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Helioseismology is a method used to study the properties of
the solar interior by measuring the Sun's natural Vibration fre-
quencies. These Vibrations are detected at the solar surface as
upward and downward motions and also as intensity Varia-
tions. The periods of the approximately 10 different oscillations
range from about 15 to less than 3 minutes, and the spatial
scales range from the entire solar circumference to about 1
megameter. The oscillation spectrum is crowded, so accurate
measurement requires good resolution both in temporal and
spatial frequency. South Pole is a unique site for obtaining he-
lioseismology measurements because long-duration observa-
tions interrupted only by bad weather are possible during the
austral summer. Scientists have taken advantage of this feature
most summers since 1979.

Progress in detector and data-recording technology has al-
lowed our group to increase the angular resolution of full solar
disk images from 2502 pixels (1981, 1987) to 5002 (1988) to 1,0002
pixels during the 1990-1991 field season. This increase allows
us to probe a greater range of depths within the Sun. We also
have lengthened the duration of our observations to improve
temporal frequency resolution. This permits more accurate de-
termination of the solar oscillation frequencies.

After arrival at South Pole on 31 October 311990, we started
recording solar images once per minute from 9 November 1990
to 13 January 1991. The images showed the Sun's brightness in
a 1-nanometer bandpass centered on the 393-nanometer cal-
cium-TI spectral line. Weather conditions were unusually bad

so that our duty cycle was only about 30 percent. Nonetheless,
analysis of the more than 100 gigabytes of recorded data shows
that a satisfactory temporal frequency response function was
obtained. Our telescope was capable of making high-resolution
images and, for the first time, our observations were limited
by atmospheric turbulence rather than by the instrument. Im-
age sharpness proved to be variable and seldom better than a
few arc seconds. A comparison of image quality with regular
balloonsonde measurements is in progress. The image quality
was such that oscillations of spherical harmonic degree up to
about 1,000 were detected.

Analysis of helioseismology data requires a major computing
effort, which is now in progress. Some recent results from our
previous runs have been published in the past year. (The ref-
erence list contains eight publications of recent results.)

In addition to our helioseismology observations, we used the
20-centimeter aperture telescope at South Pole Station visually
to observe Sirius and Alpha Centauri at high magnification in
30- and 15-knot wind conditions. Image quality was of order 1
arc second at small zenith angle and light wind, and it deteri-
orated at larger zenith angles and wind speeds. We also in-
stalled an inexpensive polar-orbiting weather satellite receiver
to help plan our observations. South Pole is a superb site for
the reception of data from these satellites since every one is in
range on each orbit. This first use of such a receiver at South
Pole was successful. It was left at the meteorology lab for com-
munity use.

The field party included the authors, D. Neff (National Solar
Observatory) and R. Aikens (Photometrics Ltd.). We are grate-
ful for the outstanding logistic support provided by South Pole
Station personnel. This work was supported in part by National
Science Foundation grant DPP 89-17626. The National Solar
Observatory is one of the National Optical Astronomy Observ-
atories operated by the Association of Universities for Research
in Astronomy, Inc., under cooperative agreement with the Na-
tional Science Foundation.

References

Braun, D.C., T.L. Duvall, Jr., and S.M. Jefferies. 1990. Observations of
p-mode absorption in active regions. Progress of Seismology of the Sun
and Stars, Lecture Notes in Physics, 367, 181. Berlin: Springer.

Duvall, T.L., Jr., J.W. Harvey, S.M. Jefferies, and M.A. Pomerantz. 1991.
Measurements of high frequency solar oscillation modes. Astrophysics

Journal, 373, 308.
Harvey, J.W. 1990. Trends in helioseismology observation and data

reduction. Progress of Seismology of the Suit Stars, Lecture Notes in
Physics, 367, 115. Berlin: Springer.

Jefferies, S.M., and T.L. Duvall, Jr. 1991. A simple method for correcting
spatially resolved solar intensity oscillation observations for varia-
tions in scattered light. Solar Physics, 132, 215.

Jefferies, SM., T.L. Duvall, Jr., J.W. Harvey, Y. Osaki, and M.A. Pom-

2851991 REVIEW



_JL	 '

Al

'1

erantz. In press. Characteristics of intermediate degree solar p-mode
widths. Astrophysics Journal.

Jefferies, S. M., T.L. Duvall, Jr., J. W. Harvey, and M. A. Pomerantz. 1990.
Helioseismology from the South Pole: Results from the 1987 cam-
paign. Progress of Seismology of the Sun and Stars, Lecture Notes in
Physics, 367, 135. Berlin: Springer.

Jefferies, S. 	M. A. Pomerantz, T.L. Duvall, Jr., and J. W. Harvey. 1990.

Helioseismology from South Pole: Solar cycle connection. Antarctic
Journal of the U.S., 25(5), 271-272.

Kumar, P., T.L. Duvall, Jr., J.W. Harvey, S.M. Jefferies, M.A. Pomer-
antz, and M.J. Thompson. 1990. What are the observed high-fre-
quency solar acoustic modes? Progress of Seismology of the Sun and
Stars, Lecture Notes in Physics, 367, 87. Berlin: Springer.

The long-wavelength
spectrum of the

cosmic microwave background

G.E SMOOT, G. DE Amid, M. BENSADOUN,
A. KOGUT, S. LEVIN, and M. LIM0N

Lawrence Berkeley Laboratory and Space Sciences Laboratory
University of California

Berkeley, California 94720

G. SIR0NI, M. BERSANELLI, and G. BONELLI

Università degli Studi and IFCTRICNR
Milan, Italy

The cosmic background radiation is the dominant radiation
field in the Universe. According to the Big Bang model, the
cosmic background radiation originated in a hot, dense phase
of the early Universe and had a blackbody spectrum as a result
of the well-established thermal equilibrium at that time. As the
Universe expanded, the cosmic background radiation cooled
while preserving its blackbody spectrum. A major prediction
of the Big Bang model is that the cosmic background radiation
has a blackbody spectrum to high precision. Events in the 10 to
20 billion years since the Big Bang (such as the formation of
galaxies or other structures) may have left signature distortions
in the cosmic background radiation spectrum. Our experiment
tests this prediction of the Big Bang model and constrains the
conditions and physical processes that dominated the early
Universe.

We began our program in 1982 with a collaboration between
groups led by G. Smoot (University of California at Berkeley),
G. Sironi (Universita' di Milano, Milan, Italy), N. Mandolesi
(TESRE/CNR, Bologna, Italy), B. Partridge (Haverford College,
Haverford, Pennsylvania), and L.Danese and G. De Zotti (Os-
servatorio Astronomico, Padua, Italy). Our goal has been to
conduct a coordinated, careful determination of the long-wave-
length cosmic background radiation spectrum (Smoot et al.
1985, 1987), where distortions from a blackbody spectrum are
likely to be largest.

The experiment is conceptually very simple. The measure-
ment uses a radiometer—a radio receiver whose output is pro-
portional to the input power—to measure precisely the differ-
ence in power between the sky and a cryogenic absolute
reference target. The cold reference target is designed and con-
structed to have its temperature (radiated power) known to
high precision; consequently, the comparison of the sky at ze-
nith to the target determines the temperature of the zenith sky.

The signal from the sky is the sum of signals emitted from
many sources: the cosmic background radiation, the atmo-
sphere, the galaxy, the nearby terrain, and so on. Careful de-
sign of the instrument and of the experimental technique can
greatly reduce the intensity of these unwanted signals, but they
cannot be eliminated completely. Each must be measured and
subtracted from the zenith sky signal, leaving the cosmic back-
ground radiation as the residual. By repeating this measure-
ment at several frequencies, with instruments of similar design,
we measure the intensity spectrum of the cosmic background
radiation.

Our first observations were conducted from a remote site in
California's White Mountains and covered the range from 0.3
centimeters to 12 centimeters, a range which we later extended
to 50 centimeters. As the experiment progressed to the tech-
nically more challenging longer wavelengths, the progressive
degradation of the California site from encroaching civilization
and its radio interference raised the need for new and better
site (Kogut et al. 1991). The size of the antennae (figure 1)
precluded a shift to balloon or rocket observations, leading us
to search for alternate sites on the ground. The South Pole

Figure 1. Measurement technique and concept. Operators invert
the 4-centimeter radiometer to compare the signal from the zenith
sky to the cryogenic target buried in the ice. The comparison fixes
the temperature of the zenith sky, from which we subtract all fore-
ground emission to derive the temperature of the microwave back-
ground. The dimensions of the other radiometers scale (approxi-
mately) with wavelength.
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