the uncertainty in the galactic synchrotr . emission may set
the limit to the accuracy of its measurements. If this is the case, then
COBE may also provide the ultimate limit to the knowledge that we can derive

from measurements of the cosmic background.
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FIGURE CAPTIONS

1. Origin of the cosmic background radiation. About 0.5 million years
after the big bang, the free electrons and protons in the plasma com-
bine to form neutral hydrogen, and the mean-free-path of the black-
body photons becomes comparable to the size of the Universe. Those
photons which will reach the earth in A.D. 1978 are drawn with the
heavier lines; the future position of the earth is indicated with the
letter E. In a comoving frame the photons have a temperature of about
4500 °K; in the earth frame their temperature is Doppler shifted to

about 3 °K.

2. Measured spectrum of the cosmic background radiation, from the experi-
ment of Woody and Richards (ref. 7). The shaded region corresponds to
the + 1l¢ limits. The gaps in the data are at frequencies at which

strong atmospheric emission lines cause the errors to becouwe very large.

3. The "raw data" from the Woody/Richards experiment is shown in (a),
adapted from ref. 7. Plotted is the Fourier transform of the inst:iu-
ment output, corrected for instrument response. Note that the Wien
tail of the spectrum can be seen without correction for atmospheric
emission. The calculated atmospheric emission is shown in (b), and
then net cosmic background is shown in (c) and (d) at two different

spectral resolutions.

4. Anisotropy data from the 33 GHz U-2 experiment, adapted from ref, 12.
The measured anisotrcpy AT in millidegrees Kelvin is plotted vs. the
angle between the instrument axis and the observed direction of maxi-~
mum temperature fi = (11.23 hours R.A., 19° dec.). The data shown is

for the seven flights between April 1977 and May 1978. Each point is
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an average of approximately five 20-minute "legs" of straight and

level fiight.

The planned COBE satellite; an artist's conception. The apertures at
the center are for the 3.3 to 0.33 mm spectrum radiometer and for the
diffuse infrared photometer; the four pairs of microwave horns are for
the isotropy radiometers. The radiometers are shielded from the sun

and earth by the large conilcal shade.
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