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Preface

The Physics Survey Committee was appointed by the President of the
National Academy of Sciences in mid-1969 to survey the status, oppor-
tunities, and problems of physics in the United States. Volume 1 of
Physics in Perspective constitutes the full report of the Committee. This,
and the companion parts of Volume 11, complete the report of the survey.

The Survey Committee early concluded that it was essential that it ob-
tain detailed information from experts in each of a number of physics
subfields and interface areas. For each of these subfields and interface
areas a chairman was appointed by the Chairman of the Survey Commit-
tee, and groups of recognized experts were brought together to survey and
report on their respective subject areas.

Several of the subfields have relatively well-defined and traditional
boundaries in physics. Included are the core subfields of acoustics, optics,
condensed matter, plasmas and fluids, atomic, molecular, and electron
physics, nuclear physics and elementary-particle physics. The reports of
these panels constitute Part A of Volume II. In addition, there are several
important interface areas between physics and other sciences. In the case
of astronomy, where activity is particularly vigorous at the interface and is
overlapping, the Physics and Astronomy Survey Committees agreed to
form a joint panel that would report on astrophysics and relativity, an
area of special interest to both. The broad area in which physics overlaps
geology, oceanography, terrestrial and planetary atmospheric studies, and
other environmental sciences was defined as earth and planetary physics,
and a panel was established to survey it. In covering the physics-chemistry
and physics-biology interfaces, the broader designations *‘physics in

ix



x Preface

chemistry’” and ‘“‘physics in biology”” were chosen to avoid restricting the
work of the panels to the already traditional boundaries of these inter-
disciplinary fields.

Although each panel—and particularly those responsible for the core
subfields—was asked to consider the interaction of its subfield with tech-
nology, the Committee anticipated that the emphasis would be on recent
developments that advanced the state of the art and on what is generally
described as high technology. Therefore, to include more specifically the
active instrumentation interface between physics and the more traditional
manufacturing sectors of the economy—steel, drugs, chemicals and con-
sumer goods, to name only a few, in which many old parameters are being
measured and controlled in new and ingenious ways—a separate panel was
established.

Panels were also appointed to centralize the statistical data-collection
activities of the survey and to address the questions of physics in educa--
tion and education in physics. Each of these panels prepared a report, and,
in addition, an extended report on the dissemination and use of the in-
formation of physics was prepared by a member of the Committee. With
the exception of the one on statistical data, all these reports are included
in Part B of Volume I; the Statistical Data Panel report constitutes Part C
of Volume 11.

The Nuclear Physics Panel was commissioned to carry out its survey on
an accelerated time scale, and in greater depth than the other panels, in
response to a specific request from the President’s Science Advisory Com-
mittee (PSAC) for findings and recommendations that could be used in
policy and planning discussions at an early date. The final report of that
panel, which appears in Part A, is a revised and updated version of the one
transmitted to PSAC in 1971.

A number of subjects in classical physics, such as mechanics, heat,
thermodynamics, and some elements of statistical physics, were not con-
sidered explicitly in the survey. This omission is in no sense intended to
imply any lack of importance of these fields but merely indicates that -
they are mature fields in which relatively little research per se is currently
being conducted.

In the very nature of the survey, the Committee and its panels have
explored many alternatives and options in developing their reports. It
-should thus be emphasized that the lack of explicit mention of any one of
these does not imply that it has not been considered or examined.

Early in the survey, the Committee developed and addressed to each
panel a lengthy charge, which appears as Appendix A. This charge was
broad-ranging and dealt with the structure and activity of a subfield,
viewed not only internally but also in terms of its past, present, and po-
tential contributions to other physics subfields, other sciences, technol-
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* ogy, and society generally. Consonant with the overall survey objectives,
each panel was asked to develop several detailed budgetary projections
ranging from one that would permit exploitation of all currently identi-
fied opportunities in a subfield to one that continued to decrease during
the period under consideration.

Clearly, the charge was most directly relevant to the more traditional
subfields; in the case of the interface panels, some questions were inevi-
tably unanswerable without a survey of equivalent scope of the field or
fields on the other side of the interface. In astronomy, such a survey was
available. Nevertheless, from the reports included in this and in the com--
panion parts of Volume 11, it is plain that the panels have responded in
depth to the questions asked.

Initial draft responses to the charge were presented to the Survey Com-
mittee by the panel chairmen during an extended working session in June
1970, and, following subsequent discussions and reviews, preliminary
panel reports were submitted to the Committee during the summer of
1971. Whenever possible, each of these preliminary reports was forwarded
for comment to a group of some ten readers, selected jointly in each case
by the panel chairman and the chairman of the appropriate division of the
American Physical Society or other Member Society of the American In-
stitute of Physics. These readers were chosen, insofar as possible, from
among the most active scientists in each subfield, with particular emphasis
on younger scientists who had not been involved previously in the survey.
The Committee received excellent cooperation from all of them. They
provided fresh insight and new viewpoints on many aspects of the panel
reports. Their comments and those of the Survey Committee and other
reviewers were carefully considered by the panels in the preparation of the
final reports that appear herein.

It must be emphasized that the panel reports and their recommenda-
tions and conclusions were addressed specifically to the Survey Commit-
tee. The many instances in which the Committee concurred with and sup-
ported these findings are reflected in the Committee’s report, Volume I.
On occasion, however, the Committee, from its broader viewpoint cover-
ing not only all of physics but also its broader external interaction, not
unexpectedly reached somewhat different conclusions.

The panel reports are being made available here in the form submitted
to the Survey Committee, not only to provide the detailed technical back-
ground and documentation for many of the Committee’s findings, but
also because they provide, to a unique degree, a measure of the vitality
and strength of the different subfields of physics. Repeatedly in its activ-
ity, the Survey Committee has been reminded of the unity of physics and,
indeed, of all science. This mtellectual thread is interwoven through all the
panel reports.
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The Survey Committee is profoundly grateful to the members of its
panels and most particularly to their chairmen, for their effective and
thoughtful responses to the often difficult questions posed to them. Per-
haps the most difficult have been those relating to the future style, direc-
tion, and thrust of physics under conditions in which not even ail those
projects and groups judged excellent by peer and support agency reviews
can hope to find support. These questions are much more directly answer-
able in some subfields than in others—in those dependent upon very large
facilities rather than on more modest instrumental requirements—but they
are very significant in all subfields.

The panel chairmen responded frequently and effectively to Committee
requests for additional information and assistance; they participated fully
in a number of the major Committee working sessions and they gave most
generously of their time and effort throughout the survey.

Support for the survey activity has been provided equally by the
Atomic Energy Commission, the Department of Defense, the National
Aeronautics and Space Administration, and the National Science Founda-
tion. Additional assistance has been provided through grants from the
American Physical Society and from the American Institute of Physics.

Staff of all the federal agencies engaged in the support of physics have
given generously of their time and effort in searching out and providing
answers to innumerable questions. Liaison representatives of these agen-
cies participated in many long days of discussion as the Committee and
panel reports developed. The Committee is deeply grateful to all of them.

The Committee and its panels cannot hope to acknowledge in detail all
the assistance that they have received from many persons and organiza-
tions throughout the country. Over and above their major contributions
to the activity of the Survey Committee itself, George W. Wood, Charles
K. Reed, Bruce N. Gregory, and Bertita E. Compton have worked directly
with the different panels in many, many ways and have provided an over-
all coherence that otherwise would have been quite impossible. They de-
serve our particular gratitude. Jacqueline Boraks has accomplished the
often overwhelming task of copy editing the entire survey report with
remarkable effectiveness and taste. In these panel reports she has been
ably assisted by Jeannette W. Lindsay. And finally, Beatrice Bretzfield,
the Secretary to the Physics Survey at the Academy, and Mary Anne
Thomson, my administrative assistant at Yale, have been of tremendous
help to the Committee and to me throughout the survey. To all of these, I
would express both my personal thanks and that of the Committee and its
panels. :

" D. ALLAN BROMLEY, Chairman
Physics Survey Committee



Contents

VI

IX

X

X1

XII

X111

XIv

ASTROPHYSICS AND RELATIVITY
EARTH AND PLANETARY PHYSICS
PHYSICS IN CHEMISTRY

PHYSICS IN BIOLOGY
INSTRUMENTATION

EDUCATION

DISSEMINATION AND USE OF THE INFORMATION
OF PHYSICS

APPENDIX: PHYSICS SURVEY—-A CHARGE TO THE
SURVEY PANELS

xiii

749
849
1007
1027
1055

1133

1265

1453






PANEL MEMBERS*

GEORGE B. FIELD, University of California, Berkeley, Chairman
GEOFFREY BURBIDGE, University of California, San Diego
GEORGE W. CLARK, Massachusetts Institute of Technology
DONALD D. CLAYTON, Rice University

ROBERT H. DICKE, Princeton University

KENNETH KELLERMANN, National Radio Astronomy Observatory
CHARLES MISNER, University of Maryland

EUGENE N. PARKER, University of Chicago

EDWIN E. SALPETER, Cornell University

MAARTEN SCHMIDT, California Institute of Technology
STEVEN WEINBERG, Massachusetts Institute of Technology

CONSULTANT

"DAVID D. CUDABACK, University of California, Berkeley

.LTIAISON REPRESENTATIVESY}

NANCY ROMAN, National Aeronautics and Space Administration
A. W. SCHARDT, National Aeronautics and Space Administration
HAROLD S. ZAPOLSKY, National Science Foundation

READERS

ELIHU A. BOLDT, National Aeronautics and Space Administration
GIOVANNI G. FAZIO, Smithsonian Institution Astrophysical Observatory
HUGH M. JOHNSON, Lockheed Palo Alto Research Laboratory

D. P. McNUTT, Naval Research Laboratory

ALAN T. MOFFET, California Institute of Technology

1. A. SIMPSON, University of Chicago

JAMES W. TRURAN, Yeshiva University

* Joint Panel with the Astronomy Survey. N
t In general, no agency was represented on the panel by more than one person-at a given time.



Preface

The Panel was established jointly in 1969 by the Physics and the Astron-
omy Survey Committees. Its charge was to review the scientific status of
and the research methods used in astrophysics and relativity and, in the
light of opportunities for future advance, to recommend a program that
would exploit the opportunities at various levels of available funding. The
present report is the response to that charge.

The parent committees are concerned with the health of the entire na- -
tional effort in physics and in astronomy, of which astrophysics and rela-
tivity is only a small part. Because many of the facilities recommended in
this report have applications outside of the subfield (particularly in other
branches of astronomy), the parent committees had to reconcile the recom-
mendations of this report with those of several other panels. This report
should therefore be read in the context of the reports of both the Physics
_and Astronomy Survey Committees.

"~ -The nonspecialist may find parts of the report too technical..In that
event, maximum benefit will be derived from reading Chapters 1 (Introduc-
tion), 2 (Summary and Recommendations), 3.(The Impact of Cosmology
on Culture and Science), and 8 (Manpower, Funding, and Education).
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VIII
ASTROPHYSICS AND RELATIVITY

1 The Nature of the Field and‘Scope of the Report

How should we define the nature and scope of astrophysics and relativity?
This Panel interprets it as the study of those phenomena in the astronom-
ical universe that require Einstein’s theory of general relativity for their ex-
planation. For example, a star composed of neutrons has such strong gravi-
tational fields that the Newtonian theory of gravitation breaks down and
the theory of general relativity is needed.

The application of relativity to astronomical phenomena continues a tra-
dition established earlier when other branches of physics, such as Newto-
nian mechanics, atomic and nuclear physics, and magnetohydrodynamics,
were so applied. Although our title might indicate that we are concerned
with all such applications (that is, all astrophysics), for the sake of brevity
we have limited our discussion to only those branches of astrophysics that
are intimately connected with relativistic problems. Other branches are cov-
ered in other panel reports, particularly of the Astronomy Survey.

Although the scientists engaged in astrophysics and relativity are princi-
pally physicists and astronomers, this subfield includes the whole of cos-
mology —the study of the origin and evolution of the universe—a subject
that interests all educated men. Not only does cosmology play a unifying
role with respect to other evolutionary sciences, such as biology and geol-
ogy, but it touches on fundamental questions of broader interest, such as
the origin of matter and the nature of time, that are rooted in ancient reli-
gious and philosophical traditions. We have treated cosmology as the central
theme of our report, because, in exemplifying the connections with other
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758 ASTROPHYSICS AND RELATIVITY

human endeavors, it may be helpful to the nonscientist who wishes to
assess the value of scientific effort in astrophysics and relativity.

In Chapter 2 the reader will find a summary of the report, together with
our recommendations to the Physics Survey Committee. After discussing
the cultural impact of the field in Chapter 3, we show in Chapter 4 how
traditional relativistic cosmology has been revitalized by recent—and often
unexpected—astronomical discoveries. Then in Chapter 5 we sketch in some
detail the main lines of advance at the present time, indicating those in
which additional effort would be most rewarding. The relation to other
branches of science is considered in Chapter 6. Chapter 7 discusses the test-
ing of general relativity. In Chapter 8 we describe and evaluate the resources
in manpower and funding that are needed to exploit research opportunities
in astrophysics and relativity to the fullest.

Because the theory of gravitation is properly a part of physics and be-
cause the conditions under which general relativity is operative can occur
only on an astronomical scale, it is appropriate that this report be sub-
mitted to both the physics and astronomy communities, as well as to the
government and other agencies that support them, through the Physics
Survey Committee and the Astronomy Survey Committee-of the National
Research Council. These committees are reviewing the whole of physics and
astronomy, of which astrophysics and relativity is only a small part.

2 Summary and Recommendations

Astrophysics and relativity is another name for the current attempt by sci-
entists to understand the basic overall structure of the physical world in
which we live. The current effort, begun early in the twentieth century, is
based on the ideas of space and time conceived by Albert Einstein. If it is
successful, it may be comparable in its impact with the world views estab-
lished by the Greeks of antiquity and by Newton and his followers in the
eighteenth century. When we remember that the Greek world view was the
seed of what we now think of as Western civilization and that Newtonian
physics was the scientific basis for the Industrial Revolution, we begin to
understand why the triumph of Einstein’s ideas about the world could have
far-reaching impact.

Einstein had the notion that ordinary matter, if collected in sufficient
quantity, can make space in its vicinity “curved.” He developed this idea
into the theory of general relativity, which treats the interaction of matter
with matter on a large scale, through gravitation. Physicists working with
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this theory predicted that the universe of stars and galaxies should be either
expanding or contracting and that the galaxies should be moving with tre-
mendous speeds. In the 1920’s, astronomers studying distant galaxies found
that they were doing exactly what Einstein’s theory predicts, thereby open-
ing a new era of study of the effects of general relativity. The spectrum of
each galaxy is shifted toward longer wavelengths (red shift), indicating a
velocity away from us that is proportional to its distance. Although it was
found later that Newtonian models also expand or contract, they are not
capable of explaining the behavior of galaxies at distances so great that the
velocity—distance relation would predict velocities of about the speed of
light.

Einstein noted that the effects of general relativity should be present in
the solar system. Although they are small and difficult to detect, all three
effects that he predicted have been observed to have approximately the
Einstein value. Recently a rival theory of relativity (the scalar-tensor the-
ory) has been developed that predicts somewhat different values for rela-
tivistic effects in the solar system. The present precision of tests within the
solar system is not sufficient to choose unambiguously between the two
theories, but improvements expected in the near future should make this
choice possible.

2.1 THE EXPANDING UNIVERSE AND COSMOLOGY

Since the discovery of the expansion of the universe, cosmology (the study
of the structure and the evolution of the universe) has been based on rela-
tivistic models of space and time. The Friedmann models, based on Ein-
stein’s theory, postulate that the universe is uniform on the large scale and
that its expansion began with a hiige explosion several billion years ago.
Then, according to Einstein’s equations, it continued to expand, although
it was constantly decelerated by the retarding effects of gravitational attrac-
tion. Two parameters are required to describe completely the behavior of
the universe for all time: H,, the Hubble constant, which is the rate of in-
crease of expansion velocity with distance, and g, the deceleration param-
eter, which tells whether the average density of matter in the universe is
sufficiently large that its gravitational deceleration can ultimately halt the
expansion and cause the universe to implode upon itself. The scalar-tensor
theory, which leads to qualitatively similar results, is specified by an addi-
tional parameter, w, the coupling constant for the scalar field, which can be
determined by observations in the solar system.

A rival cosmological theory, the steady-state model, has been derived
from a modification of Einstein’s equations that permits the continuous
creation of new matter throughout the universe. The new matter replaces
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that lost by expansion, and the universe is in a steady state. Continuous
creation is contrary to the present quantum theory of elementary particles,
but the rate of creation required is so low (one atom per cubic foot in ten
billion years) that it has not been ruled out experimentally.

Cosmology is intimately related to other sciences. If the steady-state
model is correct, our understanding of particle physics must be modified;
if the big-bang model is correct, the extremely high density and corre-
sponding high temperature of the initial explosion (‘““fireball””) will require
extension of the theory of elementary particles to extremely high particle
energies. For example, quarks, the hypothetical components of elementary
particles, might have been present in the big bang and might even have sur-
vived in small numbers to the present era. Previous experience with the ap-
plication of physics to astronomy, from Newton’s explanation of planetary
orbits to Bethe’s explanation of the energy source of stars, suggests that a
deep understanding of the big bang would be accompanied by a corre-
sponding advance in physics.

Obviously all other parts of astronomy are strongly affected by cosmol-
ogy. For example, in the big-bang theory galaxies cannot form from the hot
material of the fireball itself, so the galaxies that we see now must have
formed later, after the matter cooled, perhaps 100 million years after the
big bang. The helium found in galaxies is partially the result of nuclear re-
actions in the big bang; heavier elements are the result of later reactions
within stars. Therefore, all stars should have helium, but the oldest stars
should have no heavier elements. On the other hand, the scalar-tensor the-
ory predicts that less helium is formed in the fireball than do the Fried-
mann models. In the steady-state model, there is no big explosion, so even
the helium can be formed only in stars. In this case it should be absent from
the oldest stars. Thus, the evolution of stars and galaxies, which forms the
central theme of astronomy, can be interpreted only within a cosmological
framework. The study of cosmology also has an indirect effect on observa-
tional astronomy: since the observable differences between models are
greatest at large distances, the most interesting objects are invariably faint
and can be studied only with large telescopes. Telescopes constructed for
cosmological research can be used also for detailed studies of closer,
brighter objects that are the backbone of astronomical research.

The evolutionary sciences of geology and biology, devoted to the un-
raveling of the origin and evolution of the planets and life, are also ulti-
mately understood in a cosmological framework. For example, radioactiv-
ity present in the young galaxy became trapped in the planets as they
formed and determined their temperatures and rate of solidification. The
amount of such radioactivity depends on the age and prior history of the
galaxy, thus on cosmology.

In principle it is possible to discover by observation whether the big-bang
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(Friedmann or scalar-tensor version) or steady-state model is correct.
Hubble initiated a program with the 100-in. telescope on Mt. Wilson to ob-
tain the accurate distances and velocities of galaxies, hence the value of Hy,
and, using the apparent brightness of faint galaxies as an indicator of their
distance, he sought deviations from a linear velocity-distance relation that
would indicate the value of g,. By patient work with the 200-in. telescope
on Palomar Mountain, Hubble’s successors have found that 1/H, is about
ten billion years, so that an expansion time scale of that order is indicated.
In parallel work on clusters of stars within the galaxy, it has been shown
that the oldest stars have approximately the same age, suggesting that the
g'alaxy formed soon after the big bang, as required by theory. Young stars
have helium in their atmospheres but the evidence for helium in old stars
is still ambiguous, so the big-bang model is not wholly confirmed as yet.
The determination of g, by optical observations of galaxies is not yet
conclusive for two reasons. Even the 200-in. telescope has difficulty mea-
suring galaxies sufficiently far away that the effects of different values of
qo are large. Moreover, if we do live in a big-bang universe, galaxies are ex-
pected to evolve, so that those at great distances, seen.as they were billions
of years ago, might well have systematically different intrinsic brightnesses.
In that case, their apparent brightness would not be a reliable guide to their
distance. A substantial effort is directed toward obtaining a detailed under-
standing of stellar evolution. If such an understanding is achieved, it will
aid in predicting galactic evolution and in resolving the problem of the dis-
tance of faint galaxies.

2.2 RADIO ASTRONOMY AND EXPLODING OBIJECTS

After World War 11, physicists and engineers in Great Britain and Australia
who had been engaged in the development of radar turned their attention
to the problem of detecting faint radio waves of natural origin from space.
They confirmed a prewar discovery made in the United States that the gal-
axy emits radio waves in the frequency range between 10 and 1000 MHz.
Study of the spectrum and polarization of the radiation showed that it
comes from relativistic electrons moving through interstellar space at speeds
approaching that of light, with energies of nearly 5 GeV. These electrons
are curved into circular orbits by a weak magnetic field (a few millionths
of that of the earth) and emit radiation at very high harmonics of the fre-
quency with which they are gyrating in the magnetic field. Practically all
strong cosmic radio sources emit by this “synchrotron mechanism,” which
takes its name from the earth-bound accelerators in which the same phe-
nomenon is observed.

As radio astronomers succeeded in increasing the angular resolution of
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their telescopes, discrete radio sources were found. The two brightest, Cas-
siopeia A and Cygnus A, turned out to be, respectively, the remains of an
exploding star (a supernova) and an energetic extragalactic object. The
supernova phenomenon had already been known to optical astronomers as
a brief, powerful flare ten billion times brighter than an ordinary star. The
most famous of these, the supernova of A.D. 1054, was observed by court
astronomers in ancient China; today we know the remains of it as a bright
nebulosity .in.the constellation of Taurus—the Crab nebula. This nebula ap-
parently consists of the envelope of a star that was explosively ejected at a
speed of 1000 miles per second. The inner part of the Crab nebula visibly
glows in a way that was not understood until radio astronomers found that
it, too, is a radio source (the third brightest); we now know that both radio
waves and visible light are synchrotron emission by fast electrons. Appar-
ently supernovae can accelerate large numbers of particles (constituting
about one millionth of the mass of the star) to GeV energies.

When Cygnus A, the second brightest radio source, was observed opti-
cally with the 200-in. telescope, it turned out to be an exploding galaxy
about half a billion light-years from the earth. Its great brightness, in spite
of its distance, demonstrates its enormous radio power, which is emitted by
clouds of relativistic particles apparently escaping from the parent galaxy.
The total number of relativistic particies in Cygnus A is over a million times
the number of particles in the sun. Such energetic explosions are unprece-
dented and pose a serious problem for the theorist. The problem is exacer-
bated by the discovery of quasi-stellar radio sources, or quasars—objects
that at radio wavelengths seem to be similar to radio galaxies but that look
more like stars when studied optically.

Radio galaxies are similar in size and optical brightness to ordinary bright
galaxies and conform to the cosmological relation between recession veloc-
ity and distance. Quasars are much smaller than ordinary galaxies. The ve-
locities of those studied so far, found from their red shifts, fall in the range
between 10 percent and 87 percent of the speed of light. If their velocities
are due to the expansion of the universe, the quasars are at enormous dis-
tances and must have intrinsic brightnesses as much as 1000 times greater
than those of ordinary bright galaxies in spite of their small sizes. This con-
clusion is all the more remarkable because some of them vary in brightness
in periods of a month or less, indicating that an energy source vastly more
powerful than a galaxy is compacted into a region only a tenth of a light-
year across, compared with dimensions of 100,000 light-years for normal
galaxies. This situation is so difficult to explain that some scientists are not
convinced that the red shifts are cosmological in nature, but other explana-
tions that have been proposed for the red shifts raise equally grave prob-
lems.
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Because the radio galaxies are optically bright and conform to the
Hubble relation, they are particularly suitable objects for studies designed
to establish a better value for the cosmological deceleration parameter ¢, .
Present studies, extending to five billion light years, yield a value of ¢, that
is contrary to the steady-state model and favors a.big-bang model in which
the universe will gradually slow its expansion and ultimately collapse.
Counts of faint radio sources have been used to argue against the steady-
state. However, these results are open to debate in view of various uncer-
tainties.

Quasars would be even more exciting as cosmological probes, as some
may be extremely distant, but unfortunately they seem to have a wide va-
riety of intrinsic brightnesses, making them of little use for this purpose. A
pressing problem is to discover the source of relativistic particles in quasars.
Recent investigations using the extraordinary angular resolution afforded
by very-long-baseline radio interferometers (one ten millionth of a degree
of arc) show that the particles are emitted in bursts of a solar mass or more
from a region smaller than one tenth of a light year.

Recently scientists have found that at the center of the Crab nebula
there is an object that emits pulses of electromagnetic waves 30 times per
second. Probably this “pulsar” is actually a rapidly rotating neutron star—a
star so compressed by its gravitation that its density is comparable with
that of the atomic nucleus (5 X 10!* times that of water). Under these con-
ditions, electrons are forced into protons to form neutrons and the material
solidifies. General relativity is required to describe such dense objects, of
which about 60 have been found so far. Apparently the Crab pulsar con-
tains a magnetic field about a trillion times that of the earth, so that as it
spins huge electrical fields are generated; these in turn accelerate particles
to highly relativistic speeds. These are the particles that cause the Crab neb-
ula to shine. It is quite possible that cosmic rays—the relativistic particles
hitting the earth at all times—were accelerated by other neutron stars in a
similar manner. We believe that neutron stars form when the interior of a
massive star collapses as it exhausts its nuclear fuel. The energy released in
the collapse is deposited in the envelope, causing the explosion that we de-
tect as a supernova and leaving behind expanding remnants like the Crab
nebula. The explosion is so violent that the envelope is heated to billions of
degrees, with the result that nuclear reactions take place among the light
nuclei present. Calculations indicate that such reactions may be responsible
for the heavy elements found in interstellar space and in the young stars
formed there. Thus gravitational collapse may be indirectly responsible for
synthesis of many of the chemical elements. It is possible that the quasars
are a similar phenomenon on a vastly larger scale—perhaps the central por-
tion of a galaxy collapses to a high-density nucleus, which spins rapidly and



764 ASTROPHYSICS AND RELATIVITY

accelerates particles in a similar manner. In this case, the basic energy
source is gravitational and requires general relativity for its explanation.

In both cases—quasars and pulsars—we are confronted with large masses
in small volumes, and it is precisely this type of configuration in which gen-
eral relativity plays a major role. This theory states that if the volume be-
comes too small (so that the gravitational escape velocity approaches the
speed of light), the whole configuration collapses to a mathematical point
in a short time. Pulsars and quasars are kept from collapsing in this way by
internal pressure or rotation. Other masses may not be so lucky and may
have already collapsed. Perhaps there are many objects of this sort that we
have not seen precisely because they are so dense that radiation cannot es-
cape from them. Such “‘black holes’ are predicted by theorists but so far
have eluded detection.

Before leaving radio astronomy, we must mention the recent discovery
of cosmic blackbody radiation. This radiation, which was predicted by
Gamow to be a relic of the big-bang fireball, appears to have the spectrum
of a thermal source at 2.7 K and comes equally from all directions. Here we
may be looking at a “cosmic photosphere”—the surface of the fireball, like
that of a star, where radiation leaves the hot gas. This surface is so far away
and, therefore, is expanding away from us so rapidly that its radiation is
shifted from visible wavelengths to the microwave region. Its detection has
encouraged advocates of the big-bang model and permits one to calculate
(under certain reasonable assumptions) that the production of helium in
the fireball should be 27 percent if the Friedmann models are correct. This
prediction is not yet confirmed. Recent observations at 1-mm wavelength
(where the blackbody radiation should peak) indicate radiation intensities
in excess of a blackbody spectrum, castmg some doubt on the big-bang in-
terpretation of this radiation.

2.3 ASTRONOMY USING OTHER WAVELENGTHS AND
PARTICLES

Following the extension of the astronomical electromagnetic spectrum into
the radio regime, recent effort has pushed into the x- and gamma-ray region
(100 eV to 100 MeV) and the infrared region (1 to 100 um). It has been
found that 99 percent of the energy emitted from the Crab pulsar is in

x rays above 1000 eV, and that pulses of visible radiation are emitted as well.
Several extragalactic objects, including radio galaxies, a quasar, and clusters
of galaxies, have been identified as x-ray sources. New x-ray telescopes in
satellites may show that most radio sources are also x-ray sources, as we
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would expect from the theory of synchrotron emission. If so, x rays could
be the main energy carrier; therefore, their study is crucial to a proper in-
terpretation of radio sources. In addition, 100-MeV gamma rays also are
emitted from the galaxy. Probably these are the result of collisions of cos-

- mic-ray protons with interstellar atoms and so permit us to “see” relativ-
istic protons in a way that complements the picture of relativistic electron
distributions from radio astronomy. Cosmic-ray research continues to
throw light on cosmological questions in a number of ways. Because the
relativistic particles observed near the earth come from the same population
that inhabits interstellar and perhaps intergalactic space, studies of cosmic
rays permit us to infer something of the properties of those regions. For
example, we find that the synchrotron emission observed in the radio range
implies that the interstellar magnetic field averages about 1075 of the
earth’s field, so that the amount of energy in the magnetic field and in rela-
tivistic particles is about equal. If the same is true in radio galaxies and
quasars, we can infer the total energy in those objects. Very-high-energy
particles observed near the earth cannot be trapped in the galaxy, suggest-
ing that they must come to us through intergalactic space. Since they
would generate rays by colliding with any gas that is present there, measure-
ments of the gamma-ray intensity yield upper limits on the amount of inter-
galactic gas, a number of importance in cosmology.

Because cosmic rays are the only sample of distant matter that we can
obtain, they are crucial in assessing the abundances of the elements in the
energetic objects where they were born, such as supernovae, pulsars, or per-
haps even radio galaxies. In this way we learn something of the history of
these violent relativistic objects.

If the most energetic particles are born in extragalactic objects, they are
subject to collisions with the photons of the cosmic blackbody background.
Thus, the shape of the particle energy spectrum should tell us whether such
photons are in fact present in intergalactic space, as required by the cosmo-
logical interpretation of the blackbody background.

Infrared studtes of exploding galaxies show that, surprisingly, some of
them emit copiously at 10-um and longer wavelengths. In some cases, the
major emission is in the infrared. Understanding of this phenomenon will
aid in identifying the energy sources of these objects. Investigations of neu-
trinos and gravitational waves are just beginning. As these radiations are no-
toriously difficult to detect, the results are uncertain, but already there are
surprises. The sun appears to emit less than half of the number of neutrinos
expected from its thermonuclear processes, and the galactic nucleus could
be emitting many times the gravitational radiation that one might expect.
Obviously, confirmation of these exciting results is necessary.
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2.4 SUMMARY OF PRESENT STATUS

Observations Pf the expanding universe suggest a giant relativistic explo-
sion—the big bang. To discover whether the universe will continue to ex-
pand or ultimately collapse, and whether new matter arises to take the
place of the old, we must have the correct theory of relativity and data
about distant objects in the universe. Therefore, careful testing of relativity
in the solar system and extensive optical, radio, x-ray, and infrared studies
of distant objects using large telescopes will be necessary.

Intense explosions also occur on the scale of stars and galaxies. They' are
remarkably efficient in accelerating matter to relativistic speeds and are
characterized by the concentration of matter in a small volume. This find-
ing suggests the release of large amounts of gravitational energy—so large
that the theory of general relativity is needed for the interpretation. Again,
the correct theory of relativity is necessary, as well as studies at all wave-
lengths of the structures, spectra, and time variations of these objects. The
cosmic rays emitted by these objects can be studied near the earth. This
work should improve our understanding of the dynamics of strong gravita-
tional fields and will push general relativity to its limits.

In both the cosmological explosion and the stellar-galactic ones, nuclear,
plasma, and even solid-state physics must be employed under physical con-
ditions so extreme that elementary particles could be present with rest
masses larger than any now contemplated. Therefore, to understand these
phenomena, physicists may have to press other branches of physics to their
limits as well.

The discoveries we have mentioned have generated interest among both
scientists and laymen. Educated laymen are fascinated by bizarre tales of
stars so dense that light waves cannot escape from them, explosions so
powerful that a million suns are annihilated in a single stroke, and events
taking place so far away in space and time that the universe was only 1 sec
old at the time. These things fascinate the scientist, but he is also interested
for deeper reasons. In probing regions of curved space we seem to be ap-
proaching the problem of creation. Ordinary physics teaches that matter-
energy cannot be created or destroyed, but under conditions of the cosmos
this rule does not apply in a simple way. In the big-bang theory matter
simply appears at a single point in an instant, this event being accompanied
by a severe warping of space; in the steady-state theory matter is created by
a new kind of force (the “creation field’) not yet detected on earth. No-
tions such as warped space and creation fields might seem remote from
earthly concerns, but so at one time the mysterious electromagnetic field
conceived by Maxwell must have seemed. This concept later became the
basis of all modern communications and of a vast industrial enterprise. It
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is too early to predict the practical consequences of discovering the precise
relationship b;tween general relativity and the real astronomical universe,
* but historical precedent suggests that they could be substantial.

2.5 PRESENT U.S. RESEARCH EFFORT

The United States is pre-eminent in several branches of astrophysics and
relativity. Leadership in this subfield resulted largely from the efforts of
the dedicated individuals who raised private and state funds for the con-
struction of the great optical telescopes on the West Coast and of the dedi-
cated scientists who successfully exploited these instruments for galactic
and extragalactic research. The optical work on the expanding universe,
radio galaxies, quasars, pulsars, and x-ray sources was done largely by these
telescopes. These facilities and the cadre of scientists that uses them are a
precious national resource that should be carefully conserved and, if pos-
sible, strengthened and extended. The two 150-in. optical telescopes now
under construction represent encouraging steps in this direction.

Because other countries developed radio astronomy more rapidly than
did the United States following World War I, many of the early discoveries
in this field occurred overseas. In the early 1960’s, as a result of sustained
and generous federal support, the United States pulled abreast in radio as-
tronomy. Research on radio galaxies, quasars, and pulsars has been exten-
sive and of high quality. Although the nation now has several fairly large
fully steerable dishes for radio astronomy (a 140-ft, a 130-ft, and a 120-ft),
as well as larger but not fully steerable dishes (a 1000-ft and a 300-ft), there
has been a delay in obtaining support for the large radio instruments recom-
mended several years ago by the Whitford Committee of the National
Academy of Sciences* and the Dicke Panel of the National Science Foun-
dation.t Some of these instruments are greatly needed for work in cos-
mology.

Space astronomy offers unique opportunities for observing high-energy

quanta from stellar and galactic explosions, Here the U.S. space program
has played a very positive role, with major discoveries in x-, gamma-, and
cosmic-ray astrophysics to its credit. Infrared astronomy is largely a U.S.
innovation and will be of increasing importance to the study of relativistic

* Panel on Astronomical Facilities, A. E. Whitford, Chairman, Ground-Based Astron-
omy: A Ten-Year Program (National Academy of Sciences-National Research Council,
Washington, D.C., 1964).

+ Report of the Ad Hoc Advisory Panel for Large Radio Astronomy Facilities, R. H.
Dicke, Chairman (National Science Foundation, Washington, D.C., 1967).
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objects. Theoretical astrophysics has strong groups at several universities
and is at least on a par with the effort in Britain, the Soviet Union, and
other countries.

2.6 BENEFITS OF A CONTINUED STRONG PROGRAM

The overall U.S. program in astrophysics and relativity is full of vitality.
Should the nation decide to do so, it is in a good position to exploit the
field fully and to participate in the exciting discoveries that are certain to
take place in the coming years. What are some of the benefits of continuing
a strong U.S. program m relativistic astrophysics?

First, because general relativity is a fundamental theory of nature, test-
ing it fully in the solar system and pushing it to its limits in exploding stars
and galaxies would prove—or disprove—a theory that forms part of the
foundation on which all physical science rests. Moreover, the variety of
physical phenomena encountered in cosmic explosions and the extreme
conditions under which they occur suggest that surprises and new insights
into other fields of physics are likely. For example, cosmic-ray physics and
radio and x- and gamma-ray astronomy prove that cosmic explosions can
accelerate particles to relativistic energies with surprisingly high efficiency.
It is still a mystery how this occurs within our present understanding of
plasma physics. If we find out how it occurs, the implications for plasma
physics generally, and for controlled thermonuclear fusion in particular,
may be substantial.

Second, if a definite cosmological model could be demonstrated to be
correct, it would exert a unifying influence on all of science. A valid model
would simplify knowledge of the universe, thus making it more accessible.
For example, the evolution of the galaxy, the sun, the earth, and life could
be placed in their proper context, with a definite sequence of events ac-
counting for the emergence of life and of man.

Third, there would be benefits to education. Not only would philosophy
and culture be enriched by a new world view and its impact on considera-
tions of the fate of man, but, on a more direct level, people could follow,
through popular articles, a branch of scientific work that has always had
broad public appeal. Further, outstanding PhD students trained in this sub-
field would acquire a broader outlook, which would be relatively well
matched to the requirements of applied physics, should they choose the
latter field of research.

Fourth, there would be significant contributions to technology. Since
objects of cosmological interest are invariably faint, the instruments used
to observe them tend to strain to the utmost our technological ability to
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detect faint sources of radiation and measure them accurately. At the pres-
ent time there is a highly developed capability in this area, based on strong
supporting optical, electronic, and space technology. Maintaining and de-
veloping this capability could be a significant advantage in meeting national
goals. For example, if the nation should desire at some future time to initi-
ate a project to detect electromagnetic signals from a possible distant extra-
terrestrial civilization, this ability would be of critical importance. If such
signals exist, they undoubtedly will have profound implications for all of
human culture.

2.7 RECOMMENDATIONS

In general, substantial benefits will accrue to the vigorous and orderly de-
velopment of astrophysics and relativity in the United States. The nation
has the required scientific and engineering base for such development.
Therefore, the Panel believes strongly that full exploitation of the research
opportunities in this subfield should continue. We considered a variety of
specific steps that would foster this development. When these steps involve
the construction of major instruments, the views of the Panel should be re-
garded as only a part of the rationale for such instruments. Therefore, we
have not tried to design a comprehensive program of instrument construc-
tion but have confined our efforts to evaluating the instruments that al-
ready have been proposed. We have considered their usefulness to astro-
physics and relativity, realizing that the decision to recommend the con-
struction of specific facilities should rest with the scientific community and
should be based on a broader range of relevant factors. Extended discussion
of each recommendation is found in subsequent chapters of the report.

28 RECOMMENDATIONS REQUIRING A RELATIVELY SMALL
EXPENDITURE

The Panel considered a number of ways in which present facilities and oper-

ations-can be updated and made more useful for observing objects of inter-

est to astrophysics and relativity. These recommendations to the Physics
Survey Committee appear in this section.

Recommendation 1. Scheduling of Large Optical and Radio Telescopes at
National Observatories. Cosmological observations often involve faint ob-
jects at great distances, so that large amounts of observing time for objects
scattered over the sky are required. To plan and to carry out such observa-
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tions efficiently, investigators need to have a commitment far in advance-
for the use of the required instruments on a regular basis, even if this means
some loss of short-range flexibility for those investigators. Therefore, we
recommend that substantial amounts of observing time on large telescopes
at National Observatories (including the 150-in. optical telescopes under
construction) should be committed as much as a year in advance to investi-
gators with outstanding long-range programs in cosmology.

Recommendation 2: Monitoring Variable Radio Sources. The variability
of many extragalactic radio sources at millimeter and centimeter wave-
lengths is important in understanding the physics of these objects. The
sources should be monitored on a daily basis. This task can be accom-
plished by a moderate-size antenna equipped with sensitive receivers and
rapid data-processing facilities. Therefore, we recommend that a moderate-
size antenna be equipped for monitoring variable extragalactic radio
sources. If an existing antenna is not available, the construction of a new
antenna may be required for this purpose.

Recommendation 3: Very-High-Resolution Studies. Compact radio
sources in quasars and radio galaxies appear to be the early stages of a rela-
tivistic expansion containing enormous energy; they are very significant for
the understanding of the energy-production mechanisms in these objects.
Studies with very-long-baseline interferometers show that such sources can
be resolved into fine details with antenna systems having a resolving power
of the order of 0.001 sec of arc, thus yielding important physical param-
eters of the source. Therefore, we recommend that existing radio telescopes
be equipped as terminals of a very-long-baseline interferometer for very-
high-resolution studies of compact radio sources. The NASA network of
tracking stations, containing as it does several long baselines between differ-
ent stations, and being equipped with low-noise receivers, is well suited for
this work and should be made available for it on a part-time basis.

Recommendation 4: Monitoring Variable Optical Objects. Several types
of optical objects of interest to relativistic astrophysics, including x-ray
sources, supernovae, quasars, and galactic nuclei, are variable in the optical
wavelength range. The time dependence, spectral characteristics, and polar-
ization of these variations can yield significant physical information. To
monitor such objects takes a significant fraction of the observing time on
an intermediate-size telescope. We therefore recommend that a number of
intermediate-size telescopes be made available for substantial devotion to
Such monitoring activities, and that they be instrumented with detectors
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and data-handling devices that are adequate for precise and rapid data re-
cording.

29 RECOMMENDATIONS REQUIRING SUBSTANTIAL
INVESTMENTS IN GROUND-BASED FACILITIES

Recommendation 5: Construction of Additional Large Optical Telescopes.
Even after the completion of the 150-in. telescopes at Kitt Peak National
Observatory and Cerro Tololo Inter-American Observatory, the amount of
time available for extragalactic observations on large optical telescopes will
be less than that which could be used effectively. Such observations are of
critical importance to cosmology. We therefore recommend that, in pro-
posing a balanced program for optical astronomy, the Physics Survey Com-
mittee consider the need for additional large optical telescopes to meet the
demand for observing time on cosmological problems.

Recommendation 6: Electronic Optical Imaging. The speed and linearity
of electronic digital imaging systems can greatly increase the efficiency of
observing faint extragalactic objects with large optical telescopes by per-
mitting rapid and precise corrections for the effects of the night sky. As the
investment in large telescopes is substantial, a significant investment in elec-
tronic imaging systems is reasonable. We therefore recommend that each
major telescope used for extragalactic observations be equipped as soon as
possible with linear digital imaging devices such as high-gain television sys-
tems and solid-state arrays. '

Recommendation 7: Large Radio Array. A radio instrument with a beam-
width of the order of seconds of arc could map the structure of nearby
strong radio sources, detect additional nearby weak sources, and study dis-
tant sources in spite of the problem of confusion with other sources near
them in the sky. Such an instrument would make possible both penetrating
studies of the physics of radio galaxies and quasars and statistical studies of
the number, flux, and angular size of distant sources. These kinds of stud-
ies, which are particularly useful if done at several frequencies, are of great
importance for relativistic astrophysics and cosmology. Spectroscopic capa-
bility will greatly enhance the power of such an array, by permitting obser-
vations of the dynamics of galaxies using the 21-cm and possibly other
spectral lines. We therefore recommend that, in proposing a balanced pro-
gram for radio astronomy, the Physics Survey Committee take into account
the need for a large radio array that can synthesize a beam of the order of
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seconds of arc in a reasonable period of time for study of extragalactic
radio sources.

Recommendation 8: Large Millimeter Dish. Extragalactic radio sources

at their most active phases radiate powerfully at the millimeter and short
centimeter wavelengths. Additional facilities operating at such wavelengths
would discover many new active sources and permit studies of their evolu-
tion. We therefore recommend that, in proposing a balanced program for
radio astronomy, the Physics Survey Committee take into account the need
for a large antenna operating at millimeter wavelengths for observations of
active extragalactic radio sources.

Recommendation 9: Ground-Based Infrared Telescopes. Exploratory ob-
servations with moderate-size telescopes on the ground have disclosed that
galactic nuclei emit unexpectedly powerfully in the infrared. The cause of
this phenomenon is not known, but its occurrence suggests the existence of
energy sources—perhaps relativistic—much more powerful than the thermo-
nuclear energy in ordinary stars. It is vital to extend infrared studies to
fainter objects and to assess the spectrum and variability with greater pre-
cision if we are to understand the physics of the phenomenon. We therefore
recommend that, in proposing a balanced program for infrared astronomy,
the Physics Survey Committee take into account the need for a large-aper-
ture telescope at a very dry site equipped and scheduled for infrared obser-
vations of extragalactic objects.

Recommendation 10: Neutrino Astronomy. The attempt to detect solar
neutrinos is critically important for all astrophysics. It is particularly so for
relativistic astrophysics because of its implications for the theory of stellar
evolution, the helium content of the sun, and the possible variation of the
gravitational constant. These problems are intimately related to the deter-
mination of the age of the galaxy, the problem of the formation of helium
in cosmological models, and the choice between rival theories of relativity,
all of which are critical for relativistic cosmology. We therefore recommend
that attempts to detect solar neutrinos be supported adequately until deci-
sive results are achieved.

Recommendation 11: Gravitational Radiation Experiments. Recent ex-
periments suggest that an enormous flux of gravitational waves could be
present in space. Confirmation of the detection of such waves would con-
stitute a crucial test of fundamental assumptions underlying the theory of
gravitation. A flux of a magnitude even approaching the reported one
would have extraordinary implications for astrophysical processes involving
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relativistic motions as astronomical objects. We therefore recommend that
experiments to detect gravitational waves and study their astronomical
sources be fully supported.

Recommendation 12: Theoretical Studies. Application of the equations
of general relativity to astronomically observable objects is important to
verify the correctness of the theory and to clarify the basic processes that
are occurring. These processes can be inferred from observation only by
theoretical reasoning. This activity requires the efforts of mathematicians
and physicists of the highest intellectual caliber, together with the judicious
use of the most powerful computers available. We therefore recommend

_ that individuals and groups doing outstanding theoretical work in astro-

physics and relativity be adequately supported and that the most powerful
computers be made available to them.

2.10 RECOMMENDATIONS REQUIRING SUBSTANTIAL
INVESTMENTS IN SPACE-BASED FACILITIES

Recommendation 13: Diffraction-Limited Optical Space Telescopes. Ul-
timately the efficiency of observing faint optical objects from the ground
is limited almost entirely by atmospheric conditions. In principle this prob-
lem can be overcome by a diffraction-limited optical telescope in space. To
be competitive with large ground-based telescopes, a space telescope must
also be large. A large diffraction-limited space telescope, if it could be built
within budgetary limitations, would be of great value to cosmology and rel-
ativistic astrophysics because of its ability to study faint, therefore distant,
objects, thus permitting the determination of distances of galaxies with suf-
ficient precision to yield the scale and curvature of the universe. We there-

" fore endorse design studies now under way directed toward flying a large

diffraction-limited telescope in space, and we recommend that, as such
studies proceed, the effectiveness of the space telescope for extragalactic
observations beconstantly assessed; as partof the budgetary process, to~
permit comparison with the effectiveness of contemporary ground-based
telescopes.

Recommendation 14: Infrared and Submillimeter Observations from Air-
craft, Balloons, Rockets, and Satellites. If the interpretation of the cosmic
microwave background as the effect of a primordial fireball is correct, its
intensity should peak near | mm and decrease at shorter wavelengths. Con-
firmation of the predicted variation at and below 1-mm wavelength is an
important test of big-bang cosmology. Experiments for this purpose must
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be performed from high in or above the atmosphere, where its disturbing
effects to not mask the background radiation. Preliminary experiments
suggest that the background could be more intense than predicted. Simi-
larly, deviations from isotropy could be of great cosmological significance,
and observations to find such deviations must be continued.

Recent observations of discrete sources at wavelengths shorter than 1
mm, including infrared wavelengths, indicate that some extragalactic ob-
jects radiate most of their power there. It is important to discover the
source of such power and to see whether the additive effect of many such
sources could possibly account for a substantial portion of the observed
background radiation. -

We therefore recommend that, as part of an overall program of space ob-
servations, a.vigorous program of infrared and submillimeter observations -
of extragalactic background and sources be pursued from aircraft, balloons,
rockets, and satellites.

Recommendation 15: High-Energy Astronomy Observatory. X-ray as-
tronomy offers an opportunity to detect relativistic particles at their point
of origin by means of their synchrotron and inverse-Compton emission. The
origin of enormous quantities of these particles in galactic sources such as
the Crab pulsar and extragalactic sources such as radio galaxies and quasars
is believed to be connected with violent events. X-ray observations could

be decisive in disclosing the nature of these events.

The diffuse background at x- and gamma-ray wavelengths is apparently
cosmological in origin. Future observations of its spectrum and angular
structure could disclose whether it is truly diffuse, therefore intergalactic
in origin, or perhaps the result of the addition of a large number of power-
ful x-ray sources.

The High-Energy Astronomical Observatory (HEAO) proposed by NASA
would permit decisive contributions to the study of galactic and extragalac-
tic discrete x-ray sources and of the diffuse x-ray background by achieving
large increases in collecting area, angular resolution, and spectral resolu-
tion. The usefulness of the HEAO would be enhanced if a guest investigator
program similar to the successful programs operating with other scientific
satellites proves feasible in this case as well. In addition, continued rocket
and balloon research in high-energy astronomy will be necessary even after
the HEAO becomes operational, in order to try out both scientific and
technological innovations and to train students. We therefore endorse the
program for the development of a High-Energy Astronomical Observatory,
and we recommend that an early start be made on a mission with a large
grazing-incidence telescope, capable of high angular and spectral resolu-



The Impact of Cosmology on Culture and Science 775

tion. We also recommend that balloon and rocket research in high-energy
astronomy be continued at a reasonable level,

Recommendation 16: Gamma-Ray Detectors. - The gamma-ray region
from 0.5 to 30 MeV, in which extragalactic nuclear gamma-ray lines may
be found, is of particular interest to cosmology because of the light it will
throw on explosive nucleosynthesis of the heavy elements in distant galax-
ies, the rate of which depends on the cosmological model. We therefore en-
dorse efforts to improve detectors in the range from 0.5 to 30 MeV and
recommend that the best available instruments in this energy range be in-
corporated in High-Energy Astronomical Observatory payloads.

Recommendation 17: Testing General Relativity. The choice between
rival theories of gravitation cannot be made conclusively on the basis of
present data. This choice is of fundamental physical significance. More-
over, work in relativistic astrophysics depends critically on this choice. We
therefore recommend that experiments using optical, radio, and radar
methods to observe the deflection of electromagnetic waves by the sun, the
retardation of such waves passing the sun, the precession of the perihelia
and apsides of bodies orbiting the sun at various distances, and a possible
lengthening of the orbital periods of such bodies be supported and empha-
sized within a well-balanced program of ground-based and space-based as-
tronomy. In addition, the use of artificial satellites to detect the inertial
drag and geodesic precession in earth orbit should be supported.

3 The Impact of Cosmology on Culture and Science

Historically, only affluent societies have studied cosmology with sufficient
-——_ intensity-to-produce-definitive-advances.-Such-study—like-the-rapid-aceu-— —- — —— —— ——
mulation of capital—is one way that strong societies lay a foundation for
future greatness.
How cosmology influences society is not well understood; it acts in
concert with many other forces in subtle and complex ways. Herbert
Butterfield, a historian who tried to evaluate the scientific revolution of the
seventeenth and eighteenth centuries, the trademark of which was the cos-
mology developed by Newton, concluded that, “Since the rise of Chris-
tianity, there is no landmark in history that is worthy to be compared with
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this.” The implication is that Newtonian cosmology influenced social
forces even more powerfully than did the discovery of America. But it was
only at the time of Newton that cosmology linked with the forces that re-
vitalized world civilization. Other examples suggest that this confluence
was no accident. There have been three great eras of progress in cosmol-
ogy—that of classical Greece, that following Newton, and that following
Einstein. One could hardly imagine much of our present civilization with-
out the schools of thought that these eras symbolize.

The contribution of Greek cosmology was the idea of making theoreti-
cal models to explain what we see—the novel idea of sketching in the
mind’s eye pictures of things so grand that no human eye could ever ac-

. tually see them. Ali men have looked at the heavens with wonder and
curiosity, but most found a mythological explanation adequate and re-
turned to mundane occupations. The Greeks were the first to develop
scientific theories: The earth is a ball; the moon is illuminated by the sun;
each planet moves around the earth in its own orbit. These descriptions
were so clear and precise that their inadequacies were provocatively ap-
parent even though they were more profoundly true than any previous
explanation of the lights we see in the sky.

In the Newtonian picture of the world, which still concentrated on the
solar system, Copernicus placed the sun at the center and Kepler showed
how the planetary orbits could be described with mathematical precision.
From this basis, Newton was able to show that Kepler’s orbits could be
derived from physical laws of universal validity, expressed in mathemati-
cal form. This achievement inspired the incubation of modern science; it
showed the essential role of advanced mathematics and of observations
and experiment based on advanced technology and craftsmanship. Fur-
thermore (and especially by the time Newtonian planetary orbits had been
confirmed in detail), it inspired and reinforced an unprecedented confi-
dence and ambition to subject all aspects of the world to human under-
standing and control. According to Butterfield: “When we speak of West-
ern civilization being carried to . . . Japan in recent generations, we do not
mean Graeco-Roman philosophy and humanist ideals, we do not mean the
Christianising of Japan, we mean the science, the modes of thought, and
all that apparatus of civilization that were beginning to change the face of
the West in the latter half of the seventeenth century.”

Cosmology following Einstein is currently producing a new picture of
the universe that is as great an innovation as those of the Greeks or the
Newtonians. The new picture is not yet complete, even in outline, but
some parts are clear. Problems are studied on a scale that was previously
inconceivable. The universe is no longer the solar system surrounded by a
scattering of stars, for the stars are seen to be organized into our Milky
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Way galaxy, which is one among countless galaxies populating the uni-
verse. Furthermore, the galaxies are moving apart in a motion that cannot
have been eternal, so cosmology must describe not only the present uni-
verse but also its history and evolution. The motion of the galaxies poses
the problem of the origin of the universe in an entirely new way that
‘could be directly related to the fundamental structure of matter and
space. The problem of the motion of galaxies also forces physical science
to take a historical and evolutionary approach to its subject.

Cosmology has a fascination for both laymen and scientists—we are all
awed by the mystery of creation. The grandiose scope and fundamental
nature of cosmology make it a favorite point of contact and communica-
tion between the scientists and the general public. Physicists and astrono-
mers delight to see their own specialties applied to cosmological prob-
lems. In a broader sense, cosmology as an observational science now de-
pends on the education of a broader public that is willing, through their
elected representatives, to support the allocation of the large sums that
are required to advance in this area. Not only is communication with the
public a fascinating task for the scientist, it is vital for the progress of his
science.

How is it possible to frame cosmology in scientific terms when the uni-
verse is unique? This question has particular force when we reflect that in
astronomy one can only observe rather than perform controlled experi-
ments as in physics. Usually the fact that various phenomena are observed
in great multiplicity compensates in part for this deficiency. Having ob-
served some spectral feature in one star, the astronomer checks many simi-
lar stars to see if the feature is typical; having suggested a hypothesis to ex-
plain the properties of this feature one can make predictions for stars of
very different age, mass, or composition and then observe those stars. Cos-
mology, on the other hand, deals with the nature and evolution of the uni-
verse as a whole, and we know only one universe! It is not surprising that
scientists should attempt to approach the mystery of creation by rational
hypotheses, but it may be surprising (and gratifying) that such hypotheses
can be tested on scientific and_not.merely_aesthetic_or.philosophical

grounds.

The most basic cosmological observations are that the universe is uni-
. form when averaged over distances large compared to the dimensions of
clusters of galaxies and that it is expanding. The uniformity is confirmed
by the observed isotropy of the cosmic blackbody radiation. The expan-
sion appears to be centered on the observer; however, it is of the type that
would seem to all observers, wherever they are located, to be centered on
them, so that all parts of the universe are expanding in the same manner.
The expansion probably began about 10 billion years ago, and the most
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direct hypothesis assumes an origin of the universe in a short-lived, high-
density, high-temperature phase—the so-called “big bang.” In stark con-
trast to the big-bang model, the steady-state model assumes that contin-
uous creation of new matter replaces the matter lost by expansion in such
a way that the universe keeps a constant density throughout all time.
Other models take intermediate positions, such as supposing an oscillating
universe or a succession of “little bangs.”

The scientific testing of various models depends on the fact that infor-
mation arriving from distant parts of the universe is delayed by the finite
speed of light, so that we see galaxies as they were at various times in the
past. Thus, in the big-bang model, distant galaxies should appear to be
young; while in the steady-state model, galaxies at all distances have the
same distribution of ages. The demonstration that the age of a galaxy is
correlated with its distance would be decisive evidence against the steady-
state model.

Each cosmological model is designed to be compatible with the ob-
served expansion of the universe. Thirty or 40 years ago few additional
observations were available, and it was not possible to choose among a
variety of models. New observational techniques and refinements of old
ones during the last 25 years have converted cosmology into an observa-
tional science, that is to say, theoretical models are discarded and new
ones invented by comparing their predictions with observations. This com-
parison, in turn, has stimulated more ambitious and practical-minded
theoretical efforts (aided by electronic computers) and further innova-
tions in observing techniques (see Section IV). Specific examples such as
the microwave background radiation, which is better explained by the big-
bang model than by the steady-state model, or optical data on bright gal-
axies, which seem to favor an oscillating universe, are found in Section I11.

In addition to being a science in its own right, cosmology also impinges
on physics in various ways. There are some areas, such as relativity, in
which the two subjects overlap. The testing of general relativity, both of
the original Einstein formulation and of more recent rival versions, is dis-
cussed in Section VI. In a few cases, astrophysics and cosmology have a
direct impact on the physics of small-scale phenomena; more often, there
is an indirect impact when fundamental physics is forced to deal in a con-
crete way with natural but unusual phenomena. This subject is discussed
in Chapter 4.



4 Past, Present, and Future of Astrophysics
and Relativity

4.1 COSMOLOGICAL MODELS

To construct a theoretical model of the universe, we must know what mix-
ture of matter and radiation it contains; we must know the field equations
of gravitation; and we must specify the symmetries of the cosmos. Cos-

" mologists are far from agreement on these matters, but the majority view
is roughly as follows:

1. The energy content of the universe is now dominated by nonrela-
tivistic matter having neglible pressure. Observations show that galaxies
have random velocities of the order of only a few hundred kilometers per
second, less than the speed of light by three orders of magnitude. The
known populations of relativistic particles, the cosmic rays and photons,
have energy densities much less than that of the matter of galaxies.

2. Einstein’s equations of gravitation are correct. (The evidence for
this view is discussed in Section VI1.)

3. All spatial directions and positions are essentially equivalent. The
best evidence for the first assumption (isotropy) comes from the observed
properties of the cosmic microwave radiation, discussed below. If the uni-
verse is isotropic around us, then it is isotropic about every point (unless
man is located at a special point—an assumption to be rejected), which im-
plies homogeneity.

These three assumptions lead to a class of cosmological models, first
examined in 1922 by Friedmann. In these models, the space-time geometry
of the universe is curved, with a scale length that changes with time. As
the scale length increases or decreases, galaxies move apart or toward each
other, like dots painted on the surface of a balloon that is being inflated or
deflated. Light from distant galaxies therefore undergoes a Doppler shift
toward the red, if the universe is expanding, or toward the blue, if it is
contracting;-and-these wavelength-shifts.increase with.distance. The_Fried- —_—
mann models thus provide an explanation of the systematic red shifts of
distant galaxies, first observed during the 1920’s.

The Friedmann models are distinguished by just two numerical param-
eters, which can be taken as the present rate of expansion, known as the
Hubble constant, H,, and the present rate at which this expansion is slow-
ing down, known as the deceleration parameter, g,. In all these models,
the universe began with an infinitely high density at a time in the past less
than the Hubble time 1/H, and it has been expanding ever since. If g, has
a value greater than one half, then the scale of the universe is now expand-

779
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ing more slowly than the two thirds power of the time and will eventually
stop expanding and contract to a state of infinite density. The decelera-
tion parameter is proportional to the present mass density of the universe
and is less than, equal to, or greater than one half, depending on whether
the mass density is less than, equal to, or greater than a critical value de-
termined by the Hubble constant. Also, if g, is less than or equal to one
half, the universe is infinite, with negative or zero spatial curvature, al-
though, if ¢, is greater than one half, the universe is spatially finite, with
positive spatial curvature. Thus, as long as we adhere to the Friedmann
models, the chief task of observational cosmology is to determine the crit-
ical parameters Hy and q,.

Before describing the progress made in this task by observatlonal cos-
mology, we must indicate the various minority views that would modify
the Friedmann models in one way or another. The least radical modifica-
tions are those that alter the material contents of the universe or the gravi-
tational field equations but leave intact the assumptions of homogeneity
and isotropy. Walker and Robertson showed in 1935 that all such models
have essentially the same space-time structure as the Friedmann models,
except that the cosmic-scale factor can have quite a different time de-
pendence. Included in this class of models are the following:

1. Models with a Cosmological Constant When Einstein first turned
his attention to cosmology in 1919, he assumed that the universe is static.
However, no static solutions of his field equations could be found, so he
modified them by adding a new term, which involves a new constant, the
so-called cosmological constant. The original motivation for a cosmologi-
cal constant was removed by the discovery of the expansion of the uni-
verse, but its existence remains a logical possibility. Models with a cosmo-
logical constant can have quite different histories from Friedmann models
and need not begin with a state of infinite density.

2. The Steady-State Model Bondi, Gold, and Hoyle have gone beyond
spatial isotropy and homogeneity and have assumed that the universe, al-
though expanding, always looks the same (temporal homogeneity). To fill
the widening gaps between galaxies, new matter must be continuously
created, but the steady-state model is not specific as to how and where
this occurs. In this model, the cosmic scale factor grows exponentially.
The Hubble constant is really a constant of nature (unlike the factors of
the Friedmann models, which decrease with time), and the deceleration
parameter q, takes the value —1. The universe is spatially flat, but the
space-time continuum is curved like the surface of a sphere of radius 1/H,
in a five-dimensional flat space.

3. Models with Massless Particles 1t is possible that the energy density
of the universe is dominated not by galaxies that we see but by particles
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of zero rest mass, such as neutrinos or gravitons, which interact too
weakly with matter to have been detected. Another possibility is that the
field equations involve massless scalar fields, as in the theory of Brans and
Dicke. The resulting models differ from the Friedmann models only in de-
tail and, in particular, share thé feature of an initial state of infinite
density.

A more radical step is to give up the assumption that the universe is
homogeneous and isotropic. Its space-time structure now no longer has
the simple form derived by Robertson and Walter; everything is much
more complicated. An example is the hierarchical model of Charlier. Stars
are grouped into galaxies, galaxies form clusters, and there is even evidence
that clusters of galaxies are grouped into superclusters. Charlier suggested
that this hierarchy continues indefinitely. In such models there is not even
any meaningful way of averaging out its properties to define isotropy or
homogeneity. The weight of present opinion is that hierarchy terminates
with clusters of clusters of galaxies and that the universe is isotropic and
homogeneous on any larger scale.

With this wide range of possible cosmologies, why do astronomers usu-
ally analyze their data in terms of the Friedmann models? The reason is
not that these models are surely right, but that we need a very restrictive
theoretical framework to draw any quantitative conclusions about the
geometry and history of the universe from the limited data now provided
by observational cosmology. As the resources of astronomy improve, we
may well find that the Friedmann models no longer fit the data. At that
point, it will be appropriate to adopt a less restrictive framework, either
by incorporating a cosmological constant into the field equations, by pos-
tulating continuous creation, by allowing the presence of a scalar field or
a high proportion of massless particles, or by giving up the principles of
isotropy or homogeneity.

The Friedmann models present a challenge to observational astronomy:
to determine the Hubble constant, H,, and the deceleration parameter,
4o Once these two parameters are known, the Friedmann models will tell

us how old the universe is, whether it will continue to expand forever or
begin to contract again, and whether it is spatially infinite or finite. How-
ever, the effort to determine H, and ¢, could reveal that the Friedmann
models are wrong; then we would be able to develop a more accurate
cosmology.

The problem of determining H, and g, has called into play virtually
every weapon in the armamentarium of astronomy. In rough order of im-
portance, these include the following:

1. Red Shifts and Luminosities In a uniformly expanding universe,
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the velocity away from us of a moderately distant galaxy is its distance
times the Hubble constant, H, . H, is often expressed in years! . The ve-’
locity of a galaxy can be accurately measured by observing the red shift
of its spectral lines, and the distance can be determined by observing the
apparent luminosity of the galaxy, which decreases with distance accord-
ing to the inverse-square law. We also need to know the absolute [umi-
nosity of the galaxy, or the energy that it radiates. This is accomplished

_ by an elaborate chain of distance determinations, which is continually
being checked and refined. In a recent determination of H,, the chain
consisted of five links. The value of H, is subject to change as the data
are refined.

First, the distance to a nearby cluster of stars, the Hyades, is determined
from motions of its stars to be 130 light-years. Many stars of the Hyades
cluster belong to the main sequence, the class of stars that have not yet
exhausted the hydrogen fuel at their centers. The absolute luminosity of
such stars is known to be uniquely correlated with their surface tempera-
ture (spectral type). Knowing the distance to the Hyades, we can deduce
for each spectral type the absolute luminosities of its main-sequence stars
from their apparent luminosities.

Second, the distances to other stellar clusters and associations within
our galaxy are determined by comparing the apparent luminosities of their
main-sequence stars with the absolute luminosities known from the
Hyades for the same spectral type. Six of these clusters and associations
contain a total of nine giant variable stars, called Cepheid variables. The
absolute luminosity of such stars is uniquely correlated with their period
of variation and spectral type. Knowing the distance to the nine Cepheids
in open clusters and associations, we can deduce their absolute luminosi-
ties from their apparent luminosities.

Third, the distances to the nearby galaxies within our local group are
determined by comparing the apparent luminosities of their Cepheids with
the absolute luminosity for the same period and spectral type. It is found
that the distance to M31, the great spiral galaxy in the constellation An-
dromeda, is two million light-years. Knowing the distance to M31, we can
determine the absolute luminosity of its globular clusters—great agglom-
erates that contain hundreds of thousands of individual stars.

Fourth, the distance to the nearest rich cluster of galaxies, in the con-
stellation Virgo, is determined by comparing the apparent luminosity of
the brightest globular cluster in the Virgo galaxy M87 with absolute lumi-
nosity of the brightest globular cluster in the Andromeda galaxy M31. If
one assumes that these brightest globular clusters have the same absolute
luminosities, the distance to M87, and hence to the Virgo cluster, is 50
million light-years. Knowing the distance to the Virgo cluster, we can de-
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termine the absolute luminosities of its constituent galaxies from their
apparent luminosities.

Fifth, the study of a number of rich clusters of galaxies led Hubble to
conclude that all their brightest members have about the same absolute
magnitude. If one assumes that the brightest galaxy of any cluster has the
same absolute luminosity as the brightest galaxy M87 of the Virgo cluster,
then measurement of the apparent luminosity of the brightest galaxy in a
cluster provides a measure of the distance to the cluster.

Using this particular chain of distance determinations, 1/H, was found
to be between 10 billion and 16 billion years. However, any change at any
link in the chain of cosmic distance determinations would require a cor-
responding change in the Hubble constant, so the true range of uncer-
tainty in H, is probably even wider; recent work suggests that 1/H, is
somewhat larger. v

To determine g, it is necessary to push the measurement of red shifts
and luminosities to such great distances that the graph of galaxy velocity
versus distance is no longer a straight line. The curvature of this graph, to-
gether with the Friedmann models, then determines g, . The most distant
galaxy known is the radio source 3C 295, for which the fractional red
shift of wavelengths is 46 percent. The available data for other galaxies out
to 3C 295 indicate that g, is between one half and three halves. However,
the measurement of g, has its own difficulties, including sensitivity to
evolutionary and selection effects. The steady-state model behaves like a
Friedmann model with g, = —1 and does not allow evolution, so it is in
apparent conflict with the measurements of red shifts and luminosities.

2. Age Measurements According to the Friedmann models, the age of
the universe should be less than the Hubble time, 1/H,. On the other
hand, the age of the galaxy can be estimated from the known present rela-
tive abundances of the isotopes of uranium. If one assumes that uranium
was created during a short period (lasting not more than a few hundred
million years), with 23°U initially about 65 percent more abundant than
2381J (as indicated by considerations of nucleosynthesis), then for the
235U to have decayed to its present low abundance, the uranium must

have been formed about 7 billion years ago. If the uranium was created
gradually, our galaxy must be older than that, and estimates based on the
abundance of other radioactive species give ages ranging up to 20 billion
years. The comparison of the observed distribution of globular cluster
stars in luminosity and spectral type with the results of theoretical calcu-
lations of stellar evolution gives an age between 9 and 15 billion years.
The upper range of these age determinations is larger than the lower range
of determinations of the Hubble time, but no clear discrepancy has yet
emerged.
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3. Mass Density Measurements If the Hubble constant is (13 billion
years) ! and the deceleration parameter is greater than one half, then the
mass density of the universe in a Friedmann model must be greater than
9 X 1073° g/cm?®. The masses of a few nearby galaxies are known from
studies of their rotation velocities or the dynamics of pairs of neighboring
galaxies. From the mass-to-luminosity ratios of these galaxies, and the ob-
served density of luminosity throughout the universe, the mass density of
the universe can be estimated to be about 3 X 1073! g/cm?. The study of
clusters of galaxies gives a slightly larger result, but it still appears that the
mass density of luminous matter is too small by an order of magnitude to
be consistent with a g, as large as one half. It is possible that nonluminous
intergalactic matter makes up the missing mass. If such matter were cool,
it would produce absorption effects in the light from distant quasars, and
such effects have not been seen. If it were hot, the absorption effects
would not be expected, but then one might see emission effects, for ex-
ample at x-ray wavelengths. There is inconclusive evidence that such ef-
fects exist. Therefore, the estimates of mass density that can be supported
by direct observation suggest that g, is considerably less than the critical
value of one half. This would imply an open, indefinitely expanding uni-
verse.

4. Angular Diameters, Number Counts The measurement of angular
diameters of galaxies as a function of their red shifts could in principle
serve to determine A, and g, but galaxies vary too widely in actual diam-
eter to make this method practicable. The measurement of the numbers of
galaxies up to a given red shift or down to a given apparent luminosity (or
radio source strength) might also be used to determine g, but the radio
source counts do not agree with any Friedmann model, unless we allow
for evolutionary effects. Since the reason for such effects is unknown, this
method is useless at present as a measure of g, . Again, the steady-state
model, which does not permit evolution, appears to be in conflict with the
source counts. The influence of selection effects could be greater than we
have assumed, in which case this method is useless.

In summary, the confrontation of the Friedmann models with different
pieces of astronomical evidence leads to different pictures of the universe,
of which the following are examples:

1. The universe is finite and the deceleration parameter is of order
unity, as indicated by the measurements of red shifts and luminosities.
Therefore, the bulk of the matter of the universe must be in some form
that has not yet been discovered, possibly intergalactic ionized hydrogen
with a temperature of order 10° K or greater. The universe is relatively -
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young, with an age close to the lower limits allowed by the dating of radio-
active elements and globular clusters.

2. The universe is infinite, with a very small deceleration parameter, as
indicated by the observed density of luminous matter. The age of the uni-
verse is close to the Hubble time, in rough agreement with other estimates.

It is also entirely possible that neither of these alternatives represents
the true Friedmann model, or even that the Friedmann models are alto-
gether wrong.

4.2 NUCLEOSYNTHESIS IN THE BIG-BANG AND STELLAR
EXPLOSIONS

A challenging problem is to account for the observed abundances of the
elements, which seem to be very similar in the solar system, in distant
stars of the galaxy, and even in other galaxies. Gamow and his collabora-
tors developed the original big-bang model because they thought that the
elements could be formed under the intense heat and high density of the
early phases occurring in Friedmann models. Although light elements can
form in this way, all theoretical attempts to produce nuclei heavier than
lithium have failed. In a steady-state model, in which there is no hot, dense
phase, one is forced to consider nucleosynthesis in stars. Thus, for the
heavy elements, both types of model require stellar nucleosynthesis.

For the light nuclei (hydrogen, deuterium, helium, and lithium), syn-
thesis in the big bang is a possible explanation under certain simple as-
sumptions. If Einstein’s general relativity is the correct theory, hydrogen
and helium would be produced in a ratio of about ten to one by number,
a value approximately equal to that actually observed in most objects,
and deuterium and 3He would be roughly 10™% and 10™% of hydrogen,
respectively. However, if the scalar-tensor gravity theory is correct, it is
more likely that little helium would be produced. Astronomy still has not
settled this most important question: Did the helium exist when galaxies

—————began-to-form-or-has-it-been-synthesized-by-nuclear reactions.in-stars
within the galaxies? The steady-state model demands the latter, ordinary
big-bang models demand the former, and scalar-tensor big-bang models
could yield either. The most natural place to look for an answer, the com-
position of the oldest stars, offers some indications either way; thus the
matter is not yet settled.

Evidence regarding the big bang could also come from detection of deu-
terium and 3He by radio astronomy. Observation of the hyperfine transi-
tion in 3*He in H 11 regions would allow its abundance to be determined.
Similar searches for the hyperfine transitions of interstellar deuterium
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have been unsuccessful so far, but the corresponding upper limit is not
decisive.

A series of papers by Cameron, Fowler, Hoyle, and the Burbidges de-
veloped the idea that nucleosynthesis of elements heavier than helium oc-
curs in the interiors of stars. By surveying the systematic properties of nu-
clei, these papers proposed a set of thermal environments of various initial
compositions that would produce, by thermonuclear reactions, the promi-
nent features of the natural abundance distribution. Recently, it has be-
come clear that the environments yielding the best reproduction of the
abundanees are not found in the slow evolution of stars but, rather, in dra-
matic last-second explosions—supernovae and “little bangs,” which exten-
sively alter the composition of stellar matter. 1t now seems possible that all
the elements and their isotopes with atomic number greater than or equal
to Z = 6 (carbon) have been synthesized during the explosions of massive
stars (roughly 20 to 40 times the mass of the sun). The evidence that the
elements were synthesized at the moment of explosion comes from com-
paring the nuclear abundances theoretically produced in the two cases
with the actual nuclear abundances observed in nature. The key feature
is that in an explosion nuclear fuels burn at temperatures considerably
higher than those at which the same fuels burn in a static star. The final
abundances are different because of the higher ignition temperature in the
explosive case. Inasmuch as the big-bang model appears to be incapable of
providing for the synthesis of elements heavier than lithium, it is gratify-
ing to find that, at least theoretically, stellar explosions can produce them.

It has long been realized that the atomic nuclei cannot always have
existed. The fact that radioactive 3*5U, with a half-life of 0.7 billion years,
still constitutes nearly one percent of the much longer-lived 23®U assures
us that much of the uranium on earth was produced in a few-billion-year
period immediately preceding the formation of the solar system; if the
uranium had been produced much earlier, the 233U would have decayed
by now. It is likely that the uranium was produced in a nearby supernova
explosion. Presumably nucleosynthesis is still occurring, and, if it is, we
can expect to detect the fresh radioactivity by techniques of gamma-ray
astronomy. The best gamma rays to search for are those emitted when
56Ni decays to 5¢Fe after its ejection from exploding stars. The evidence is
now quite good that abundant 5¢Fe was synthesized in that manner, and
the observed average density of iron in the universe suggests that the asso-
ciated density of nuclear gamma rays also should be observable. We are
faced with the exciting possibility that gamma-ray astronomy at photon
energies between 0.5 and 4 MeV may provide hard experimental facts
concerning the history of nucleosynthesis in the universe. A single obser-
vation of the 5*Ni-gamma-ray spectrum will throw light on these sub-
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jects: (a) the occurrence of explosive nucleosynthesis in the universe, (b)
the dependence of its rate on cosmic time, and (c) the validity of the
steady-state universe.

The most direct way that the study of stellar evolution and nucleo-
synthesis provide information regarding the correctness of cosmological
models is in the timing of the creation of the elements. In Friedmann
models the age of the universe is less than the reciprocal of Hubble’s con-
stant, or 10 billion to 16 billion years. If we live in a Friedmann big bang,
that age should considerably exceed the age of the globular clusters, about
9 billion to 15 billion years as estimated by customary calculations of
stellar evolution. Because the globular clusters are metal poor, their age
must considerably exceed the mean age of the elements as revealed by the
radioactive probes. The most farseeing of these probes, ¥’ Re, seems at
present to be also about 15 billion years old, although different ages have
been advanced by different scientists. The uncertainty in each of these
three ages is still sufficiently great that there is not necessarily a contra-
diction, but the suggestion of one has been lurking for years, and we early
await several proposed measurements that will help to clarify these ages.

4.3 EXPLODING GALAXIES

Until about 25 years ago, practically all of our information about the uni-
- verse was obtained from optical studies. With increasingly sophisticated
techniques, optical astronomers were investigating the properties of our
own galaxy and the expanding universe outside. Basic understanding of
the energy sources and structures of the stars and the dynamics of the
galaxy were obtained. Although 20 years before, the universe had been
shown to be expanding, few data relevant to cosmology were available.
The investigation of the electromagnetic spectrum in the postwar period—
first by the techniques of radio astronomy and more recently in x-ray and
gamma-ray wavelengths and in the infrared—and the increasing realization
that _classical cosmic-ray_physics.involving charged.particles.is.closely-inter-=

woven with these parts of the electromagnetic spectrum, led to a new era
of discovery. Major discoveries, largely unpredicted, have occurred through-
out the last two decades.

Radio astronomers first showed that there are large numbers of sources
in the universe that are radiating vast energies in the radio spectrum be-
tween about 107 and 10!! Hz. The form of the spectra, the polarization,
and other evidence led quite early to the conclusion that these sources
are emitting by the electron synchrotron process (fast electrons in mag-
netic fields). The theory of synchrotron radiation implies that they must
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be generating very large energies (up to 109! ergs equivalent to 107 solar
masses in some cases) of relativistic particles. Some sources are in our own
galaxy; others are extragalactic objects. The sources in our galaxy are rem-
nants of exploding stars—supernovae—~the most famous one being the Crab
nebula. The early optical studies of this object showed that it was an old
supernova remnant, and the discovery that it was a gigantic particle accel-
erator led to a revival of the idea that supernovae are the primary sources
of cosmic rays. The extragalactic sources were even more remarkable. The
vast energies present must be released in gigantic explosions, usually lo-
cated in the nucleus of the object. Theoreticians are still trying to account
for this vast energy release. The amounts of energy are so large that it ap-
pears that only the release of gravitational energy through collapse of a
large mass in a very small volume, or the creation of matter, is able to ac-
count for these phenomena. The gravitational fields present are likely to
be strong, requiring general relativity for their interpretation.

More recent discoveries have added to this picture. It has been shown
that the nucleus of our own galaxy is a powerful source of nonthermal
radio emission and also of infrared emission. The major source of activity
is confined to a region with a size of only one or two light-years (com-
pared with the size of the galaxy, which is 100,000 light-years). Similar
situations have been found in galaxies of practically all types. Recent in-
vestigations of infrared emission in some galaxies show that it is much
greater than all the radiation emitted by the stars and is generated in very
small nuclear regions. Radio astronomers, using interferometers with very
long baselines (approaching the diameter of the earth), have measured
components with these very small sizes (as small as 0.001 sec of arc) di-
rectly in distant galaxies. Moreover, there is now ample evidence that the
nonthermal emissijon in optical, infrared, and radio wavelengths, which is
generated in the nuclei of galaxies, often shows variations in times of the
order of years, months, and possibly days, indirectly confirming that the
energy is generated within volumes less than a light-year across. The gravi-
tational radiation detected by Weber, discussed in Section 5.7, may be a
manifestation of even greater activity in the nucleus of our galaxy, pro-
vided that the claimed detection is confirmed.

Thus, studies on radio, optical, and infrared wavelengths have led us to
realize that stars and starlight are not the only energetic constituents of
the visible universe. Violent activity in the nuclei of galaxies is probably
commonplace and is not due to thermonuclear processes.

So far we have discussed only the previously unknown characteristics of
galaxies revealed by investigations outside the optical wavelength band.
Even more significant are the entirely new kinds of objects that have been

- found: The most-important of these are the quasi-stellar objects (quasars).
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and the pulsars (see Section 4.8). Prior to 1960, it was found that the op-
tical counterparts of extragalactic radio sources were galaxies, objects
having discernible angular diameters (unlike stars). In 1960, some radio
sources were identified with pointlike objects indistinguishable from stars
on direct photographs. At first it was thought that the sources might be
like true stars, hence the name quasar (which is short for quasi-stellar).
A major breakthrough came in 1963 when it was found that the spectrum
of the brightest quasar, 3C 273, has a large red shift (AA/A = 0.16). In the
ten years that have elapsed, extensive work on quasars has been conducted,
but their nature still remains a mystery. Their red shifts extend from
about 0.1 to about 2.9 (distances from 10° to 10!° light-years, if Hubble’s
law applies). Their optical, radio, and infrared spectra are in many ways
similar to those of the nuclei of galaxies in which violent activity is taking
place, and the simplest apparent interpretation of them is that they are
indeed excessively luminous galaxies either in an early stage of evolution
or in a very late stage. But there is so far no direct evidence that they are
actually galaxies. If they are at cosmological distances, there are many
severe problems associated with the idea that they are galactic nuclei with
scaled-up energies. Some scientists therefore have proposed that they are
not at great distances, so that their red shifts are not of cosmological ori-
gin. Attempts to establish conclusively that most quasars are at cosmo-
logical distances have failed, as have attempts to argue that they are com-
paratively close by, that is, at distances of less than 108 light-years. This
situation is currently at an impasse, the majority of scientists tacitly assum-
ing that they are at the distances suggested by their red shifts, so that they
may be used for cosmological investigations; while the minority feel that,
without an independent distance determination and an understanding of
the physics of the objects, it is premature to apply them to test cosmo-
logical models in ways that might be completely irrelevant.

In any case, quasars are of extreme importance for relativistic astro-
physics. If they are at cosmological distances, they are the only discrete
objects that we can now use directly to investigate the universe as it was

————Dbillions-of-years.ago.If_they-are_closer-to_us,-then their_existence_means._..
that comparatively stable configurations must exist that can give rise to
large intrinsic red shifts, possibly casting doubt on the reliability of the
red shift of ordinary galaxies as a distance indicator. In either case, we are
very far from understanding the way in which the particles are accelerated,
although large masses inside small volumes, hence strong gravitational
fields, must be involved.

Although quasars were discovered by the radio astronomers, it is now
clear that radio emission is sometimes a comparatively minor form of ac-
tivity in such objects. Optical objects with similar properties but less radio
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emission are a major constituent of the universe. It is probable that the
time over which they are active is short compared with 10° years. This
assumption implies that the total number of objects that are their pro-
genitors or descendents could be comparable to the total number of lumi-
nous galaxies in the universe.

44 RADIO GALAXIES AND COSMOLOGY

The discoveries of radio galaxies and quasars posed enormous theoretical
problems because of the huge energies involved. Moreover, because they
are so bright, they offer the possibility of extending cosmological studies
to much larger red shifts, where the effects of curvature also are large.
Surveys of the sky at radio frequencies show numerous discrete sources.
The brightest of these are concentrated near the galactic plane and are
clearly in our Milky Way. The others are nearly uniformly distributed
about the sky and are extragalactic. Modern radio telescopes have suffi-
cient sensitivity and resolution to isolate about one million such sources.
Of the few hundred sources with radio positions good enough to permit
optical study, about one third are identified with galaxies and one third
with quasars. For the remaining third, no optical identification has been
possible, sometimes because of heavy obscuration by dust, because the
optical luminosity is relatively low, or because the galaxy is very distant.
Since the early 1950’s, scientists have realized that many of the dis-
crete sources are sufficiently strong to be detected by radio means, al-
though they are far beyond the limits of even the largest optical tele-
scopes. As a striking example, the most distant known galaxy is identified
with a radio source, 3C 295, which, as a radio source, is 10* times stronger
than the weakest source that we can detect. Presumably many of the faint
radio sources recorded correspond to optical galaxies too faint to see. Al-
though the potential applications to the cosmological problem are obvious,
no definitive answers have been found so far. The main difficulty is the
inability to determine from radio measurements alone the distance and
red shift of a radio source. Clearly the discovery of a “‘standard candle”
for radio astronomy, analogous to the “first ranked cluster member’’ used
in optical investigations, would be of very great value, as would a feature
in the radio spectrum that could be used to find the red shift. But so far
it has been necessary to depend on an optical magnitude and red shift.
Since detailed studies are necessarily limited to those objects that can be
studied optically, the potential power of the radio telescope in investi-
gating the very distant parts of the universe has not been fully realized.
For this reason most-of - the radio-astronomy- effort in cosmology has
depended on statistical studies of relative numbers of radio sources of
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various intensities and angular sizes, based on the reasonable assumption
that in general the most distant objects will appear fainter and smaller.
Unfortunately, the spread in intrinsic luminosity and linear dimensions
of the extragalactic sources is very large, and this has greatly limited the
certainty of the results. The simplest interpretation of the data indicates
a large excess of faint, presumably distant, radio sources, over what
would be expected in a universe uniformly filled with radio sources. It is
generally assumed that this excess indicates a very much greater density
of strong radio sources at large distances. Because of the travel time of
light, this great density at large distances corresponds to larger densities
at early epochs. Such a theory is inconsistent with the simplest form of
steady-state cosmology, which requires the universe to be unchanging
with time. Some astronomers, however, challenge the cosmological sig-
nificance of the source counts and choose to interpret the data as merely
indicating a deficiency of radio sources in the local region, rather than an
excess at large distances. Moreover, the experimental result is not with-
out criticism. Even if one accepts an excess density at large distances, a de-
tailed understanding of the situation is not possible without first know-
ing the distribution of intrinsic luminosities, which requires knowledge of
the distance to a large number of sources.

Some attempt has been made to divide the radio counts into categories
according to type of associated optical object, surface brightness, or radio
A spectrum to determine which, if any, particular class of source is responsi-
ble for the observed excess. So far the results have been inconclusive, pri-
marily because of the small number of sources involved and the difficulty
of interpreting the effect of observational selection introduced when one
tries to classify or identify radio sources. A major need is for more sys-

tematic data.

There is today a growing realization that, before any definitive cosmo-
logical conclusions can be drawn from radio studies, it will be necessary
to understand better the nature of the radio sources themselves. Even
aside from their use as a tool for cosmology, the extragalactic radio

of gravitational energy of very massive bodies has appeared to be one of
the most promising energy sources proposed and has stimulated extensive
theoretical research on massive bodies and gravitational collapse. Other
suggestions, including matter-antimatter annihilation, quarks, or a “crea-
tion field” have equally profound implications for fundamental physics.

4.5 X-RAY AND GAMMA-RAY SOURCES

The potentially observable range of the electromagnetic spectrum extends
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over 25 decades of frequency from megahertz radio waves to high-energy
gamma rays. More than half of these decades lie above the ultraviolet
region of the spectrum and constitute the province of x- and gamma-ray
astronomy. Though solar x rays were first observed in 1948, it was only
during the 1960’s that the region of extrasolar x and gamma rays was
scouted in experiments with rockets, balloons, satellites, and ground-
based instruments. Beginning with the discovery of the first x-ray source
in 1962, a variety of galactic and extragalactic sources has been uncovered.
Extreme physical conditions exist in these sources that were never before
encountered in terrestrial physics or astrophysics. They constitute, in ef-
fect, distant laboratories where one can observe previously inaccessible
regimes of plasma and nuclear physics. Moreover, the observations of
extragalactic x and gamma rays provide new data about the conditions in
intergalactic space that are of fundamental importance to cosmology.

The first x-ray source, Sco X-1, is now known to be a variable stellar
object emitting over 99.9 percent of its radiation in the form of x rays
whose spectral distribution is characteristic of a plasma with a temperature
of about 50 million degrees. Its average x-ray luminosity is over 1000
times the total luminosity of the sun. It flickers irregularly and occasion-
ally flares by factors of 3 or more within minutes. It has been suggested
that Sco X-1 is a close binary system undergoing violent mass exchange,
but no evidence of the expected orbital periodicity has been found yet.
Imbedded in the Crab nebula is a rapid pulsar (see Section 4.8), dis-
covered by radio observations and subsequently observed in the optical
and x-ray regions. Over 99 percent of its pulsing radiation is in the x-ray
region at energies above 1 keV.

Dwarfing these galactic sources in total x-ray luminosity is the galaxy
M87. This giant star system is distinguished by its conspicuous nonthermal
radio emission and by a peculiar chain of beadlike features (the “‘jet”)
that emit polarized continuum radiation and extend about 4000 light-
years from the nucleus. Rocket experiments have shown that M87 emits
x rays at a power level that exceeds its radio power and is a considerable
fraction of the optical luminosity of all its stars. A challenge for future
observations is to determine whether the x rays emanate from the ““beads”
or are emitted by the compact radio source in the nucleus. Their polari-
zation is also of interest. As in the case of the Crab pulsar, we may be wit-
nessing in these beads the effects of rotating magnetized bodies, but on an
enormously larger scale involving millions of solar masses. Other extra-
galactic objects, including the Seyfert galaxy NGC 4151, the radio galaxy
Cygnus A, and the quasar 3C 273, have been identified as x-ray sources.
It will be interesting to find out whether the x rays in these sources are
produced by the relativistic particles that are known to be present from
the radio emission observed.
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In the earliest rocket observations of galactic x-ray sources, the pres-
ence of a diffuse component of energetic cosmic photons was inferred
from the existence of an apparently uniform background intensity. Many
subsequent observations from rockets and balloons have established that
this background is grossly isotropic and therefore probably of extra-
galactic origin. Its spectrum shows several distinctive features that appear
to have fundamental cosmological significance. Below 1 keV, where the
measurements are complicated by the effects of absorption in our galaxy,
there is evidence for the existence of a particularly high intensity of soft
x rays, which has been interpreted as the free-free emission of a universal
intergalactic gas, with a kinetic temperature of the order of one million
degrees. An abrupt change in the slope of the spectrum occurs near 40
keV. One theory attributes this finding to a corresponding change in the
spectrum of electrons in intergalactic space, which are thought to produce
the observed x rays by inverse Compton collisions with starlight and the
cosmic microwave background (see Section 4.7).

Recent observations suggest that the x-ray background is not perfectly
isotropic but is associated with clusters of galaxies. If this interpretation is
correct, an important new tool for exploring distant cosmic matter will
have been gained.

Measurements in progress may determine if the low-energy gamma-ray
spectrum near 1 MeV shows any evidence of the decay of *Ni, produced
in supernova explosions during an earlier era of rapid star formation in
the evolution of the universe. A resolution of the basic question of
whether the observed background is truly diffuse or is the combined ef-
fect of many distant discrete x-ray emitting galaxies awaits the develop-
ment of instruments with improved angular resolution and sensitivity. In
any case, the properties of the extragalactic high-energy photon flux are
a basic part of the observational material with which cosmology must
now deal.

High-energy cosmic gamma rays were observed for the first time in a
satellite experiment launched in 1967. Energetic secondary gamma rays
must be-produced-when-cosmic-ray-protons-collide-with-interstellar--—
matter; therefore, they can serve as a probe of the distribution of high-
energy interactions in the galaxy and universe. An instrument aboard the
0S0-3 satellite detected gamma rays with energies of about 100 MeV ar-
riving, as expected, from a band of directions coincident with the galactic
disk in which cosmic rays and interstellar matter are concentrated. A
strong peak of gamma-ray intensity from the direction of the galactic
center is, however, an unexpected feature of the observations that awaits
a satisfactory explanation. In addition to the galactic gamma rays, the ob-
servations give evidence for an isotropic intensity of gamma rays, which
appears to be a part of the diffuse extragalactic photon flux.
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Attempts have been made to detect cosmic gamma rays in the ultra-
high-energy range above 10!! eV by observing from the ground the ex-
tensive air showers they produce in the atmosphere. So far only upper
limits on the intensity of various potential discrete sources have been ob-
tained. Nevertheless, since the spectrum of primary cosmic rays extends
to at least 10! eV, one can assume that the spectrum of secondary cos-
mic gamma rays extends to comparable energies, though the intensity is
too low to be detected with present techniques. In this high-energy re-
gion the spectrum of extragalactic gamma rays may show the effects of
the opacity of intergalactic space, which is expected because of photon-
photon collisions between the gamma rays and low-energy photons in
starlight and in the cosmic microwave background. These opacity effects
should appear near 10! and 10'® eV for starlight and microwave back-
ground, respectively.

4.6 COSMIC RAYS

The study of cosmic rays within our galaxy is important to cosmology
because it provides detailed information about the fast particles that are
the sources of energetic photons. A comparison between the visible proper-
ties of our galaxy and other galaxies then permits inferences about the gen-
eral characteristics of extragalactic radio and x-ray sources.

Cosmic rays with energies between 10 and 10!* eV are studied by
direct observations near the earth. Energies much below 10!° eV are
strongly affected by the solar wind. Information in the low-energy range
may be obtained by observing the secondary effects of such particles in
interstellar space, such as heating of the interstellar gas and production of
X rays by “knock-on” electrons. Above 104 eV, one may study effects
produced in the earth’s atmosphere, such as the extensive showers of
secondary particles produced when a high-energy cosmic ray collides with
a nucleus high in the atmosphere.

The directional distribution of the charged cosmic rays is highly iso-
tropic. At first this finding seems inconsistent with the assumption of a
galactic origin for them. In contrast, the anisotropic distribution of
electromagnetic radiation clearly reflects its predominant origin in the
galactic disk. However, energetic charged particles accelerated in one way
or another in the galactic disk can be trapped within the disk by the
galactic magnetic field. Their trajectories are so twisted by magnetic force
that any detectable trace of the anisotropic distribution of their sources is
destroyed. Thus, up to at least 10'¢ eV, which appears to be about the
energy limit for effective galactic trapping, it is plausible to look within
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our galaxy for the sources of cosmic rays. The discovery of pulsars has
thrown new light on the origin of cosmic rays within our galaxy. The
pulsars are apparently efficient transformers for converting gravitational
energy into high-energy cosmic rays. The accelerated particles are re-
tained within the galaxy by the galactic magnetic field for times of the
order of 107 years before they collide with interstellar matter or leak
into intergalactic space. The rate at which energy is apparently being
converted by pulsars in this way could be sufficient to supply all the cos-
mic rays in the galaxy.

In view of the probable origin of most, if not all, of the galactic cosmic
rays in pulsars, we can look on the charge composition of the primary
nuclei as essentially a chemical analysis of the material in the immediate
vicinity of the pulsar, if not the pulsar itself. The composition is, of
course, modified by the passage of the nuclei through the interstellar
matter. In recent years, the techniques for measuring this composition
have advanced rapidly, so that detailed analysis of the abundance ratios
of nuclei differing in Z by only one, and even isotopic composition studies
among the low-Z elements, has become feasible.- This is particularly ex-
citing because certain of the observable isotopes are radioactive. By study-
ing the isotopes whose half-lives against decay are in the right range, it is
hoped that one can determine the length of time the cosmic rays are
trapped in the galaxy. When used together with the known number of
cosmic rays trapped in the galaxy, this lifetime yields a production rate
required to account for their presence—and this is an important constraint
on models of cosmic-ray sources. Ultrahigh-Z nuclei have been observed,
and strong evidence for transuranic nuclei has been reported. The study
of fossil tracks of cosmic-ray nuclei in crystalline lunar rocks has provided
information on the intensities of galactic cosmic-ray nuclei for several
billion years.

The energy spectrum of primary electrons—both positive and negative—
has been studied intensively. Electrons in the energy range from 1 to 10
GeV, which are responsible for much of the galactic nonthermal radio

emission, are now known to be primarily negative. Since the secondary
electrons from cosmic-ray interactions with interstellar matter would con-
tain roughly equal numbers of positrons and negatrons, one can conclude
that most of the 1- to 10-GeV electrons are directly accelerated. This con-
clusion is evidently consistent with a pulsar origin. On the other hand,
the proportion of positrons increases toward lower energies, indicating
that they are of secondary origin with an increasing contribution from
collisions of protons and nuclei.

Primary nuclei with energies greater than 10'® eV have been detected
by observing the extensive showers of particles that they produce when
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they strike the atmosphere. Since the magnetic rigidity of such nuclei is
so great that they cannot be contained by the magnetic field of our gal-
axy, they are almost certainly of extragalactic origin. However, photons
of the cosmic microwave background interact with protons above a thresh-
old energy near 10%° eV to produce pi mesons. Since the mean free path
for such interactions is much less than the Hubble radius, the volume of
space within which the observed extragalactic component of cosmic rays
_can originate must shrink at high energies. Therefore, one can anticipate
a cutoff in the spectrum somewhere above 10%° eV. Experiments now in
progress can check this prediction and thereby provide a significant new
test of our ideas concerning the origins of high-energy cosmic rays and
the universality of the blackbody radiation. Some evidence has been
found to show that the primaries above 10'° eV differ from those below
10!* eV in being either nearly pure protons or nearly pure heavy nuclei
instead of a mixture. Since the highest energy primary cosmic-ray nuclei
are, in effect, intergalactic messengers, it would be extremely interesting
to know, in addition, whether any of them are actually antinuclei pro-
duced perhaps in antigalaxies. Unfortunately, no feasible method exists
at the present time by which one can distinguish between nuclei and anti-
nuclei at ultrahigh energies.

4.7 COSMIC MICROWAVE BACKGROUND

The first theoretical treatment of a radiation-filled universe was given in
1931, and in 1948 big-bang cosmology was used in an attempt to account
for the production of heavy elements by nuclear reactions in the hot ma-
terial. Although this proved to be unsuccessful as a way of producing ap-
preciable amounts of elements heavier than helium, Gamow was able to
estimate a present temperature of 5 K for the blackbody radiation, a fossil
remnant of the big bang.

Based on measurements with a 1.25-cm radiometer, an upper limit of
20 K and isotropy better than £1 K were obtained for this radiation in
1945. More interesting is a determination of 2.3 K, which could have
been obtained in 1941 from a measurement of the population of the first
excited rotational state of cyanogen in interstellar space. The first positive
indication of the radiation, a radiometer measurement giving an excess
temperature of 3.5 = 1 K at 7 cm, was made at Bell Laboratories in 1965.
The interpretation of these observations as cosmic blackbody radiation
was stimulated by a project then under way at Princeton to construct a
radiometer at 3.2 cm to look for such radiation. Subsequently, a tempera-
ture of 3.0'K was obtained at 3.2 cm. In 1968, much better measure-
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ments gave a temperature of 2.7 K at wavelengths of 3.2, 1.6, and 0.86
cm. The shortest wavelength superheterodyne radiometer measurement is
at 3.3 mm. By analyzing spectroscopically the excitation of cyanogen, a
temperature of 2.8 + 0.2 K has been obtained at a 2.6-mm wavelength.
Particularly important for cosmology are the measurements of isotropy.
These show that at wavelengths of the order of 1 cm the universe appears
to be remarkably isotropic, and, furthermore, that the earth’s velocity
relative to this isotropic universe is at most 300 km/sec. Further studies
of the isotropy of the background radiation may yield information on the
magnitude of irregularities in the early universe.

An anomalously high temperature was reported at wavelengths below
1 mm using a bolometer in a rocket and tentatively confirmed by one
balloon measurement. More recent balloon measurements give intensities
closer to those expected on the basis of a 2.7 K blackbody spectrum. The
significance of this anomaly, if real, is not yet clear. If the excess radiation
at these short wavelengths proves to be correct, and is observed to be iso-
tropic with a continuous spectrum, it will be necessary to assign a cosmic
origin; but in the absence of these observations, the radiation could have
its origin in the galaxy. If the origin should be cosmic, interesting ques-
tions about the theory of the fireball and the origin of the radiation at
longer wavelengths would be raised.

A host of interesting theoretical developments has grown from the dis-
covery of the cosmic microwave background. Some of these, such as the
question of helium formation in the fireball of the early big-bang universe
and the formation of galaxies through the growth of instabilities, have
their roots in work by Gamow and collaborators in the late 1940’s. The
expected fractional yield of helium computed using general relativity,
about 27 percent by mass, is remarkably insensitive to neutron half-life
and present matter density, although it does depend on the net lepton
number. On the other hand, the scalar-tensor theory can require very
small helium formation dependent on the unknown strength of the
scalar field. ) »

The present state of our observational knowledge of the amount of
helium formation that actually occurred in the fireball is not in good
order. Generally, nuclear reactions in stars are expected to increase the
helium content found in the interstellar medium and in young stars.
Consequently, one must look at old stars to estimate the abundance of
helium in primordial material. But most old population II stars are too
cool to show helium lines. The evolved population II ““blue horizontal
branch” stars are hot enough and show very weak helium lines cor-
,responding to a low surface abundance. The significance of this result
is somewhat unclear because of the existence of some weak-lined young
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blue stars with weak helium lines. According to general relativity, high
helium abundance seems to be required if the age of population II stars

is to be less than the age of the universe, but under the scalar~tensor
theory low helium is required to give a reasonable age after including the
evolutionary correction caused by early rapid burning. Among other
possible sources of information concerning primordial helium are the
quasars, which apparently have weak helium lines, and the low yield of
solar neutrinos, which seems to require somewhat low solar helium; the
direction of evolution of the stars in the horizontal branch of the
Hertzsprung-Russell diagram of globular clusters; the helium-dependent
mass and luminosity of stars on the horizontal branch in comparison with
the calculated luminosity and calculated mass-period relation of RR Lyrae
variables; and the luminosity of population Il stars with dynamically de-
termined masses suggest nearly normal helium. None of these means of
assessing the primordial helium abundance has given a completely con-
vincing answer, and the problem continues to be a matter of great im-
portance.

Much remains to be done. Observations at wavelengths below 2 mm are
exceedingly difficult, but this part of the spectrum is very important. A
great deal of energy could be contained in it, and the high-frequency tail
of the spectrum is capable of providing important tests of the fireball hy-
pothesis and the theory of the thermalization of the radiation. Many more
balloon and rocket observations will be required to provide a clear pic-
ture of this spectral region. Another set of interesting questions involves
the interstellar molecular lines. Are optical pumping or collision-induced
transitions affecting the rotational populations, thus yielding anomalous
temperatures?

4.8 PULSARS

Pulsating radio sources, or pulsars, were discovered by accident in a scin-
tillation study of low-frequency radio sources. Over 60 of these extraor-
dinary objects have been discovered. Characteristically they emit sharp
pulses of radiation about once per second. The timing of these pulses is
so precise that one speaks of millisecond accuracy over time intervals of
a month or more. A particularly interesting pulsar is that embedded in
the Crab nebula. It emits pulses simultaneously over the entire electro-
magnetic spectrum, from radio frequencies to x rays, at a rate of 30 times
per second. It is generally thought that the Crab pulsar is the collapsed,

. superdense, stellar remnant of the same supernova explosion that was ob-
served in A .D. 1054 at the present position of the Crab nebula. This
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remnant is probably a neutron star about 10 km in diameter, which is
spinning at the pulse frequency and is gradually slowing down as its ro-
tational energy is used in accelerating particles to cosmic-ray energies. Its
electromagnetic radiation, probably synchrotron in origin, is emitted in a
beam that sweeps across the earth like the beam of a distant lighthouse.
In the initial state of the collapse of the stellar core, gravitational po-
tential energy is converted into rotational energy of the spinning neutron
star, In the process, the star’s magnetic field is compressed and amplified
to 10'? G or more. Such a strong field, when rotating with the neutron
star, generates enormous electromotive forces capable of accelerating
electrons and ions to 10!% eV or more. The electrons emit the radiation

- we see, and the ions are a prime source of cosmic rays.

Pulsars are the latest in a series of unexpected and spectacular discov-
eries of modern astrophysics. The strong emission of radio bursts at 4
highly regular intervals, of the order of a second, was unexpected because
of the high intensity of this radiation, but the possibility of stars rotating
with millisecond periods had been suggested on theoretical grounds. In
fact, the possibility of neutron stars, with diameters of the order of 10 km
and densities of the order of nuclear density, had been suggested by the-
oretical physicists as soon as neutrons had been discovered. Rotation
periods of as little as a millisecond have been predicted, whereas all other
known stellar objects (including white dwarfs) have rotation and vibra-
tion periods in excess of a second. The rotation of three white dwarfs has
been found to be slow. A number of pulsars have now been observed
with periods much shorter than a second, and for many the period has
also been found to increase a measurable amount in a year or so. As bi-
zarre as the idea of a whole star at nuclear densities may sound, the
central energy source of a pulsar must be a highly condensed object, with
strong gravitational fields. Rotational énergy of neutron stars is con-
sidered the most likely—and the most conservative—hypothesis at the
moment.

At least some pulsars—such as the one in the Crab nebula—are known
to be remnants of supernova explosions, which is gratifying to the the-
orists, since they had speculated that these explosions are preceded and
triggered by the dynamic collapse of an already dense highly evolved star.
This collapse may lead to a highly condensed central remnant with strong
gravitational fields (possibly relativistic); pulsars are presumably the
outward manifestations of such remnants. The theoretical study of pul-
sars invokes almost every major branch of modern theoretical physics.
The structure of a neutron star depends on relativistic equations of
state for matter consisting mainly of neutrons and hyperons; quantum-
mechanical phase transitions apply to the charged components—free pro-
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tons versus aggregates of complex nuclei. General relativity is of some im-
portance for the understanding of stable neutron stars and of overwhelm-
ing importance for fully collapsed objects. Even for neutron stars of low
mass, the gravitational binding energy is much larger than the nuclear
binding energy of even the most stable nuclei in the iron region. Even
solid-state physics is relevant, in spite of temperatures far in excess of a
million degrees, since the complex nuclei can form a “Coulomb lat-
tice” at the extreme densities inside a neutron star. There are now such
detailed and complex observations on changes in pulsar periods that the-
orists talk in earnest not only of solids but of starquakes, of supercon-
ducting currents, and even of volcanoes.

The rich structure of the interior of a rotating neutron star is matched
by the complexities theorists invoke for their exteriors to explain the
radio emission (not to mention strong gravitational radiation that is pre-
dicted for a young, distorted, and rapidly rotating pulsar). Rival theories
abound for dealing with the finer details of the emission mechanism, but
it is fairly clear that particle acceleration, relativistic plasmas, and co-
herent emission phenomena all play a role. From hyperons in their deep
interior to cosmic rays in their magnetosphere, pulsars provide a testing
ground for modern physics (or at least for the imagination of modern
physicists). Pulsar theories also have stimulated new kinds of theoretical
models for quasars. Rapidly rotating, massive, dense disks now seem at-
tractive, possibly with a “vanished Schwarzschild singularity’ in the -
center and, in any case, with strong gravitational fields.

4.9 PROSPECTS FOR FURTHER ADVANCE -

Recent work embodies two somewhat contradictory tendencies. On the
one hand, some of the predictions of relativistic models have been veri-
fied, such as the existence of what appears to be a blackbody back-
ground. On the other hand, some observations-have cast-doubt on these
predictions. For example, the possible existence of noncosmological red
shifts in quasars would confuse the straightforward interpretation of the
Hubble expansion. Such a dichotomy is not unexpected in this field,
because we are dealing with complex phenomena, which, although ener-
getic in absolute terms, are usually very distant and therefore faint and
hard to interpret. Often observations are undertaken to test one or
another prediction of a model, and, although partial confirmation is fre-
quently the result, just as often the increase in sensitivity required to make
the test discloses new phenomena previously unsuspected. For example,
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in an attempt to extend radiogalaxy observations to large red shifts,

radio astronomers discovered quasars. Strong radio galaxies tend to have
nearly uniform optical luminosities and therefore have been useful as
“standard candles’’ in extending the Hubble relation to large red shifts.
Quasars are much more luminous, thus potentially useful to larger red
shifts, but their luminosity varies from source to source. This variation
makes them useless for extending the Hubble relation until the physics of
the source is better understood.

Future work in the subfield will probably have a similar character. It
will be stimulated by the desire to solve well-posed problems. Con-
ceivably, the answers to these problems will fit a simple pattern, and a
definite model for the evolution of the universe will triumph. More likely,
no simple pattern will emerge. Unsuspected phenomena probably will be
discovered, and revisions of the theoretical picture will be necessary. In
either case, however, we will. be coming closer to answering the question,
“How did the universe originate?”

The United States is in a good position to make a major contribution
to this subfield in the next few years. The nation has large optical tele-.
scopes, advanced radio telescopes, and space telescopes, as well as excel-
lent theoretical groups working in both relativity and astrophysics. Other
nations, notably Great Britain, the Soviet Union, Germany, The Nether-
lands, and Australia, are also in a good position to contribute, primarily as
a result of efforts in radio astronomy and theoretical astrophysics, and
several have indicated their intention to do so. Our country should con-
tinue its earlier efforts and share in the discoveries that will be made.

As we look to the future, we see three major resources that can be
brought to bear:

1. The established groups of astronomers, with their present instru-
ments, and the groups of theorists working in relativity and astrophysics;

2. A reservoir of physicists who, attracted by the opportunities of this
field, will begin to apply to it their own specialties in other subfields of
physics (as this reservoir is about ten times the number already in the
field, a relatively small percentage shift can make substantial changes in
the rate of progress);

3. Frontier instruments now under discussion that should be built (we
refer here particularly to large ground-based and space telescopes that can
extend the range at which we can detect galaxies and relativistic objects).

It is probable that each of these resources can and will be brought to
bear. In Chapters 5 and 7 we discuss their application and potential.
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5.1 OPTICAL METHODS

Large optical telescopes have played a key role in studies of the red
shift-magnitude relation of the brightest members of clusters of galaxies.
They are necessary to detect galaxies of large red shift, which are distant
and therefore faint. The Mount Wilson 100-in. telescope yielded a red
shift of 13 percent for the Bootes cluster as early as 1936. No further
progress in extending the red shift-magnitude relation was made until

the completion of the Palomar 200-in. telescope. Soon after the prime-
focus spectrograph was finished, a red shift of 20 percent was determined
for the Hydra cluster. Larger red shifts—up to 46 percent for 3C 295—have
since been determined for radio galaxies with strong emission lines in
their spectra.

In studies of stellar evolution, large optical telescopes have made de-
cisive contributions. Stellar evolution is best studied in star clusters
whose members were formed at essentially the same time. Evolution will
affect the brightest stars first, but to calibrate the observed effects, it is
necessary to study the fainter stars that still show no evolutionary effects.
These fainter stars allow a determination of the cluster’s distance and an
estimate of its chemical composition. In some crucial globular clusters in
our galaxy, observation of stars of the required faintness with a 200-in.
telescope requires a substantial part of a clear, moonless “good-seeing”

- night for each star. Photons arrive very slowly.

Spectroscopic studies yield the chemical composition of stars, which
reflects the nucleosynthetic history of the interstellar gas from which
they were formed. These studies require a large light-gathering power
and a high spectroscopic dispersion, which can be obtained only in large
stable spectrographs. The coudé spectrographs of the large telescopes
have produced essentially all the information that we have concerning
the chemical composition of stars.

The aperture of an optical telescope determines its light- gathermg
power and its angular resolving power. However, the effective resolving
power of large ground-based telescopes is, at good locations, limited to
about 1 sec of arc, on the average, by turbulence in the earth’s atmo-
sphere. Only high in the atmosphere or above it is a gain in resolving
power obtained for larger apertures.

The main attribute of a large optical telescope is its light-gathering
power. Specifically, an efficient photoelectric spectrometer at the 200-

" in. telescope allows detection of onephoton per second; such-a photon - - - -
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intensity corresponds to a star whose brightness is 1 8th magnitude (cor-
responding to a galaxy with a red shift of 0.1) over a spectral bandwidth
of 5 to 10 A. The reliable detection of emission or absorption lines in the
spectrum depends directly on the total number of photons detected.
Since most observational work in cosmology is on faint objects, it is
probably realistic to say that the rate of observational progress is de-
termined by the total light-gathering power of the larger telescopes. On
this basis, the completion of the two 150-in. telescopes, now under con-
struction at Kitt Peak and Cerro Tololo, will increase light-gathering
power available to U.S. astronomers by around 60 percent. The power
would be more than doubled if another 200-in. telescope were built in
addition.

Cosmological studies frequently require extended observations of many
faint objects—a slow procedure. The triple requirements of a clear sky,
no moonlight, and “good seeing’ contribute to the slowness of progress
in these observational programs. Only one sixth of the total night time
is suitable for observational work of critical cosmological importance.

Some observatories assign observing time to local and outside scientists
on an annual basis, allowing them to plan and to carry out long-term pro-
grams. It has not been lack of scientific planning and foresight that has
slowed progress in observational cosmology, but rather the lack of large
telescopes. If the two new 150-in. telescopes are to contribute signifi-
cantly to observational cosmology, a sizable fraction of their time
should be committed a year ahead, in large blocks, to a limited number
of astronomers on submission of outstanding long-term programs.

Beyond the obvious hazards such as clouds and moonlight, the main
problems besetting the astronomer observing faint objects are seeing and
night-sky emission. The night-sky emission consists of molecular bands,
simulating an irregular continuum at low spectroscopic dispersion, and a
few strong forbidden atomic lines. Near cities there is scattered con-
tinuum and mercury-line emission. The contamination of a star’s spec-
trum by that of the night sky depends on the size of the “seeing” disk,
the apparent angular diameter of the star due to atmospheric turbulence.
The seeing disk is usually about 1 to 2 sec of arc in diameter at selected
observing sites. The night-sky light within the seeing disk is as bright as a
star of apparent magnitude 21, making it difficult to detect faint spectral
features in stars much fainter than 19th magnitude (such as the sun, were
it a faint member of a globular cluster) or in galaxies where surface bright-
ness is added to the light of the night sky.

Since the night sky represents the ultimate limitation in earthbound ob-
servations, the performance of an instrument used in observing faint ob-
jects is characterized, first, by the time required to detect the night sky
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and, second, by the feasibility of subtracting the effect of the night

sky from the observed spectrum of the faint object. The time to detect
the night sky is essentially measured by the optical efficiency of the
spectrograph and the quantum efficiency of the detector. The detector
efficiency has improved considerably in recent years through the replace-
ment of the photographic plate (efficiency of about | percent) by the
photoelectric effect (efficiency of about 20 percent) used in image tubes,
television tubes, and photomultipliers. In image tubes, the output is usu-
ally recorded on photographic emulsions, with their high two-dimen-
sional resolution ability but nonlinear response. The spectrum of object
and night sky appear side by side, but the complicated nonlinear response
of the plate makes the correction for night-sky contamination unreliable.
The output of a photomultiplier is usually in pulse counts corresponding
to photoelectrons, hence the detection is linear; there is no imaging, and
thus there is no space resolution. The effect of the night sky can be taken
into account by subtracting the counts from a neighboring sky area of a
size equal to that of the area centered on the star. Multichannel photo-
electric spectrometers that employ a row of detectors allow moderate
resolution, but in one dimension only.

The development of systems such as integrating low-noise television
cameras, which combine the advantages of high-resolution one- or two-
dimensional imaging with linear detection response, is feasible now and,
though costly, deserves high priority. The speed of the system is high if
coupled to image intensifiers. The linearity ensures proper subtraction of
the night sky. The system would increase the efficiency of observing very
faint objects by a considerable factor. The ideal instrument would detect
each photon that strikes each resolution element. It is unlikely that further
large gains are possible for ground-based telescopes, since the ultimate
efficiency depends on the quantum efficiency of photoelectric surfaces
and on the seeing.

. The next large step requires a diffraction-limited large space telescope,
for which the contamination of the stellar image by foreground light will.
be very much less than that for ground-based telescopes. The uses of
such a telescope for cosmology have been considered in a recent report of
the Space Science Board.* According to this report, a properly figured
120-in. telescope in earth orbit should yield images less than 0.1 sec of arc
in diameter. The amount of night-sky light within this disk, which con-
taminates the stellar image, is reduced both because of the smaller disk

* Space Science Board, Division of Physical Sciences, National Research Council,
Scientific Uses of the Large Space Telescope (Natlonal Academy of Sciences,

Washington; D.C.; 1969). -~ - - ==~~~ ===~ - oL e
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and because of the absence, in earth orbit, of atmospheric emission. When
these effects are combined, a limiting magnitude of 29 appears to be at-
tainable; however, to achieve this in practice would require improvements
in imaging devices at the focus. Such a limiting magnitude is 100 times
fainter than can be observed from the ground. Therefore, galaxies or
‘quasars like those that we have studied could be observed at ten times the
distance, if the effect of space curvature is neglected. Such capability
should permit determination of distances to galaxies sufficient to yield
the scale and curvature of the universe.

Most of the efficient auxiliary instruments and sophisticated data-
handling systems are, and should be, developed in association with the
larger telescopes. These systems improve the efficiency of smaller tele-
scopes as well, allowing observational programs such as the extended
monitoring of the beat of the Crab pulsar. For some programs a small
telescope is called for, since the image scale at the large telescope is ex-
cessive; for example, observations of the energy distribution of nearby
giant ellipticals, important for the interpretation of red shift-magnitude
diagrams, were conducted with a 4-in. telescope and a spectrum scanner
at Palomar.

In conclusion, we see the need for several steps to increase the available
capability for observing faint objects with large telescopes. The following
four recommendations to the Physics Survey Committee outline these
needed steps: :

Recommendation 1: Scheduling of Large Optical Telescopes at Na-
tional Observatories. Cosmological observations often involve faint ob-
jects at great distances, so that large amounts of observing time for ob-
jects scattered over the sky are required. To plan and to carry out such
observations efficiently, investigators need to have a commitment far in
advance for the use of the required instruments on a regular basis, even if
this means some loss of short-range flexibility for those investigators.
Therefore, we recommend that substantial amounts of observing time on
large telescopes at National Observatories (including the 150-in. telescopes
under construction) should be committed as much as a year in advance to
investigators with outstanding long-range programs in cosmology.

" Recommendation 5: Construction of Additional Large Telescopes.

Even after the completion of the 150-in. telescopes at Kitt Peak National
Observatory and Cerro Tololo Inter-American Observatory, the amount of
time available for extragalactic observations on large optical telescopes
still will be less than that which could be used effectively. Such observa-
tions are of critical importance to cosmology. We therefore recommend



806 ASTROPHYSICS AND RELATIVITY

that, in proposing a balanced program for optical astronomy, the Physics
Survey Committee consider the need for additional large optical telescopes
to meet the demand for observing time on cosmological problems.

Recommendation 6: Electronic Imaging. The speed and linearity

with which one can approach the limits imposed by the night sky can be
greatly increased by electronic digital imaging systems. Because of the
large investment in telescopes used for extragalactic work and the few
nights available per scientist, increasing their efficiency by the use of such
systems deserves high priority. We therefore recommend that each major
telescope used for extragalactic observations be equipped as soon as pos-
sible with linear digital imaging devices such as high-gain television systems
and solid-state arrays.

Recommendation 13: Diffraction-Limited Space Telescopes. Ulti-
mately the efficiency of observing faint objects from the ground is limited
almost entirely by atmospheric conditions. In principle this problem can
be overcome by a diffraction-limited telescope in space. To be competitive
with large ground-based telescopes, a space telescope must also be large.

A large diffraction-limited space telescope, if it could be built within bud-
getary limitations, would be of great value to cosmology and relativistic
astrophysics, as it would permit the determination of distances of galaxies
with a precision sufficient to yield the scale and curvature of the universe.
We therefore endorse design studies now under way directed toward flying
a large diffraction-limited telescope in space, and we recommend that, as
such studies proceed, the effectiveness of the space telescope for extra-
galactic observations be constantly assessed, as part of the planning and
budgetary process, to permit comparison with the effectiveness of con-
temporary ground-based telescopes.

5.2 RADIO METHODS

Radio telescopes-are limited by sensitivity and angular resolution. There
are many problems in which the simplicity of a single antenna is useful,
including the investigation of total flux density from known sources as a
function of wavelength, polarization, and time. There the primary con-
sideration is sensitivity, and the largest possible aperture is desirable. If,
however, one desires information about the spatial distribution within the

- source, as in the case of radio galaxies in which clouds of relativistic par-

ticles are ejected, single antennas often do not provide sufficient resolu-

‘tion. This problém also occurs when one tries to resolve individual faint
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sources from one another, as in observing distant radio galaxies for cos-
mological purposes. Then it is necessary to use interferometers or arrays
to provide large baselines and high resolution, although not necessarily a

large collecting area. By making observations with different baselines it is
~ possible to build up an image of the source.

For many applications, such as the study of very faint extragalactic
radio sources, the sensitivity is limited not by receiver noise but by con-
fusion from unresolved sources in the antenna beam. In these cases the re-
quired resolution can be obtained only by using very large arrays. As an
example, we note that at 20-cm wavelength the newly completed array in
The Netherlands can observe sources one to two orders of magnitude
fainter than can a 100-m paraboloid (operating at the same wavelengths),
which has about the same physical collecting area and cost.

Present equipment in the United States includes a large variety of single
dishes, interferometers, and arrays. Most of this equipment had already
been constructed or was in the process of construction at the time of the
Whitford report in 1964,* and, although recommendations were made in
the report in support of a program of advanced new instruments, none of
these instruments has been completed. We find that many of the propo-
sals made there for instruments to be applied to cosmology are still gen-
erally valid.

Future investigation of the cosmological problem by radio observations
will require the sensitivity and resolution of large arrays to measure the
size and intensity of a sample of the more distant radio sources. Arrays
will allow the detection of now undetected galaxies, quasars, and rela-
tively nearby clusters. This will be invaluable in understanding the rela-
tion between galaxies and quasars, discovering why or when a galaxy be-
comes a radio source, and determining the statistical distribution of radio
luminosities for analysis of radio source counts. A large array with spec-
troscopic capability can be used to study the dynamics of normal and
unusual galaxies using the 21-cm and other spectral lines.

Arrays capable of a resolution of 1 sec of arc might permit counts of
source number versus angular size as a test of cosmological models. This
test is analogous to, but more powerful than, the relation between source
number and flux density. Such resolution will permit study of the struc-
ture of radio sources, as a function of wavelength and polarization, over a
wider range of flux density than now possible. Such investigations may un-
cover a relation between absolute radio luminosity and some observable

* Panel on Astronomical Facilities, A. E. Whitford, chairman, Ground-Based Astron-
omy: A Ten-Year Program (National Academy of Sciences-National Research
Council, Washington, D.C., 1964).
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radio property, which would permit estimates of distance from radio data
alone. Extended radio sources need to be studied with high angular reso-
lution and sensitivity, for a better. understanding of the nature and evolu-
tion of strong radio sources. .

The fundamental problem of energy sources may be illuminated by
study of compact young sources. Temporal variations in intensity and size
will determine significant properties, during and immediately following
the release of energy and acceleration of relativistic particles. At early.
epochs these sources radiate most strongly at millimeter and centimeter
wavelengths. Two types of instrument are needed: a large antenna to dis-
cover and study the details of such sources and antennas capable of moni-
toring time variations in the strong sources. For the latter only moderate-
size antennas are needed, if provided with state-of-the-art receiving and
data-processing techniques.

Investigation of the angular structure of very young and rapidly varying
sources requires interferometer baselines of thousands of kilometers—very-
long-baseline interferometers (VLBI). Existing radio telescopes can be in-
strumented, at little cost, to become part of an array with transcontinental
and intercontinental baselines with sufficient resolution to study the
structure and high-velocity variations of radio sources. VLBI patrols have
already begun with a growing fraction of time at radio-astronomy obser-
vatories devoted to this type of work. Ultimately, special antenna facilities
may be desirable to provide different baseline orientations. The worldwide
NASA network of tracking stations is ideally suited for VLBI work with
several long baselines between widely spaced stations with excellent low-
noise receivers.

The discussion of optical methods referred to the special character of
cosmological observations, requiring large blocks of time scheduled con-
siderably in advance and possibly for many years of program. This is also
true in radio astronomy, because of the faintness and variability of the
sources studied.

In summary, we recognize the need for additional instruments that can
map the structure of nearby extragalactic sources with high resolution,
observe very distant and faint sources in spite of the confusion problem,
monitor variable sources at short wavelengths, discover additional sources
at millimeter wavelengths, and study small sources with very high angular
resolution. Instrumentation to meet these objectives and requirements for
its use are described in the following recommendations to the Physics
Survey Committee:

Recommendation 7: Large Radio Array. An instrument with a beam
width of the order of seconds of arc can map the structure of nearby ~  ~
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strong sources, detect additional nearby weak sources, and study distant
faint sources in spite of the confusion problem. Such an instrument will
make possible both penetrating studies of the physics of radio galaxies
and quasars and statistical studies of the number, flux, and angular size of
distant sources. Both are of fundamental importance to relativistic astro-
physics and cosmology. Spectroscopic capability will add considerably to
the power of a large array, by permitting observations of the dynamics of
galaxy spectral lines. We therefore recommend that, in proposing a bal-
anced program for radio astronomy, the Physics Survey Committee take
into account the need for a large array that can synthesize a beam of order
of seconds of arc in a reasonable period of time, for study of extragalactic
radio sources.

Recommendation 8: Large Millimeter-Wave Dish. Recent investiga-
tions show that extragalactic radio sources at their most explosive phase
radiate most powerfully at the millimeter and short centimeter wave-
lengths. Additional facilities operating at such wavelengths would discover
many new active sources and permit studies of their evolution. We there-
fore recommend that, in proposing a balanced program for radio astron-
omy, the Physics Survey Committee take into account the need for a large
antenna operating at millimeter wavelengths for observations of active
extragalactic radio sources.

Recommendation 2: Monitoring Variable Sources. There is a need to
monitor variable extragalactic radio sources at millimeter and centimeter
wavelengths on a daily basis. This task can be accomplished with a mod-
erate-size antenna equipped with sensitive receivers and rapid data-process-
ing facilities. We recommend that a moderate-size antenna be equipped for
monitoring variable extragalactic radio sources. If an existing antenna is
not available, the construction of a new antenna may be required for this
" purpose.

Recommendation 3: Very-High-Resolution Studies. Compact radio
sources in quasars and radio galaxies appear to be the early states of a rela-
tivistic expansion containing enormous energy; therefore, they are very
significant for understanding the energy-production mechanisms in these
objects. Studies with very-long-baseline interferometers show that such
sources can be resolved into fine and variable details with antenna systems
having a resolving power of the order of 0.001 sec of arc, thus yielding im-
portant physical parameters of the source. Therefore, we recommend that
existing radio telescopes be equipped as terminals of a very-long-baseline
interferometer for very-high-resolution studies of compact radio sources.
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The NASA network of tracking stations, containing as it does several long
baselines between different stations and being equipped with low-noise re-
ceivers, is well suited for this work and should be made available for it on

a part-time basis.

Recommendation 9: Scheduling of Large Radio Telescopes at Na-
tional Observatories. As in the case of optical telescopes, referred to in
Recommendation 1, cosmological investigations require the commitment
of substantial blocks of time as much as a year in advance. We therefore
expand the scope of Recommendation 1 to include radio telescopes.

5.3 INFRARED ASTRONOMY

Infrared astronomy is still in its infancy, at least in comparison with in-
vestigations at optical and radio wavelengths. It was anticipated that
many objects in the universe must be comparatively cool, so that the
thermal radiation they emit might peak in the infrared. Using modest in-
struments and comparatively simple detectors, astronomers have already
obtained important results in planetary and stellar astronomy by detect-
ing cool objects that radiate powerfully in the infrared. Of particular im-
portance are objects that could be stars in the process of formation and
stars that are rapidly evolving. The infrared radiation apparently comes
from vast clouds of dust near the object, which are being heated by the
central star.

That extragalactic objects would be exceedingly powerful infrared emit-
ters was not anticipated. For example, from observations so far, it appears
that the nuclei of some galaxies emit infrared energy between 1 and 20 um
at power levels 50 or 100 times greater than all the stars in that galaxy.
Infrared astronomy has already shown that the nuclei of galaxies—appar-
ently objects in which relativistic effects occur—radiate at power levels so
high that they could not continue through the life of a galaxy unless ex-
tensive mass flows into the nucleus or matter is created there. These re-
sults, of great importance to relativistic astrophysics, have been obtained
by a few small groups working largely from the ground. Observations from
aircraft and balloons, using a 12-in. telescope, show that the nucleus of
our own galaxy emits strongly at wavelengths beyond 50 um. .

We have already discussed whether the microwave background is black-
~ body radiation generated in a big-bang fireball. Observations to settle this
question are needed between about 1 mm and 100 um. At present, some
of the direct observations made above or near the top of the atmosphere,
~ using rockets and a balloon, conflict with the blackbody interpretation.
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They may conflict with data from interstellar molecules, bathed in the
background radiation field. If correct, a major argument for an evolving
universe would be eliminated, but the preliminary observations made from
above the atmosphere could be wrong. More data are needed to draw any
firm conclusions. Critical observations include those of the spectrum at
wavelengths below 1 mm and attempts to find deviations from isotropy.

The radiation of so much power in the infrared by certain discrete ex-
tragalactic objects is a great puzzle. The mechanism has not yet been iden-
tified, but the data point to an extremely large energy source. We must
progress far beyond the present fragmentary observations with 60-in. tele-
scopes and with the 120-in. and 200-in. telescopes on Mt. Hamilton and
Palomar Mountain. The latter telescopes are located at sites optimized for
optical work but not for infrared work.

For progress in infrared observations of extragalactic objects, astron-
omers need continued access to a large telescope at a very dry site selected
for its suitability. for infrared work. Such a telescope would be used in all
the conventional infrared windows and could also make observations at
wavelengths near 1 mm, where windows to be exploited also exist yet. As
infrared and millimeter detectors improve, we anticipate that such an in-
strument will penetrate ever further into space, permitting study of in-
creasing numbers of extragalactic objects. This study, including spectra,
variability, and polarization, should disclose the nature and source of the
extraordinarily powerful infrared emission. It should be noted that such
an instrument would be far less expensive than an optical telescope of
comparable size, because of the relaxed tolerances associated with the
longer wavelength.

Many parts of the spectrum between 1 mm and 1 um cannot be ob-
served properly unless the observation is done above, or at least high in,
the atmosphere. Most of the power in some objects is in the wavelength
range between 100 um and 1 mm. Some observations at these wavelengths
can be made with a large telescope from a dry site. However, the appro-
priate atmospheric windows are rather restricted. Thus, infrared astronomy
must also be pursued from aircraft, balloons, rockets, and satellites. The
anticipated gain from more flights involving a 12-in. telescope at 50,000
ft in an airplane, a 36-in. telescope at the same altitude, a 36-in. telescope
at-100,000 ft on a balloon, or any satellite telescope with good pointing
accuracy is great. No quantitative predictions can be made, because so
little has yet been done, but it is obvious that this is an important direc-
tion in which to move.

A space program devoted to infrared and submillimeter wavelengths is
also necessary to measure the spectrum of the microwave background at
wavelengths below 1 mm. The techniques are quite different from those
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used to measure sources, for, if the background is isotropic as expected,
absolute flux measurements (rather than measurements of the amount by
which a source exceeds the background) are required. In either case, sensi-
tive detectors must be flown high in or above the atmosphere.

The small but rapidly growing number of infrared astronomers in the
United States need more technical support, more money for instrumental
development, and worldwide surveys to find the best high-altitude sites on
which to construct new infrared telescopes. They also need adequate
logistic support to enable them to operate observatories at such sites. Inter-
ferometry, at infrared wavelengths, will allow measurement of extragalac-
tic objects of exceedingly small size. We do not know yet the extent to
which this technique will be developed, but clearly two infrared telescopes
will be required. ' ;

Infrared astronomy could hold-the key to several baffling problems in
astrophysics and relativity. At present it is an exploratory effort involving
a relatively small group of scientists; however, it should be expanded, and
more advanced instruments should be made available. The following rec-
ommendations to the Physics Survey Committee offer specific suggestions:

Recommendation 9: Ground-Based Infrared Telescopes. Exploratory
observations with moderate-size telescopes on the ground have disclosed
that galactic nuclei are unexpectedly powerful infrared emitters. They are
radiating more energy than is available from thermonuclear sources; there-
fore, they probably involve relativistic effects. Larger-aperture telescopes
are needed for studies of the physics of these unusual objects. We there-
fore recommend that, in proposing a balanced program for infrared astron-
omy, the Physics Survey Committee take into account the need for a
large-aperture telescope at a very dry site equipped and scheduled for in-
frared observations of extragalactic objects. .

Recommendation 14: Infrared Observations from Aircraft, Balloons,
Rockets, and Satellites. If the interpretation of the cosmic microwave
background as the effect of a primordial fireball is correct, its intensity
should peak near 1 mm and decrease at shorter wavelengths. Confirmation
of the predicted variation at and below 1-mm wavelength is an important
test of big-bang cosmology. Experiments for this purpose must be per-
formed from high in or above the atmosphere, where its disturbing effects
do not mask the background radiation. Recent observations of discrete
sources at wavelengths shorter than 1 mm, including infrared wavelengths,
indicate that some extragalactic objects radiate most of their power there.
It is important to discover the source of such power and to see whether
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the additive effect of many such sources could possibly account for a sub-
stantial portion of the observed background radiation.

We therefore recommend that, as part of an overall program of space
observations, a vigorous program of infrared and submillimeter observa-
tions of extragalactic background and sources be pursued from aircraft,
balloons, rockets, and satellites.

54 X-RAY AND GAMMA-RAY ASTRONOMY

In the past decade, rapid developments in the instruments and methods
for x-ray and gamma-ray astronomy have occurred. We now stand on the
threshold of a decade in which satellite experiments in high-energy astron-
omy can reap a harvest of discovery and new understanding in astrophysics
and cosmology.

During 1970 and 1971, all-sky x-ray survey experiments with 1° angular
resolution were launched on NASA satellites. Based on balloon and rocket
experiments through 1967, these experiments have detected hundreds of
X-ray sources by virtue of the great increase in the total exposure that
they will provide. Their complementary measurements determine source
positions to several minutes of arc, low-resolution spectra from 1 to 60
keV, and variability over time scales from seconds to months.

A second generation of satellite x-ray experiments, now being prepared
for 1973-1974 launches, will incorporate many advances in knowledge
and technique gained from recent rocket and balloon experiments, in
which new methods have been developed and tested for precise position
determination, ultrasoft x-ray detection, high-resolution spectrum scan-
ning, and background suppression. These methods are also suitable for
much larger satellites such as the High-Energy Astronomical Observatory-A
(HEAO-A). Detectors with sensitive areas as large as 10 m? or more could
achieve a tenfold increase in the sensitivity of an all-sky survey with 1°
resolution.

Long-range planning must be concerned now with the third generation
of satellite x-ray astronomy experiments in which the emphasis will shift
from general surveys to precise position determinations and the detailed
examination and measurement of individual x-ray sources through high-
resolution studies of their structure, spectra, and polarization. Of particu-
lar interest for cosmology is the high-resolution study of the x-ray back-
ground, with the aim of determining whether it is a superposition of many
discrete extragalactic sources or is truly diffuse and therefore of inter-
galactic origin. Such experiments must employ grazing-incidence reflec-
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tion x-ray telescopes to form high-resolution (~1 sec of arc) x-ray images,
which can be electronically detected and corrected for residual spacecraft
orientation error. The telescope will incorporate auxiliary instruments for
high-resolution Bragg reflection spectrometry and polarization analysis.
Small grazing-incidence reflection x-ray telescopes have already been used
with outstanding success in solar observations that revealed the detailed
structure of the x-ray emitting regions around flares. A 12-ft version will
be used in the Apollo Telescope Mount-A (ATM-A) solar astronomy mis-
sion. A telescope of 20-ft focal length or greater, with an effective collect-
ing area of 1000 cm?, is within the current state of the art and could be
placed in orbit by 1975 as a part of a large x-ray astronomy facility in
NASA’s projected HEAO series. Because of its high angular resolution,
such a facility will have a sensitivity for the detection of faint sources that
is quantum limited to about 1077 cm™2 sec™!. 1t could analyze the struc-
ture and polarization of extended objects and examine spectra for evidence
of emission lines and absorption edges due to the elements from calcium
to carbon. Perhaps most important of all, it could achieve position de-
terminations to an accuracy of several seconds of arc, so that definite opti-
cal identifications could be achieved on even very faint objects.

New major satellite efforts are in order for the study of gamma rays.
The successful low-resolution survey experiment of the Orbiting Space

. Observatory-3 (050-3), which was launched in 1967, was followed in
1972 by a high-resolution gamma-ray spark-chamber experiment on
SAS-B. This experiment should delineate in considerable detail the gamma-
ray distribution from the galaxy and throw new light on the origin of the
extragalactic gamma rays. This instrument, however, is small for the job
that needs to be done. The projected HEAO-A spacecraft would be well
suited to a sufficiently large-scale gamma-ray experiment to achieve a sig-
nificant improvement in sensitivity and possibly to permit the detection
of extragalactic sources.

The central importance of continued balloon and rocket research to the
vigorous growth of high-energy astronomy merits emphasis. Even after the
first major x-ray astronomy experiments were orbited in 1970 and 1971,
balloons and rockets continued to provide relatively quick and cheap
means to explore new scientific and technical ideas, stimulate the develop-
ment and testing of new instruments and methods, and train students in
situations in which they could assume the major responsibility for carry-
ing through entire experiments in high-energy space astronomy. This last
function serves a wider need than that of providing competent scientists
for future space astronomy. Successful balloon and rocket experiments
generally require sophisticated and remote instruments, imaginatively de-

" signed for what are fréquently speculative scientific purposes. They also
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require complex data processing and analysis, involving the wise use of
computers. These challenges develop experimental skills that can be ap-
plied in many other fields of exploratory science.

There still remain large regions of the high-energy photon spectrum
where the technical problems of achieving adequate detection capabilities
have not been satisfactorily solved. One of these is the important region
from 0.5 to 30 MeV, where extragalactic nuclear gamma-ray lines might
be found and where the shape of the extragalactic spectrum could have
important implications for cosmology. Although significant exploratory
results have been achieved, the fundamental problem of obtaining a good
signal-to-background performance from a directional detector has not
been solved. Another energy region that may require much development
before positive results can be achieved is that above 10 GeV, where air-
shower techniques appear to offer the only promising line of approach.
Here again, exploratory work has defined the character of the problem,
but no adequate solution is clearly in sight. It is important that ways be
found to support worthy new exploratory efforts in these regions of the
high-energy spectrum. .

Although present commitments and future plans promise a fruitful pro-
gram of high-energy astronomy observations during the next decade, sup-
port for the critically important coordinated optical observations is inade-
quate. Rough distance indications can be obtained for x-ray sources in our
Milky Way by purely x-ray techniques, but the greatest advances in the
understanding of x-ray sources have occurred when they have been op-
tically identified and studied with the precision tools of optical astronomy.
Sco X-1, Cyg X-2, the Crab nebula and pulsar, the extragalactic sources
M87, NGC4151, and 3C 273 are cases in point. As in the earlier experi-
ences of radio astronomy, observations in the x-ray region of the spectrum
provide the indispensable basis for new data revealing new types of phe-
nomena and of objects. Only when the stream of information carried by
optical photons is tapped with the powerful methods of optical astronomy
can the full benefit of the x-ray observations be realized. Thus a balanced
program in high-energy astronomy should provide adequate support for
the related optical studies.

The optical counterparts of x-ray sources need to be identified by com-
parison of x-ray source positions with objects on photographs exposed to
the faintest possible limiting magnitudes. Next, detailed studies of the
spectrum must be undertaken. Often x-ray sources have proved to be op-
tically variable, so it is important to monitor the optical variations for cor-
relation with the x-ray data. These requirements point to the need for ad-
ditional observing time on intermediate-size (2~4-m) optical telescopes
that can be devoted to the monitoring and study of variable x-ray sources.
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Other types of interesting objects are known to be variable, including
supernovae, quasars, and galactic nuclei. The evidence on these objects
from radio astronomy points to injection of fast particles and to variabil-
ity at all wavelengths. Thus there is a need to monitor this wider class of
sources as well.

Progress in this field can come by applying the most modern techniques
of digitized recording of optical photons, including information about di-
rection, wavelength, and polarization, at the focus of intermediate-size
telescopes of modest cost. Such techniques can be applied to existing tele-
scopes or, if the number available for this purpose is not adequate, to one
or more new intermediate-size telescopes.

The instruments now under construction and planned for x- and gamma-
ray astronomy from space portend a rich harvest of results important for
relativistic astrophysics and cosmology. For example, detailed studies of
the x-ray emission from neutron stars are possible, and large numbers of
extragalactic sources will be found and identified. Detailed study of the
x-ray and the gamma-ray background, which is of great importance to cos-
mology, will be accomplished. Consequently, this Panel emphatically sup-
ports a vigorous program of high-energy astronomy and makes specific
recommendations to that end to the Physics Survey Committee.

Recommendation 15: High-Energy Astronomical Observatory. X-ray
astronomy offers an opportunity to detect relativistic particles at their
point of origin by means of their synchrotron and inverse Compton emis-
sion. The origin of enormous quantities of these particles in galactic sources
such as the Crab pulsar and extragalactic sources such as radio galaxies and
quasars is believed to be connected with violent events. X-ray observations
may be decisive in disclosing the nature of these events.

The diffuse background at x- and gamma-ray wavelengths is apparently
cosmological in origin. Future observations of its spectrum and angular
structure could disclose whether it is truly diffuse, therefore intergalactic
in origin, or perhaps the result of the addition of a large number of power- "
ful x-ray sources.

The High-Energy Astronomical Observatory (HEAO) proposed by
NASA would permit decisive contributions to the study of galactic and
extragalactic discrete x-ray sources and of the diffuse x-ray background
by achieving large increases in collecting area, angular resolution, and
spectral resolution. The usefulness of the HEAO would be enhanced by a
guest investigator program similar to the successful programs operating
with other scientific satellites. Continued rocket and balloon research in
high-energy astronomy will be necessary even after the HEAO becomes
operational, in order to try out both scientific and technological innova-
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tions and to train students. We therefore endorse the program for the de-
velopment of a High-Energy Astronomy Observatory, and we recommend
that an early start be made on a mission with a large grazing-incidence
telescope capable of high angular and spectral resolution. We also recom-
mend that balloon and rocket research in high-energy astronomy be con-
tinued at a reasonable level.

Recommendation 16: Gamma-Ray Detectors. The gamma-ray region
from 0.5 to 30 MeV, in which extragalactic nuclear gamma-ray lines may
be found, is of particular interest to cosmology because of the light it will
throw on explosive nucleosynthesis of the heavy elements in distant gal-
axies, the rate of which depends on the cosmological model. We therefore
endorse efforts to improve detectors in the range from 0.5 to 30 MeV and
recommend that the best available instruments in this energy range be in-
corporated in High-Energy Astronomy Observatory payloads.

Recommendation 4: Monitoring Variable Optical Objects. Several
types of optical object of interest to relativistic astrophysics, including
X-ray sources, supernovae, quasars, and galactic nuclei, are variable in the
optical wavelength range. The time dependence, spectral characteristics,
and polarization of these variations can yield significant physical informa-
tion. To monitor such objects takes a significant fraction of the observing
time on an intermediate-size telescope. We therefore recommend that a
number of intermediate-size telescopes be made available for substantial
periods for such monitoring activities and that they be instrumented with
detectors and data-handling devices adequate for precise and rapid data
recording.

5.5 COSMIC-RAY PHYSICS

Cosmic rays provide a probe of distant conditions and events that is only
beginning to be exploited in astrophysics. Cosmic rays represent a sample
of matter from the sun, distant stars, and perhaps even galaxies. Studies
of the fast particles from the sun show that the relative abundances of
most nuclei are approximately preserved during acceleration and transit
from the sun. The chemical composition of the sun can be determined
from the fast nuclei ejected during solar eruptions. The solar abundance
of neon has been so determined. Presumably the galactic cosmic rays rep-
resent a sample of matter from pulsars, supernovae, and distant flare stars.
Studies of the abundance of the various nuclei in cosmic rays at energies
below a few GeV/nucleon (possible only with instruments carried on
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spacecraft) show, for instance, that the ratio of even to odd atomic num-
bers is large—of the order of ten—indicating that there is equilibrium of
the nuclei in a condensed hot state ruling out rapid synthesis of these nu-
clei by collisions shattering heavier nuclei.

Cosmic-ray nuclei have been observed at energies of only a few MeV/
nucleon; the persistence of heavy nuclei (Fe, Ni) at these low energies in-
dicates that they may come from nearby sources, with an overabundance
of heavy nuclei. The tracks of very heavy nuclei, such as Pb and U, in
plastic detectors implies an enormous overabundance of very heavy nuclei
accelerated from their sources.

Cosmic rays originate in energetic events. A few are produced in erup-
tions on the sun. The galactic cosmic rays seemingly are produced in super-
novae, and supernova remnants (the pulsars). The very-low-energy cosmic
rays must be produced nearby, perhaps in flare stars. On the other hand,
the very energetic cosmic rays (10!'® eV and above) are not confined to the
galaxy and are presumably of extragalactic origin. It would be exceedingly
interesting to know the nuclear composition of such very-high-energy cos-
mic rays, representing matter from distant galaxies.

Cosmic rays exert a significant pressure in space. They inflate the gas of
the disk of our galaxy, preventing its collapse. The passage of cosmic rays
through the interstellar gas ionizes and heats the gas, causing the gas to
move closely with the magnetic field. The magnetic field, the cosmic-ray
pressure, and the heating contribute to the instability of the gas. The gen-
eral instability is the basic cause of the dumping of interstellar gas into
clouds, where star formation apparently occurs.

Cosmic rays are deflected and modulated in the solar system by the
magnetic fields carried in the solar wind. Observations of the variation of
the cosmic-ray intensity at the surface of the earth provided some of the
first clues (20 years ago) to the conditions in interplanetary space. With
very-high-altitude balloons and space vehicles it has been possible to de-
velop instrumentation and techniques to explore the subtleties of the
cosmic-ray nuclear abundances and energy distribution over the entire
lower end of the cosmic-ray spectrum. With such detalled information,
progress in the field is rapid.

One outstanding question is the degree to which the solar wind and its
magnetic fields reduce the cosmic-ray intensity throughout the inner solar
system. Until we send suitable spacecraft instrumentation to the orbit of
Jupiter (5 A.U.) and beyond, we will not know the true intensity of cos-
mic rays in the galaxy, particularly at the low-energy end of the spectrum,
where they are much reduced by the wind, nor their integrated energy.

) In summary, cosmic-ray physics is a major method of studying high-
energy particles accelerated in violent cosmic events and the only method
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that uses direct samples of matter from the cosmos. The information
gained by this method on the total energy density, lifetime, chemical and
isotopic composition, and energy spectrum of various types of high-energy
particles yields important insights into the nature of the sources where
they were accelerated, particularly when combined with data derived from
the electromagnetic emission by such events. Further experiments are re-
quired to verify the nature, frequency, and spatial distribution of source
events, including extragalactic events that may be the source of the most
energetic cosmic rays.

This Panel has not made a study of the experimental methods used in
this area and therefore has refrained from making recommendations. How-
ever, it wishes to call attention to a critical situation developing in this
field and to the response of our sister panels to it. In 1969, the Astronomy
Missions Board in its report to NASA* recommended a vigorous program
in particle and fields astronomy which has not been strongly imple-
mented. Indeed, in a letter to the National Academy of Sciences Physics
Survey Committee dated May 21, 1970, the NASA Associate Admin-
istrator pointed out that space physics (which includes cosmic-ray
physics) is being deliberately de-emphasized in NASA to encourage
. other programs. This letter requested the Physics Survey to treat this
subject explicitly.

The Panel on Space and Planetary Physics, in its report to the Physics
Survey Committeet has done precisely that. It calls attention to the fact
that the 1970 Space Science Board study, Priorities for Space Research
1971-1980, t protested strongly against the rapidity of deflation of fund-
ing in space physics. This is significant because the group responsible for
this report was broadly representative of the entire space-science com-
munity not just space physics. The Panel on Earth and Planetary Physics
concludes its discussion with this statement, “We recommend that the sup-
port proposed for space physicsin the 1970 report on priorities for space
research be regarded as minimal.”

The report of the Panel on Space Astronomy of the Astronomy Survey
Committee takes a similar view. It recommends this program:

(@) A deép—space probe to a distance of the order of 30 A.U. Such a
probe would measure galactic cosmic rays directly, without the disturbing
modulation by the solar wind.

* A Long-Range Program in Space Astronomy (NASA, Washington, D.C., 1969).

1 Panel on Earth and Planetary Physics, Physics Survey Committee, this volume

p. 849.

I Space Science Board, Priorities for Space Research 1971-1980 (National Academy
of Sciences, Washington, D.C., 1971). -
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(b) Pioneer F and G Jupiter flyby and the High-Energy Astronomical
Observatory programs. These flights will permit a variety of cosmic-ray
aobservations.

(¢) A series of high-bit-rate interplanetary monitors. These spacecraft
would particularly study the effects of the solar wind.

In addition, the Astronomy Missions Board called attention to the cost
savings that can be effected by including space-physics experiments on
planetary probes, in these words: “Indeed, it is absolutely essential to
combine the interplanetary observations in cruise modes to the planets if
costs during the next six to eight years are to be kept within manageable
proportions.”” Afrer considering these matters, the Panel wishes to direct
particular attention to the foregoing recommendations.

56 SOLAR NEUTRINO ASTRONOMY

The Brookhaven Solar Neutrino Observatory, located deep in the Home-
stake Gold Mine in South Dakota, is continually improving its measure-
ments of the neutrino flux from the sun; already the indications are quite
exciting. The upper limit to the solar flux, which has not yet been posi-
tively detected, is considerably smaller than the original expectations gen-
erated by theoretical astrophysics. Continued searching will either increase
this discrepancy or produce a positive detection. There are good reasons
for this search for solar neutrinos: their detection will provide the most
direct test of the hypothesis that the sun is generating thermonuclear
power. The value of the flux will provide a stringent test of mathematical
models of stars, on which much of our interpretation of the entire universe
is based. It should be remembered that it takes over ten million years for
energy in photons to reach us from the center of the sun but only 8 min-
utes for a neutrino. Hence the neutrino flux is the only sure indication of
the present condition of the interior. This measurement provides an in-
dependent check on the physics we have been using to understand the
universe. Essential for maximum results would be the development of
practical schemes for detecting the lower-energy solar neutrinos from
"Be, 13N, 150, and the proton-proton reaction.

It should be remembered that the Brookhaven experiment is sensitive
only to the total neutrino flux, from whatever sources. Because of its
proximity, the sun is expected to be the dominant source. In principle,
this supposition can be tested by observing an annual variation, expected
‘to be 13 percent because of the radial motion of the earth in its elliptical
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orbit. Unfortunately, a much larger detector would be required for this
purpose.

A related experiment is the laboratory measurement of neutrino-elec-
tron scattering. Such an experiment would measure the strength of the
unknown electron-neutrino interaction, a value that plays a major role in
the theory of advanced stellar evolution and in the possible coupling of
neutrinos to the leptons and photons during the expansion of the fireball
in big-bang cosmology.

Recommendation 10: Neutrino Astronomy. The attempt to detect
solar neutrinos is critically important for all astrophysics. It is particularly
so for relativistic astrophysics because of its implications for the theory of
stellar evolution, the helium content of the sun, and the possible variation
of the gravitational constant. These problems are closely related to the
determination of the age of the galaxy, the problem of the formation of
helium in cosmological models, and the choice between rival theories of
relativity, all of which are critical for relativistic cosmology. We therefore
recommend that attempts to detect solar neutrinos be supported ade-
quately until decisive results are achieved.

5.7 GRAVITATIONAL RADIATION EXPERIMENTS

The detection of gravitational waves has been claimed recently on the
basis of an extended series of experiments. This discovery would be of
extraordinary significance and should be checked by continuation and
elaboration of the original work and by other independent investigations.
If it is confirmed, the result will not only be of fundamental significance
for physics but also will imply the existence of totally unimagined rela-
tivistic astrophysical objects in our galaxy, the study of which probably
will be crucial to understanding the structure and evolution of galaxies
and could have major implications for stellar evolution and cosmology.
Efforts to verify the detection of gravitational waves and the astronomical
study of their sources should receive the highest priority, particularly
since such work can be accomplished with modest expenditures.

The detection of gravitational waves bears directly on the question of
whether there is any such thing as a ‘“‘gravitational field,”” which can act as
an independent entity. All actively pursued gravity theories deal with the
concept of a gravitational field, so the mere existence of gravitational
waves does not exclude any of these theories. (However, detailed proper-
ties of the waves can discriminate among competing theories, as discussed
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in Chapter 7.) Thus this fundamental field hypothesis has been generally
accepted without observational support. Such credulity among scientists
occurs only in relation to the deepest and most fundamental hypotheses
for which they lack the facility to think differently in a comparably de-
tailed and consistent way. In the nineteenth century a similar attitude led
to general acceptance of the ether and atoms decades before the experi-
ments that abolished the ether and confirmed the atom.

The basic style of all physics so far in the twentieth century has been
set by the field concept, which arose in electromagnetic theory to replace
the vanquished ether. This idea has been so overwhelmingly convicing,
when tested in experimental and industrial applications, that scientists
have tried to package every other known fundamental domain of physics
in the same mold. Field theory is incontrovertibly successful in the case of
the electromagnetic field. Application of field concepts to particle physics
has been successful in many respects, but there are still many unresolved
problems. Confirmation of the gravitational wave experiments would show
that this concept is suitable for at least one of the other areas—that of
gravitational phenomena—in which it is customarily employed.

The astrophysical implications of the gravitational wave experiments are
profound and make it impossible, with any straightforward interpretation,
to accept the initial observations without extensive confirmation. This
situation is true even for resilient minds already stretched by the pre-
posterous demands that radio galaxies, quasars, pulsars, and x-ray, gamma-
ray, and infrared sources make on the astrophysical imagination. The
gravitational wave observations could be a manifestation of some as yet
unearthed subtlety. Otherwise, one relatively conservative interpretation
seems to be to postulate that straightforward theory underestimates the
sensitivity of the gravity antennas by several orders of magnitude, so that
the emitters then could be only normally exotic by the standards of the
past remarkable decade. Another interpretation, using the expected sensi-
tivity, demands that our galaxy have but a small fraction of its original
‘mass, with the bulk of it having been converted into gravitational radia-
tion by a process of nearly perfect efficiency. Most of the energy in the
universe might then be gravitational waves from similar galaxies. All
models of sources for gravitational waves at the current receiver frequency
require that masses of the order of one solar mass move at nearly the
velocity of light and change their velocity by the same amount every
millisecond in each brief burst of activity. Our curiosity to know whether
these ideas must be faced seriously is intense and can be satisfied only by
further experiments.

* Recommendation I'l: ~Gravitational Radiation Experiments. Recent: -
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experiments suggest that an enormous flux of gravitational waves could

be present in space. Confirmation of the detection of such waves would
constitute a crucial test of fundamental assumptions underlying the theory
of gravitation. A flux of a magnitude even approaching the reported one
would have extraordinary implications for astrophysical processes involv-
ing relativistic motions of astronomical objects. We therefore recommend
that experiments to detect gravitational waves and the study of their as-
tronomical sources be fully supported.

5.8 THEORETICAL STUDIES

Enormous effort has been devoted to the study of the theory of general
relativity. From it, mathematical physicists have derived the extension of
Newton’s laws of gravitation to relativistic speeds, the interaction between
point masses, the properties of gravitational waves, and models of sta-
tionary, rotating, and expanding masses that can represent stars, galaxies,
or the universe. Yet the theory remains a difficult mathematical problem.
Although it can be written in a single line, it embraces many nonlinear
partial differential equations often having singularities of obscure origin.

The emphasis in the years ahead will be on the application to observable
phenomena, such as the behavior of the universe at large red shifts and
the rotational and vibrational modes of neutron stars. The flow of infor-
mation to the theorist only a few years ago consisted of a few red shifts of
distant galaxies. Now he must consider the isotropy and spectrum of the
microwave background; the number counts of radio sources; the \genera-
tion of large amounts of x-ray, optical, infrared, and radio power in gal-
axies and quasars, and the acceleration of fast particles therein; the struc-
ture of rotating, magnetized neutron stars; and the emission of gravita-
tional waves by asymmetrically collapsing massive objects. This new
information forces the theorist to be relevant to actual physical objects
whose properties are constrained by the observations. Solutions of the
equations having a high degree of symmetry (which permits mathematical
rigor) will be of less interest in the future than solutions having less sym-
metry, which are obtained only on a computer but are nevertheless more
like the real world.

Because of this trend, we can anticipate a rapid growth in the theoreti-
cal application of general relativity to the astronomical universe. The ob-
ject of the work will be twofold. First, because general relativity itself is
still not beyond doubt, detailed model calculations will be undertaken for
the universe and relativistic objects, such as massive stars, to verify whether
relativistic models will fit the data. If and when the correct theory is fi-



824 ASTROPHYSICS AND RELATIVITY

nally established by comparison with the data, such models will serve as
an analytical tool to relate the observations to the basic phenomena. A
historical prototype of this activity is the study of stellar structure based
on the Newtonian theory of gravity and the quantum theory of the atom.
Machine calculations based on straightforward but complex equations
make it possible to infer the age, mass, composition, and internal tempera-
ture of a star from its external characteristics, such as luminosity and
surface temperature. In the same way, we can ultimately hope to know
the internal structure of a quasar, using the equations provided by general
relativity.

One of the special problems encountered in this effort is that of singu-
larities. Already there are available quite general theorems that prove that
singularities must occur in a broad class of general relativistic solutions.
This situation is almost unprecedented in classical physics, and the mean-
ing is still obscure. As an example, we mention that in big-bang cosmology
the whole universe emerges from a singularity in which density and tem-
perature are infinite. On the one hand, the classification and prediction of
these singularities will demand the efforts of mathematicians. On the
other, singularities will call for the scrutiny of theoretical physicists, who
no doubt will remain skeptical of any physical theory that predicts them.
Such scrutiny might finally yield a modification of the theory of general
relativity —for example, its quantization—which becomes important under
extreme conditions and which may prevent the system from becoming
truly singular.

As an exampie of a definite theoretical problem of observational in-
terest that requires penetrating analysis, consider the collapse of a dead
star whose mass is greater than that of a neutron star in equilibrium. Such
an object must collapse at nearly the speed of light, each part interacting
with every other according to the nonlinear field equations. Even if the
configuration is relatively spherical at the start, rotation will ensure that it
becomes less symmetric as the collapse proceeds. Moreover, it is likely
that the system will be unstable, as gravitational energy can be released in
various deformations of the surface or in subcollapses of internal parts.
The whole object will be radiating such intense gravitational waves that
precise calculation of them will be necessary to evaluate the radiation re-
action, which affects the collapse itself. This calculation will require joint
solution for the variables both inside and outside the star. As the object
collapses, singularities develop, the dimensionality of which depends on
the symmetries maintained in the collapse.

The solution to such a problem will require the services of mathema-
ticians and physicists of the highest intellectual caliber. They should have
ready access to computeTs of the greatest possible mémory capacity and
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should work in close association with specialists in astrophysics, nuclear
physics, plasma physics, and the like so that the relevant physical phe-
nomena can be included as necessary.

Recommendation 12: Theoretical Studies. Application of the equa-
tions of general relativity to observable objects will be important to verify
the correctness of the theory and to interpret correctly the basic phenom-
ena that can be inferred only indirectly from observations. This activity
will require the efforts of mathematicians and physicists of the highest in-
tellectual caliber, together with the judicious use of the most powerful
computers available. We therefore recommend that individuals and groups
doing outstanding theoretical work in astrophysics and relativity be ade-
quately supported, and that the most powerful computers be made avail-
able to them.

5.9 INSTITUTIONAL ARRANGEMENTS

In general, astrophysics flourishes best when there is good contact be-
tween physicists and astronomers and between observers or experimen-
talists and theorists. To any problem in astrophysics, the physicist brings
his knowledge of the basic laws, which is vital to the proper understanding
of the astronomical phenomenon, while the astronomer brings his knowl-
edge of the astronomical context, important if a relevant and not mislead-
ing interpretation is to be found. The theorist will bring to the problem a
knowledge of relevant mathematical technique and interest in the phe-
nomenon as a manifestation of a more general class, while the observer or
experimentalist is expert in experimental technique, aware of the limita-
tions of his data, and vitally interested in tying together the diverse ob-
servational phenomena of which he is constantly aware.

Often we find a physicist-astronomer joined in one person; similarly,
some astrophysicists are equally skilled in theory and observation. More
often, however, we are dealing with different people, and in that case con-
scious steps must be taken to promote good communication. Virtually all
departments of physics and astronomy place substantial emphasis on both
theory and experiment. To encourage interaction between physics and as-
tronomy, some universities have combined the two departments into one.
In other universities this action has not been taken, but efforts are made,
such as joint seminars and degree programs, to encourage communication
between the separate departments.

How does relativistic astrophysics fit into this framework? It seems that
the most productive institutions are those in which the interrelationships
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just described are most lively. So far there seem to be three discernible
groups of workers in the field. First, there are those working on the theory
of general relativity, who usually have a background in mathematical phys-
ics and who often work in mathematics or physics departments. Then,
there is a small number working in physics departments on the experi-
mental verification of the theory. Finally, there is a large and diverse group
of astrophysicists, both theoretical and observational, who are studying a
great variety of astronomical phenomena that have at least some rela-
tivistic aspects. These individuals can be at home in both physics and as-
tronomy departments. Each institution must experiment with the mix of
these groups and the departmental arrangements that lead to the most ef-
fective programs. It may be helpful to institutions not yet active in the
field to know that the mutual stimulation provided by the three groups is
a benefit that can be realized by making at least two or three positions
available.

We have alluded several times previously to the fact that the instru-
ments of importance to cosmology tend to be the largest of those em-
ployed by astrophysicists and astronomers because of the faintness of the
objects studied. For financial reasons, many of these instruments will be
built at national observatories, where they are accessible to the entire com-
munity, or at least at private institutions willing to share the facilities with
outside users. The concentration of large instruments at a few institutions
places a special responsibility on the management of these institutions to
attempt to ensure that significant work on such long-range problems as
cosmology takes place in spite of the many competing demands for ob-
serving time. We have already discussed this problem in Sections 5.1 and
5.2, and Recommendation 1 also is pertinent to it.

6 Impact on Other Branches of Science

6.1 OTHER BRANCHES OF PHYSICS

Astrophysics and relativity has considerable impact on other branches of
physics. 1ts role in the testing of rival theories of relativity will be discussed
in Chapter 7. Here we consider only the relation to the theory of elemen-
tary particles and to other better established subfields of physics.
Elementary-particle theory is strongly related to the theory of the early
" phases in the big-bang model of the universe. If current versions of the big—
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bang model are correct, then the universe once was vastly denser and hotter
than now. To be able to solve the gravitational field equations, we need to
know the equation of state of the matter and radiation present in the early
universe, but our present understanding of particle physics is inadequate

at temperatures above about 10'? K to 103 K, at which strongly interact-
ing particles are produced copiously in thermal equilibrium. One way to
deal with this problem is to treat the matter as consisting of a number of
species of highly relativistic free particles. If we take a fixed number of
species (say, photons, gravitons, leptons, and nucleons), then the tempera-
ture of the universe is inversely proportional to its radius. If, on the other
hand, we take as many species of particles as would exist in thermal equi-
librium according to a currently fashionable model of strong interactions
(the Veneziano model), then the temperature varies much more slowly.
Probably no free-particle model makes sense; and to understand the early
universe, elementary-particle theorists will have to leave the familiar con-
ceptual framework of S-matrix theory and venture into the unknown ter-
ritory of relativistic many-body physics.

One by-product of a realistic model of the early universe might be a
clue to the existence of the hypothetical fundamental particles of strong-
interaction physics—the quarks. Using a crude model, it has been estimated
that if quarks are real, then enough should be left over from the hot early
universe to make their current abundance about equal to that of gold
atoms. Needless to say, quarks are a good deal rarer on earth than gold,
and it would be important to know whether this absence really means that
quarks do not exist.

Finally, we hope to learn more about elementary particles from the
study of specific astronomical objects such as neutron stars and quasars.
For example, the present theoretical uncertainty in the electron-neutrino
interaction might be removed by studies of stellar evolution, in which, as
stars approach the neutron-star phase, the annihilation of electron-positron
pairs into neutrinos that can escape the star probably plays an important
role. Neutron stars are fairty well described by nuclear physics, but there
could be marginal effects depending on unknown physics. The strange
phenomena associated with quasars offer hope of discovering even more
unusual conditions of density and temperature that are not consistent with
terrestrial physics. It has often been suggested that conservation of baryon
number (a rigorous law of terrestrial physics) might be violated, perhaps
by creation of matter as required by steady-state cosmology. The discovery
of baryon number nonconservation would remove a long-standing puzzle:
Why is there not an electromagnetic field coupled to baryon number as
there is to charge, another conserved quantity? At the same time, of course,
such a discovery would have profound implications for the origin of mat-
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ter and would provide a possible explanation for the enormous energy out-
put of quasars.

The impact on other branches of physics is pervasive. One could argue
that Newton had to invent calculus and modern mechanics to solve an
astronomical problem, and that they have subsequently found extraordi-
narily wide application in physics. The theory of atomic spectra was con-
stantly challenged by the study of the sun and stars. Thermonuclear energy
production was studied first in connection with the energy source for the
sun and other stars and subsequently found spectacular terrestrial applica-
tion. No doubt future developments in astrophysics will have equally unex-
pected and major impacts on physics.

Branches of physics that are supposed to be fully understood in princi-
ple have to be applied in a detailed and concrete way to situations that
differ greatly from usual laboratory conditions. Physicists have thought
for a long time that they understood thermodynamics and deviations from
thermal equilibrium. Intersteilar space is further out of thermal equilibrium
than any laboratory apparatus—one finds both cosmic rays with an effec-
tive temperature of about 10 deg and dust grains with a temperature of
about 10 deg occupying the same region. One consequence of these devia-
tions from equilibrium is maser action in interstellar space. Chronologi-
cally, masers were invented in the laboratory before they were discovered
in the interstellar gas, but the problems posed by interstellar conditions
stimulated research that is leading to an understanding of the relevant co-
operative phenomena.

One aspect of this impact through application is cross-fertilization of
different branches of physics. 1n discussing radiation mechanisms for pul-
sars, one has to employ both relativistic mechanics and plasma theory in
detail; in calculating nuclear reaction rates in very dense stars, one needs
solid-state techniques for dealing with zero-point vibration modes, as well
as nuclear dynamics and the like. One charactéristic flavor lies in the pains-
taking, matter-of-fact application of fundamental physics to the most bi-
zarre-and fanciful conditions in which natural objects find themselves. In .
particle physics the distinction between simple and composite particles is
argued on a very esoteric level; for massive neutron stars this distinction can
mean the presence or absence of Fermi pressure and, hence, the difference
between stability and collapse. The fundamental study of strange particles
is helped, at least indirectly, by their importance in engineering-type calcu-
lations for neutron stars.

On another level, cosmology raises questions about the division (always
assumed to be valid) between the local laws of physics (which regulate
what must be) and the actual properties of the universe (which govern
‘what actually is). Laboratory-physics is-based -on approximate symmetries - -
such as charge-conjugation invariance (which states that the rates of parti-
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_cle reactions are nearly equal to those for the corresponding antiparticles).
The universe probably does not embody these symmetries in its initial con-
ditions, as matter appears to be much more abundant than antimatter. Is
it possible that an interaction between the whole universe and local phe-
nomena keeps the symmetry laws from being perfect? As yet there is no
theory of this interaction, but it is a possibility. Another example is elec-
trodynamics, in which the equations indicate a perfect symmetry between
advanced and retarded potentials. The fact that only the retarded potential
is actually observed could be related in some way to interactions with all
the particles in the universe, which are known to be expanding rather
than contracting. If this were true, the results of laboratory experiments
might be intimately tied to the present state of the universe.

6.2 OTHER BRANCHES OF ASTRONOMY

The astronomer’s laboratory is the universe. Since 1929, when the uni-
verse was found to be in a state of expansion, cosmology has been the
central subject in astronomy. In an evolving model, the early more con-
densed stages of the universe contained the starting conditions for the for-
mations of galaxies, clusters of galaxies, and quasars and, in particular, the
Milky Way galaxy in which we live. Therefore, even astronomers studying
stars within the Milky Way need the results of research on cosmology,
just as cosmologists need the results of stellar and galactic astronomy on
distances, time scales, and chemical abundances.

The finite velocity of light allows the astronomer to observe directly
objects in the earlier stages of the universe. The light of such objects has
traveled for many billions of years before it finally reaches us in the twen-
tieth century. Even if the objects are as luminous as galaxies or quasars,
at these enormous distances their signals on arrival at earth are weak. Large
telescopes (x-ray, optical, infrared, or radio) are required to collect suffi-
cient information in a reasonable time. As a result, observational advance
in cosmology is primarily determined by the size and number of large
telescopes. These telescopes are then available to study a host of other
objects that may be intrinsically faint although relatively close by. In this
way, construction of instruments for the study of cosmology tends to
spur activity in all branches of astronomy.

6.3 EARTH SCIENCE

Although not always readily apparent, there are subtle relationships be-
tween the science of our solar system and relativistic astrophysics. Perhaps
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the most important connection is that between geochemistry and the
origin of the elements. Much detailed information about abundance of the
elements is determined from solid bodies in the solar system. The meteor-
ites are preferred for this purpose, because they have apparently undergone
much less chemical fractionation than has the earth-moon system. Because
of their complexity, only a thorough understanding of their formation and
chemical evolution will aliow a confident interpretation of the conflicting
abundance patterns revealed by them. For example, the abundance ratio
232Th/?38 is quite variable in meteorites and lunar samples, and the cor-
rect ratio is important in determining the age of the galaxy. The choice
between general relativity and the scalar-tensor theory of gravity may de-
pend ultimately on an understanding of the geochemical fractionation
among the elements U, Th, and Pb, because the two theories would assign
different time scales to the galaxy.

Meteoritic and lunar sample studies offer a hope of finding stable super-
heavy nuclei. Some scientists have suggested that fission tracts due to such
nuclei will be preserved in the meteorites and made visible by etching tech-
niques. Definite information on the existence of superheavy nuclei would
stimulate anew the study of the highly collapsed objects in which such
nuclei might originate. v

The question of the origin of life and the possibility of interstellar com-
munication with life outside the solar system depend in part on the origin
of planetary atmospheres, which in turn depends in subtle but significant
ways on how planetary systems are born and how much young radioactiv-
ity is trapped in solid objects as they form—radioactivity capable of tipping
the scales between molten and solid bodies. The rate of production of
these same radioactivities plays a major role in the analysis of the age of
our universe. :

In addition to these specific examples, there are also philosophical rela-
tionships between cosmology and earth science. Broadly stated, earth
science attempts to account for the origin of the earth and planets at a
definite time in the past, their geological evolution through tectonic and
atmospheric action, and the emergence and evolution of life on their sur-
faces. This evolutionary scheme probably is being re-enacted, with varia-
tions, countless times throughout the galaxy and the universe. Few scien-
tists today believe that terrestrial life is unique, because astronomical re-
search indicates that the building blocks of the universe—the stars and
galaxjes—are remarkably similar. Not only are there billions of stars vir-
tually identical to the sun that presumably have planets similar to the earth,
but also the relative abundances of chemical elements available for the ex-
traordinary process we know as life seem to be virtually the same every-

* where: This uniformity is-simply a reflection of the unifermity-of the
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universe as a whole. For example, carbon, a key element for life, is present
everywhere, because galaxies were formed throughout the universe with
similar properties. Therefore, the stars within them have similar masses
and rotation rates and similar evolutionary histories. Hence the process in
which three alpha particles in the interior of the star join to form carbon
nuclei proceeds similarly everywhere.

Thus, evolution of the earth and of life should be viewed not as an iso-
lated phenomenon but as one typical of a huge number of similar events
scattered throughout the universe. Cosmology forms the giant canvas on
which the evolution of the universe is painted, but life is given to the pic-
ture by those mysterious processes, occurring throughout the cosmos, in
which matter ultimately evolves to consciousness, so that the universe
becomes aware of itself.

7 Testing General Relativity

7.1 PHILOSOPHY

In considering astrophysics as a bridge between physics and astronomy,
two aspects of the science merit special attention. One relates to situations
in which a new phenomenon of particular interest to physicists is encoun-
tered in the astronomer’s domain. In the other, relativistic gravitational
phenomena are involved. »

The unique importance of astronomical bodies for testing general rela-
tivity results from the great weakness of gravitation. The strength of the
gravitational interaction between two elementary particles is roughly 1074°
of the electromagnetic forces that dominate laboratory physics. In other
words, the amount of space curvature under general relativity is negligible
over dimensions of space-time as small as a laboratory or the two years’
duration of PhD research. _

Tests of general relativity require bodies of astronomical size. If an astro-
nomical body is as massive as the sun and as compact as a neutron star,
the relativistic effects should be quite large. In fact, the binding energy is
~100 MeV/nucleon, larger than any other known force in nature; Through-
out the solar system, relativistic effects are minuscule, but the possibilities
of precision measurements in the solar system have led to the only two
presently known positive tests of general relativity: the gravitational deflec-
tion of light and the relativistic rotation of Mercury’s perihelion.
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It is a mistake to think of these two relatively poor observations as pro-
viding our only basis for relativistic gravitational theory. More important
are the null gravitational experiments and the various laboratory experi-
ments on which we base our confidence in special relativity, the root-struc-
ture of general relativity. Of the null experiments, the spatial isotropy ex-
periment and the modern version of the EStvds experiment deserve
particular notice. These are important in eliminating a large number of
otherwise possible theories and in supporting the equivalence principle.
Any acceptable gravitational theory must automatically yield a gravita-
tional acceleration of small bodies substantially independent of composi-
tion (to less than one part in 10!!). It must be explicitly noted that similar
observations involving very massive falling bodies are much poorer.

The isotropy experiment effectively eliminates any theory leading to
significant anisotropic gravitational-inertial effects. Thus, a Lorentz-
invariant tensor theory of gravitation can be eliminated unless its form per-
mits the unification of the Minkowski metric tensor and the field tensor.
Similarly, the various null experiments and other laboratory-based tests
of special relativity impose limits on gravitational theories. Any acceptable
relativistic theory of gravitation might be expected to yield special rela-
tivity over the small volumes of space-time required for laboratory phys-
ics, and such an acceptable theory must yield results for laboratory physics
in agreement with the observations.

With the assumption that the gravitational theory shall have Lorentz-
invariant (or special relativistic) roots, a formal machinery exists ready-
made for the description of gravitation, that is, the Lorentz-invariant field
theories already developed for the description of electromagnetism and
particle physics. Gravitation requires one or more chargeless, massless boson
fields for its description. Allowable fields have spin 0, 1, or 2. A theory
using a neutrino field (spin %2) has certain technical difficulties. The spin-1
field (the analogue of the electromagnetic field) leads to a repulsive force
and has other difficulties. Only the spin-zero (scalar) field, spin-two (ten-
sor) field, or a mixture (scalar-tensor theory) remain for consideration.

The scalar field theory developed by Nordstrom in 1912 is satisfactory
in most ways, but its predictions concerning the gravitational deflection of
light and the relativistic perihelion rotation are not in agreement with
observation. Both the tensor theory and the scalar-tensor theory are satis-
factory, and it is not yet clearly established which of the two theories re-
ceives the most observational support. The scalar-tensor theory has certain
interesting properties; for example, it provides insight into, and a means
of calculating, the coupling constant of gravitation, but this theory is more
__complicated than the tensor theory, as it requires two fields. For this and

other reasons few scientists favor the scalar-tensor theory on either philo-
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sophical or aesthetic grounds. But observations should be the primary con-
cern, not aesthetics.

A modest goal for the future is to devise a test of gravitational theory
sufficiently accurate and unambiguous to permit the exclusion of one or
the other of these two theories. A more ambitious goal is to devise enough

independent tests of the remaining theory to provide strong observational
support for it, if sufficient funds for the tests were made.available. If it
should happen that neither of these two theories is tenable, the theoretical
implications would be both serious and interesting.

7.2 EXPERIMENTAL TESTS USING THE SOLAR SYSTEM

It is a measure of Einstein’s genius that in his first comprehensive paper on
general relativity, his tensor theory of gravitation, he suggested all the posi-
tive tests of general relativity known until very recently. These are the
gravitational red shift, the gravitational deflection of light, and the rela-
tivistic rotation of Mercury’s perihelion. The gravitational red shift does
not require the full machinery of general relativity for its discussion and

is more properly considered to be a test of the equivalence principle. Thus
it is more closely related to the null experiments than the other two tests,
which investigate the particular form of the metric about the sun and
distinguish between the two theories. Under the scalar-tensor theory the
gravitational deflection of light should be (1 — s) X (1.75 sec of arc) for

a light ray passing close to the sun. Here, 1.75 sec of arc is Einstein’s value
for the deflection of a light ray grazing the sun’s limb and s = 1/(2w + 4)
is the fraction of a body’s weight due to the scalar field under the form

of the theory for which Einstein’s equations are formally satisfied, where
w ~ 5 is the coupling constant of the scalar-tensor theory. If w =5 (see
below), s = 0.07, a measurable effect in the deflection of light.

The classical measurement of gravitational light deflection during solar
eclipses has given rather poor results, but the techniques used probably
could be substantially improved. In this case the importance of a single
measurement is so great that a sustained effort to develop a special instru-
ment and technique might be warranted. The great importance of this
observation stems from the relative lack of ambiguity in its interpretation.
The light deflection due to the solar corona should be much too small to
be significant. To avoid the necessity for a total eclipse of the sun, an in-
strument is being developed capable of photoelectrically measuring star
positions near the sun. An alternative approach is to use radio waves,
which are less seriously affected by the glare from the sun. Using long-
baseline interferometers, one can determine the positions of point radio



834 ASTROPHYSICS AND RELATIVITY

sources near the sun, it is hoped with enough precision. Here the refractive
effects of the solar corona can be important, requiring the use of two or
more wavelengths or a sufficiently short wavelength. These approaches
should be capable of distinguishing between the two gravitational theories.
Experiments so far performed have yielded a value of s = 0.06 * 0.06, pre-
cision as yet insufficient to distinguish between w = 0 and w = 5.
 An alternative approach makes use of the retardation of a radar wave
passing the sun. This retardation is closely related to the deflection of the
wave, as it is the retardation near the sun that wheels the wavefront about,
changing its direction. This effect in radar returns from Mercury and Venus
‘has been used to determine the related light deflection, obtaining the re-
sult s = 0.1 £ 0.2, where the error is twice the standard deviation.

All three of the new techniques, as well as an improved technique based
on a solar eclipse, seem to afford the precision necessary to discriminate
between the two theories. Because of the relative lack of ambiguity in the
interpretation of results, this type of observation shows the greatest promise
of conclusively excluding one of the two competing theories.

The relativistic precession of Mercury’s perihelion was known by the -
middle of the nineteenth century as an unexplained excess motion. At
present, the analysis of the observations of Mercury give an excess motion
of 42.3 £ 0.5 sec of arc/century, compared with Einstein’s calculated rela-
tivistic motion of 43.3 sec of arc/century. Only the planetary perturbations
are subtracted to obtain the above result. If the observed solar oblateness
of 5 X 1075 has been correctly interpreted as implying the existence of a
solar gravitational quadrupole moment, an additional perturbation of
3.4 sec of arc/century must be subtracted, leaving 38.9 sec of arc/century
for the relativistic effect. Under the scalar—-tensor theory, the relativistic
rotation of Mercury’s perihelion is (1 — %s) X 43.3 sec of arc/century. This
expression would yield the observed value of the precession corrected for
the quadrupole effect (38.9 sec of arc), if s = 0.07 or w = 5. Thus, scalar-
tensor theory, with w = 5, is favored if the sun has the quadrupole moment
indicated by the oblateness observations. The discrepancy with conven-
tional general relativity imposed by the solar oblateness is in excess of
three standard deviations, if there are no systematic errors. However, there
has been considerable controversy about the significance of the solar
oblateness. ’

Space science provides an unusual opportunity for observing and sepa-
Tating the relativistic and quadrupole effects. An artificial space probe
moving about the sun in an elliptical orbit and carrying a radar transponder
could provide such a new measurement of a relativistic perihelion rotation.
__Longevity of.the space probe and a careful compensation of radiation pres-
sure appear to be essential for a successful experiment of this type. An
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alternative and more romantic approach is to soft-land a transponder on
one of the asteroids. Radiation pressure is too weak to affect significantly
the motions of large asteroids. Both of these approaches would also permit
the determination of “light deflection” using the retardation method if the
transponder operates in the shorter microwave region of the spectrum.

Other relativistic effects should be measurable in the solar system,
but they have not yet been observed. Among the interesting effects are
the Thirring-Lense, or inertial drag, effect, which should appear near a
rapidly rotating massive body, and the geodesic precession of a gyroscope,
caused by translating it through a closed orbit in curved space. In principle
these effects could be observed as a slow precession induced in a gyroscope.
For such a gyroscope, a freely floating spinning top in a satellite orbiting
the earth has been suggested. A satellite system to measure these effects
is presently being designed.

Unfortunately, present accuracies do not permit a definite exclusion of
one of the two competing theories, but this situation provides a challenge
for the immediate future. It is hoped that the response to this challenge
‘will be a gradually improving case for the correctness of the remaining
theory. If neither theory should be correct, the situation would be even
more interesting and could lead to an entirely new approach.

7.3 COSMOLOGICAL TESTS INVOLVING OBJECTS OUTSIDE
THE SOLAR SYSTEM

Relativistic effects are minuscule in the solar system, but the close prox-
imity of the sun and planets permits measurements sufficiently precise to
be of interest. OQutside the solar system compact systems for which rela-
tivistic effects are appreciable exist (neutron stars and possibly quasars).
Here there is a possibility of investigating gravitational theory through
gravitational radiation. 1f any of these compact bodies were to be a source
of gravitational radiation, this radiation might conceivably be a source of
information about the radiation mechanism as well as the radiating system.
Gravitational radiation, whatever its source, is capable of providing a test
distinguishing between the tensor and scalar-tensor gravitational theory.
A spherical resonator can be excited in a radial mode by gravitational
radiation under the scalar-tensor theory but not under the tensor theory.
Compact bodies are not the only possible sources of new gravitational
tests. The enormous stretches of space and time available in the universe
offer the possibility of observing relativistic effects even though the average
space curvature is small. Cosmology is capable of providing interesting
tests of gravitational theory, but this approach suffers from incomplete
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data and ambiguity in the interpretation of the available data. Several
misconceptions exist concerning cosmology as a source of tests of general
relativity. Thus, the existence of an expanding universe that appears to be
reasonably isotropic and uniform in mass distribution, in the small part
seen by us, is sometimes interpreted as support for general relativity. This
view is based on the existence of expanding space solutions of the field
equations of general relativity. Solutions of this type exist in both rela-
tivistic theories, the tensor theory and the scalar-tensor theory, but the
dynamical equations that relate the deceleration parameter to the mass
density do not require a relativistic calculation. Also, the initial conditions
leading to the uniform and isotropic solution are as mysterious under rela-
tivity as under Newtonian cosmology. Although we currently do not under-
stand the origin of this degree of order in the universe, we may some day
be able to use the observations to test a theory of the origin of the order,
if such a theory appears.

One particularly interesting but 'still unobserved aspect of relativistic
cosmology concerns the relation between image size and distance. For
relativistic cosmologies, a minimum angular size occurs at a certain dis-
tance that is similar for the tensor and scalar-tensor theories.

Under the tensor theory there are no locally observed cosmological ef-
fects. The enormous mass of the universe expanding away from us is with-
out effect on our galaxy or solar system. There has been confusion about
this point. Some publications mistakenly claim that the galaxy becomes
entrained in the expanding space and expands slowly with time.

Under the scalar-tensor theory there is a possibility of observing locally
the effects of the matter distribution. The scalar, being generated by the
matter content of the universe, increases slowly with time. This growth
results in a decrease of the gravitational “constant” with time. The weaken-
ing of gravitation with time carries a number of implications. In principle,
these implications could provide information that would lead to the rejec-
tion of one of the two relativistic gravitational theories; in practice, this
‘result is not yet possible. The following examples show the difficulty in-
herent in this type of gravitational test.

The present rate of decrease of the strength of gravitation expected un-
der the scalar-tensor theory depends on w and the present matter density.
A rate of decrease of 107!! part per year would be reasonable. This carries
the following implications if the scalar~tensor theory is correct: Our galaxy
and solar system should be expanding at the rate ~107!! /year, and periods
of planets and the moon should be increasing ~2 X 107! /year as measured
by atomic clocks.

Other differences between expectations under the tensor and scalar-
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tensor theories depend on the effect of weakening gravitation on stellar
luminosity. For solar-type stars this effect varies as the seventh power of
the gravitational constant. This variation affects the red shift magnitude
diagram slightly and the computed ages of population Il stars substan-
tially, making them smalier. It could affect the temperature of the earth

in the remote past.

If we assume the correctness of cosmology based on the expansion of an
initially hot fireball, expectations will differ under the two gravitational
theories. Under the tensor theory, nearly independent of present mass
density and neutron half-life, roughly 27 percent helium is formed in the
fireball (assuming a ratio of neutrinos to nucleons <107). Under the scalar-
tensor theory, if the scalar field contribution to the energy density in the
fireball is sufficient, the early expansion rate might be sufficiently accel-
erated to stop helium formation. The initial fragmentation of the expand-
ing fireball to form gas clouds (some of which may be represented by fossil
remnants in the form of globular clusters) depends on gravitational theory.
Under the tensor theory the expected mass of globular clusters can be al-
most an order of magnitude greater than under the scalar-tensor theory.

The techniques of space science also could be capable of yielding a gravi-
tational test. The original motivation for placing a laser reflector on the
moon was to test for the acceleration of the moon’s motion expected un-
der the two theories. Referred to a planetary ephemeris time scale, the ac-
celeration due to tidal interactions is known over the past 200 years. As-
suming that the tidal interaction has been constant for the past 200 years
and will continue constant for the next ten years, we can separate the two
effects and calculate the effect of weakening gravitation if this occurs. An
alternative approach is provided by planetary radar. This technique is capa-
ble of detecting in a decade the gradual change of planetary periods,
should changes occur. The lunar laser reflector is capable of still another
type of test of gravitational theory. Under the scalar-tensor theory the
gravitational acceleration of a body depends on the fractional contribu-
tion of gravitational self-energy to the body’s mass. This contribution is
appreciable for planets and differs for the earth and moon. This difference
in acceleration leads to a displacement by less than a meter in the moon’s
orbit relative to the earth under the scalar-tensor theory.

Recommendarion 17: Testing General Relativiry. The choice be-

tween rival theories of gravitation cannot be made conclusively on the
basis of present data. This choice is of fundamental physical significance.
Moreover, work in relativistic astrophysics depends critically on this choice.
We therefore recommend that experiments using optical, radio, and radar
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methods to observe the deflection of electromagnetic waves by the sun,
the retardation of such waves passing the sun, the precession of the peri-
helia and apsides of bodies orbiting the sun at various distances, and a
possible lengthening of the orbital periods of such bodies be supported and
emphasized within a well-balanced program of ground-based and space-
based astronomy. In addition, the use of artificial satellites to detect the
inertial drag and geodesic precession in earth orbit should be supported.

8 Manpower, Funding, and Education

8.1 CHARACTERISTICS OF THE ASTROPHYSICS AND
RELATIVITY SUBFIELD

Unlike most other subfields of physics and astronomy, astrophysics and
relativity is not widely recognized as a distinct discipline. Therefore, man-
power surveys and federal funding categories do not provide clearcut in-
formation on the statistics of the subfield. Consequently, we caution the
reader that the statistics in this chapter are largely approximations.

The Panel attempted to idensify a core group of scientists whose re-
search is primarily in astrophysics and relativity, as defined in the first
chapter of this report—the study of astronomical phenomena requiring
general relativity for their interpretation. The Panel identified those federal
funds that clearly are supporting the efforts of this group and attempted
to estimate the additional funds that support the observational programs
used less directly by this group, even though these funds have not been .
specified by the federal agencies as being for this purpose.

1n this analysis we found that the observational programs are far more
costly than the direct support of the core scientists involved. As we explain
in the introduction to our recommendations, such expenditures can be
justified in part by their application to the subfield alone, as it has high
scientific interest, but the balance of justification must be provided by the
many other possible applications of the instruments. In the conclusion to
this chapter, this aspect of our recommendations is called to the attention
of the two parent committees to which this report is addressed.

The Panel found that doctoral education for work in astrophysics and
relativity is proceeding well in both astronomy and physics departments.
With certain suggested improvements, there is no reason why this pattern
should not continue.
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8.2 MANPOWER

The National Register contains data assembled from American Institute of

Physics (A1P) questionnaires sent simultaneously to both physicists and
_astronomers. From the list of specialties in the Register the Panel identified
the-five-in-Table V111-1_as_basic.activities.in_astrophysics and.relativity

On the same basis, 634 PhD’s in the 1970 Register Survey indicated
definitely nonrelativistic astronomical categories such as binary stars and
planets and satellites. In addition, some 150 of the 725 scientists in the
Register who were identified with earth and space science worked
in subfields such as solar and planetary physics, solar wind, and the sun
and probably would be assigned to astronomy, for a total of 1041 PhD
astronomers. If we take into account an 85 percent rate of return on the
Register questionnaires, we arrive at the data in Table VIII-2. The total
number of PhD astronomers estimated in this way, 1224, agrees fairly well
with the number, 1256, established by the Astronomy Survey Committee
through direct inquiries to 171 institutions known to be active in astronomy
in 1970. [See Astronomy and Astrophysics for the 1970’s. Volume 1,
Report of the Astronomy Survey Committee (National Academy of
Sciences, Washington, D.C., 1972).]

So far, the subfield of astrophysics and relativity has been considered
as part of astronomy (because the rationale for funding relates principally
to astronomical operations at the present time). In fact, most specialists
in astrophysics and relativity obtained their PhD’s in physics, as Table
VIII-3 shows. In terms of training, the PhD population of the subfield is

TABLE VIII-1 Core Manpower in Astrophysics and Relativity, 19702

Specialty . PhD’s ‘ Non-PhD’s

Gravitational fields, gravitons 26 8
Cosmology 16 8
Galaxies 45 ' 17
Quasars, pulsars, and x-ray sources 84 40
Relativity, gravitation 77 35
\ 248 108
Other? 9 51
Total respondents 257 (62%) 159 (38%)
Student respondents 80

2 Data in the table are based on the National Register of Scientific and Technical Personnel.
Respondents definitely in astrophysics and relativity, but for whom some items of Register data
are missing.
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TABLE VIII-2 Astrophysics and Relativity as a Portion of Astronomy PhD
Manpower, 19707

Subfield Identification Number Percent
Astronomy, categories other than astrophysics and relativity 745 61
Astronomy, part of earth and space physics 176 14
Astrophysics and relativity 303 25
Total astonomy PhD manpower 1224 100

2 Corrected for 85% rate of return.

a mixture of physics and astronomy, as one would expect from the nature
of the field. The number of physics PhD’s engaged in the subfield (212)
is 1.3 percent of all physics PhD’s.

Some other characteristics of the 257 PhD’s identified as part of the
subfield are as follows:

1. Employment is heavily concentrated in the universities (73 percent)
as compared with that of the overall population of PhD astronomers (63
percent) and PhD physicists (50 percent). Only 18 percent work in govern-
ment laboratories or research centers, compared with 29 percent of the
PhD astronomers. Only 16 percent work in industry or research centers
as compared with 36 percent of all PhD physicists.

2. There is a heavy commitment of time to research and teaching (66
percent and 29 percent, respectively) as compared with the physics PhD
population (37 percent and 50 percent, respectively).

3. The number of theoreticians is greater (51 percent) than in astron-
omy (28 percent) or physics (25 percent).

4. The PhD group is relatively young, with a median age of 34.7 years,.
compared with 35.0 for PhD astronomers and 37.4 for PhD physicists.

5. The PhD population is rapidly growing; between 1964 and 1970,

TABLE VIII-3 Field in Which PhD Was Obtained

Field of Current Research '

Astronomy Physics as Astrophysics
Field of PhD as a Whole (%) a Whole (%) and Relativity (%)
Physics 36 80 70
Astronomy 57 5 25

Other 7 15 s
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the number of PhD physicists increased by 60 percent, the number of
PhD astronomers by 62 percent, and the number of PhD’s in astrophysics

and relativity by 300 percent (from 65 to 257 individuals).

The picture that emerges is of a rapidly growing group of relatively

young university.scientists, heavily committed. to research, primarily theo- .

retical. From personal observation, the Panel believes that a typical pattern

is for a senior physicist to shift his research interest to this subfield and

to encourage a similar move by a considerable number of graduate stu-

dents and postdoctoral fellows who are eager for an opportunity to enter

the subfield. Clearly, there does not appear to be a serious problem in the

near future in obtaining trained manpower to exploit the many opportu-
_nities in this subfield, as at this time the number of PhD’s in the subfield

is only 1.5 percent of the total of 16,631 PhD’s doing physics or astron-

omy. Large numbers of the remaining PhD’s are in subfields from which

movement into this one is relatively easy.

8.3 PATTERNS OF FUNDING

Certain federal agencies, the Department of Defense (DOD), the Atomic
Energy Commission (AEC), and the National Science Foundation (NSF),
supplied the Panel with data on support for astrophysics and relativity for
the fiscal years 1965~1970. Most of the funds were expended in areas
commensurate with the definition by specialties in Table VIII-1. The aver-
age of about $4 million per year (34.3 million in fiscal year 1970) sup-
ports the work of a substantial fraction of the number of specialists in
Table VIII-1. For example, probably most of the workers in gravitation
and relativity (40 percent of the PhD’s in Table VIII-1) are supported at
less than $25,000 per year, for a total of $2.5 million per.year. On the
other hand, a few of the workers represented in Table V1II-1, for example,
optical and ultraviolet space astronomers working on galaxies, radio astron-
omers working on quasars, and space astronomers working on x-ray
sources, no doubt use much larger amounts of money in their research.
It is difficult to decide exactly how much, because the agencies that sup-
plied funding data did not attempt to include in their statistics that frac-
tion of the support of extensive optical, radio, and space facilities used in
studies of astrophysics and relativity. Moreover, no figures were available
from the National Aeronautics and Space Administration (NASA). We
have attempted to estimate figures to fill some of these gaps.

First, as Table V111-2 shows, astrophysics and relativity manpower
constitutes roughly 25 percent of all astronomers. This figure is corrobo-
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rated at least roughly by the observation that about one third of the
articles in the Astrophysical Journal, a leading periodical devoted to astron-
omy and astrophysics, are in astrophysics and relativity.

The Panel believes, from its knowledge of activities at well-known
ground-based observatories such as Hale, Lick, Kitt Peak, the National
Radio Astronomy Observatory, and Arecibo, that 25 percent is a reason-
able estimate for the fraction of effort devoted to projects of interest to
astrophysics and relativity. We, therefore, should assign to the subfield
federal funding equal to about one fourth of the total ground-based as-
tronomy program ($49 million in fiscal year 1970), or $12.3 million per
year. Note that this is in addition to the $4.3 million per year identified
by the agencies as direct support. It is believed that the latter is largely
supporting programs in physics without large components in observational
astronomy. Thus, even if we count only ground-based work, the expendi-
tures in astrophysics and relativity are probably some (12.3 +4.3) ~ 4.3 =
4 times larger than the direct support of the core scientists in Table VIII-1.

When space-based research is included, the factor becomes even larger,.
although estimates are necessarily very imprecise. Of the current NASA
astronomy program, we estimate that about 20 percent (including parts
of 0A0, 0S80, Explorer, rockets, airplanes equipped to make infrared ob-
servations, and Supporting Research and Technology) is devoted to astro-
physics and relativity. This amount includes ultraviolet observations of
galaxies, study of x-ray sources, some cosmic radiation experiments, in-
frared observations of quasars, and the like. As the total cost of the 1970
NASA Astronomy Program (including management costs) is estimated at
$220 million, some $44 million per year should be assigned to astrophysics
and relativity. Funding data are summarized in Table VIII-4.

The figure of $60.6 million per year is obviously quite uncertain. 1t
represents 23 percent of the total support of astronomy in fiscal year
1970 (8260 million) and is 14 times the direct support identified by the
agencies. We believe that this “iceberg effect” of about one order of magni-

TABLE VIII-4 Federal Funding of Astrophysics and Relativity, Fiscal Year 1970

Amount
Nature of Support ($Million)
Direct support identified by DOD, AEC, and NSF 43

Ground-based observations (estimated 25% of total ground-based astronomy program) 12.3
Space-based observations (estimated 20% of total space-based astronomy program) 44.0

Total support, astrophysics and relativity . . . . 606
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tude is a fair estimate of the real cost of carrying out the difficult observa-
tional and experimental programs that are vital to progress in this field.
When $60.6 million is divided among 303 PhD’s, the result is $200,000
per year per PhD. Thus, astrophysics and relativity, in common with as-
tronomy generally and with high-energy physicé, is relatively expensive.
_Of course, as_we_see in_Table VIII-4, this expenditure_reflects.the_high.cost_.. . _ . .
of space experiments. Without the space component, which provides cru-
cial observations of distant relativistic objects, the cost drops to $54,000
per year per PhD, a figure corresponding more closely to the level of sup-
port in most physics subfields.

84 THE NATURE OF PhD PROGRAMS IN PHYSICS AND
ASTRONOMY

Most workers in relativistic astrophysics hold a PhD in either physics or
astronomy. Ideally, of course, each researcher should be thoroughly versed
in both fields, but it would take such an extended time to achieve this that
“it is usually not possible within a reasonable PhD program. It is quite pos-
sible for physicists to acquire sufficient knowledge of astronomy after
completing the PhD to work effectively in this subfield, but it is somewhat
more difficult for an astronomy PhD to study the required physics later.
Thus, although it is desirable for physics students interested in relativistic
astrophysics to study some astronomy courses (for example, stellar evo-
lution, stellar dynamics, galaxies and cosmology, radio astronomy, and
high-energy astronomy), it is essential for astronomy students interested
in this subfield to study relevant branches of physics. Those intending to
specialize in theory should include advanced general relativity, together
with study of the relevant mathematics, as well as advanced courses in one
or more other areas of physics, such as quantum theory and statistical
mechanics.

As we have pointed out in Chapter 5, pursuit of mathematical problems
in general relativity will be directed increasingly toward relevant prob-
lems in astronomy, and, for that reason, it is helpful if students working
on such problems associate with observers. Such activities have tradition-
ally been carried out in physics departments; therefore, it will be necessary
to arrange joint activities with astronomy departments, where the observers
are.

Thesis work on experimental tests of relativity has been localized in a
few places so far, usually in physics departments, where the style is diver-
gent from much of current specialized research in particle or solid-state
physics in that a typical experiment may draw on several applied disci- ,
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plines, including optics, electronics, classical dynamics, cryogenics, and
techniques of radio astronomy.

Traditionally, work on theoretical astrophysics has been centered in
astronomy departments, but an increasing number of physics departments
are active in this area. The physics student brings to a thesis in theoretical
relativistic astrophysics a thorough training in fundamental physics, which
is a solid advantage. On the other hand, it is helpful, to increase the rele-
vance of any calculation performed, for the student to talk frequently with
observational astronomers, who are usually located in astronomy depart-
ments.

Observational and experimental work on astronomical objects takes
place in both physics and astronomy departments. Typically, an observer
from the astronomy department uses traditional instruments (such as opti-
cal or radio telescopes) to observe a large number of objects of a certain
class in order to analyze differences and similarities. A student in the
physics department is more likely to build new apparatus to make an al-
together different kind of observation—perhaps in a new wavelength range—
and then apply the apparatus to one or two critical examples of a phenom-
enon. Both methods are necessary. It is clear that the activity in physics
departments has been critically important in opening to investigation new
wavelength ranges, which are the basis for much of the excitement in the
subfield. There is no apparent reason why the design of new apparatus
should not receive greater emphasis in astronomy departments.

8.5 RELATIVISTIC ASTROPHYSICS AS TRAINING FOR APPLIED
SCIENCE

Today students are increasingly aware of the social implications of science.
While they are drawn by the intellectual stimulation of a field like physics
or astronomy, where elegantly simple laws govern extraordinarily complex
phenomena, they also believe that physical science should be applied more
vigorously to alleviate the problems that plague mankind.

Therefore, a major question is whether training in relativistic astro-
physics can be useful for careers in applied science, should the student
later make this choice. Astrophysics deals with the macroscopic world and
as a result often spans much of physics that is relevant to applied prob-
lems. To understand theories of galactic or stellar formation and evolu-
tion, or recent models of quasars, pulsars, and the fireball, it is necessary
to understand transport theory, plasma physics, magnetohydrodynamics,
turbulence theory, nuclear physics, statistical mechanics, physical optics,

-- -.classical.electrodynamics, atomic physics,.and the like. Such broad train-. . .. . .
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ing in disciplines that can be applied to practical problems gives the student
of astrophysics opportunities in such fields as weather prediction, aircraft
design, nuclear-power development, and environmental control.

An advantage of relativistic astrophysics in particular is that it currently
is focused on basic physical questions such as new forms of energy and
the ultimate origin of matter; therefore, it can attract excellent young minds
eager to attack basic questions. Having acquired a broad training in astro-
physics, a student is then equipped to carry out intensive studies of spe-
cific astronomical phenomena or, if he so chooses, to use his knowledge
to apply physics to human welfare.

8.6 IMPLICATIONS OF THE RECOMMENDATIONS FOR FUNDING

" The recommendations of this report are addressed to both parent commit-
tees, but they fall naturally into those of primary concern to the Astron-
omy Survey Committee and those of primary concern to the Physics Sur-
vey Committee. In the estimates given in Table VIII-5, the recommenda-
tions have been grouped to emphasize this division of major interest and
responsibility.

Estimated costs of the recommended programs are summarized in
Table VIII-6. The fraction of each recommended program that will be
devoted strictly to astrophysics and relativity has been roughly estimated
so that these costs can be compared with the costs of the present program
in astrophysics and relativity estimated earlier in this chapter. Again we
remind the reader that these estimates are very uncertain.

The total program recommended in this report is estimated to cost $1160
million over ten years, or $116 million per year. Of this, the effort devoted
to astrophysics and relativity is estimated to cost $677.4 million, or $67.7
million per year. Thus, the additional cost averaged over the years is about
equal to the cost of the present program (Table VI1I-4); therefore, it is
equivalent to a program that averages about twice the present program
over the next decade. This would imply an average growth rate of 14 per-
cent per year. The Panel considers that such a rate of growth is commensu-
rate with the scientific value of research in astrophysics and relativity.

8.7 IMPACT OF CONSTANT OR DECREASING LEVEL OF
SUPPORT

Although charged to discuss this question, the Panel did not make a
thorough study of it, so we confine ourselves to a few remarks. As ex-
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TABLE VIII-5 Summary of Recommendations and Estimated Costs

Cost, Including Ten
Years of Operation
Subject Matter of Recommendation ($Millions)

GROUP A%-AGP

Recommendations ]
Additional large optical telescopes 50
Monitoring variable optical objects (two 90-in. telescopes) 20
Electronic optical imaging ’ 15
Large radio array 100
Large millimeter dish 20.
Ground-based infrared telescopes 25
Theoretical studies 30
TOTAL ) 260

GROUP A%?—AS®

Recommendations
Diffraction-limited optical space telescoped ) 300
Aircraft, balloons, and rockets? 125
High-Energy Astronomical Observatory 400
TOTAL ] 825

GROUP P/-pGE

Recommendations
Neutrino astronomy . 10
Gravitational radiation experiments 10
Testing general relativity (ground-based) 10
TOTAL 30

GRoOuUP P/-psh

Recommendations
Gamma-ray detectors 15
Testing general relativity (space-based)‘ ’ 30
TOTAL 45
GRoOUP LJ
Recommendations

Scheduling of large optical and radio telescopes -
Monitoring variable radio sources ' -
Very-high-resotution studies -

2 Group A, of primary concern to Astronomy Survey Committee.
4 AG, astronomy, ground-based.
€ AS, astronomy, space-based.

d This refers to a series of smaller telescopes leading toward the Large Space Telescope. See Astron-
omy and Astrophysics for the 1970's, Volume 1, The Report of the Astronomy Survey Committee
(Natlonal Academy of Sciences, Washington, D.C., 1971) for further discussion of this program.

€ For x and gamma rays as well as for infrared.
fGroup P, of primary concern to the Physics Survey Committee.
£ PG, physics, ground-based.
h ps, physics, space-based.

! This is primarily for orbiting gyros to test inertial drag. The Panel believes that this program
should receive careful study. if the cost proves to.be substantially higher than that given.

i Group L, low-cost recommendations. No cost figures assigned.
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TABLE VIII-6 Estimated Costs of Recommended Programs (Ten Years)

Estimated - Estimated Cost,
Estimated Fraction, : Astrophysics and Rela-

Recommenda- Total Cost : Astrophysics tivity Component
tion Group ($Millions) and Relativity ($Millions)
AGY —- 260 - 0.54 - - - - -1404
AS? 825 0.56 462.0
PG¢ 30 1.00 30.0
ps? 45 1.00 45.0
Le — — —

TOTAL 1160 677.4

2 Astronomy, ground-based.

h Astronomy, space-based.

€ Physics, ground-based.

d Physics, space-based.

€ Low-cost recommendations. No cost figures assigned.

plained above, astrophysics and relativity currently requires about $60
million per year, of which about $40 million is in space experimentation.
The recommended budget would roughly double these figures over the
next decade. It should be pointed out that the recommended budget is
by no means the maximum that could be exploited at this time. A major
new instrument, the Large Space Telescope, is not provided for in the
" recommended budget, although a program evolving toward it is recom-
mended. It is believed that the Large Space Telescope might well cost
a total of $1000 million or more. If we had assigned 30 percent of its cost
to astrophysics and relativity, our recommended budget would have been
larger by $30 million per year, or nearly 50 percent as a consequence of
adding the Large Space Telescope. Many experts believe that such a tele-
scope is feasible now. By not recommending an all-out program at this
time, the Panel has taken a conservative approach, which may very well
postpone the time when certain decisive cosmological measurements can
be made by as much as a decade.

Let us consider the option of constant funding at the present level of
$60 million per year. It is apparent from Table VIII-5 that expensive
new facilities such as the large radio array, the diffraction-limited optical
space telescope program, and the high-energy astronomy observatory could
be undertaken even one at a time only by accepting deep cuts in the present
program. As the present program is sound, this would not be a sensible
procedure. We therefore assume that under a constant budget, there would
be no major new instruments. One could, however, contemplate initiating
some of the smaller programs, such as equipping major optical telescopes
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with electronic imaging, and expanding the present infrared program.
Funds to do this would have to come out of present programs as well. It
is hard to see how this could be done without closing down observatories
that are presently productive, however. One area that would be hard hit
under a level budget would be radio astronomy. No major new instrument
would then be possible, in spite of the spectacular discoveries in this field
and the fact that several proposals for new instruments have been in line
for funding for five years or more. In summary, a constant budget would
confine the subfield largely to observational techniques of limited power.
It would not be possible to observe many faint phenomena, such as distant
x-ray galaxies, infrared sources, or radio explosions, which are believed to
be present and which have great significance for cosmology and for funda-
mental physics.

Decreasing support would of course prohibit any major new instruments
and would also require that present major facilities be shut down. Although
the situation is not desperate at present, there are hints that this in fact
may become necessary in some areas, if the present paucity of funds con-
tinues. If this happens, one can predict that there would be a shift in the
field toward theoretical work, and that innovations in instrumentation for
new wavelength regions would all but cease. As we have tried to show in
this report, this would reverse the trend that has made the field so exciting
in the past two decades. Deprived of hard information on what the universe
is really like, there is little hope that the theorist can arrive at the truth.
Such questions as Is the universe finite or infinite? Are there new laws of
physics operating in the quasars? How are particles accelerated to relativ-
istic energy with very high efficiency in astronomical systems? Do black
holes really exist? Does gravitational radiation exist, and what is its source?
which there is some chance of answering in the next decade, given adequate
support, will simply not be answered with a declining budget.

If, on the other hand, adequate support is available, it is believed that
discoveries of profound significance will be made.
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Preface

This report describes the use of physics in the earth and space sciences.
Despite the wide differences in motivation among the different sciences
involved, the research physicist sees them in a very similar light, and for dis-
ciplinary purposes they can be treated together. We shall stress that a phys-
icist can work in the earth and space sciences only in full collaboration
with many disciplines. Nevertheless, he is distinguishable by a style, his
education, and his view of the phenomena of the physical world, which he
interprets in terms of a few basic and simple laws. This loosely defined
activity by physicists we shall identify as the physics subfield of earth and
planetary physics.

This document consists of eight essays or commentaries addressed to
the relationship between physics and the earth and space sciences. It was
not possible for this Panel to follow the charge developed for the other
panels of the Physics Survey Committee. As several of the following papers
emphasize, earth and planetary physics is an important part, but only a
part, of the earth and space sciences; the role of physics in these sciences
cannot be examined as an independent factor. Nor can such matters as
education, funding, and priorities be discussed adequately in the limited
context of their involvement with physics.

In recent decades, the earth and space sciences have been subjected to
exhaustive examination by the National Academy of Sciences, the federal
government, and private organizations. The documentation is extensive,
and many proposals have been developed. Merely to read all this material
is a major task; this Panel did not see the need for, nor did it have the
facilities to undertake, another review of the same character.

853
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The Physics Survey, however, presents a novel opportunity. As Chapter
1 indicates, physics and the earth and space sciences are related, and close
interaction between them is essential. Yet a separation has developed be-
tween physics and these disciplines, and there are many problems asso-
ciated with this separation. The Panel felt that it would be valuable to
identify and discuss these interface problems specifically. Therefore, the
chapters that follow are addressed primarily to the physics profession.
They describe the scope and character of the earth and space sciences and
attempt to define their interface with physics in order to demonstrate the
responsibility of physics as a scientific discipline in this multidisciplinary
area. :

Chapter 1 describes the general nature of the subfield. Two chapters
then describe its research goals, first in terms of science (Chapter 2), and
next in terms of applications to man’s needs (Chapter 3). Chapter 4 is con-
cerned with education, and the most important conclusions on the rela-
tionship between the earth and space sciences and conventional physics are
developed here. The next three chapters deal with special features of the
conduct of science in this subfield: Chapter 5 discusses national programs,

" facilities, and research centers; Chapter 6 is concerned with the special
role of computers; and Chapter 7 describes international activities. Finally,
Chapter 8 examines manpower, funding, and existing priority studies.

Because of the nature of this Panel’s approach, we make few specific

- recommendations.

As this report goes to press we are uncomfortably aware that the year

- that has elapsed since the manuscript was completed has seen many
changes, particularly in the NASA programs. The Office of Space Sciences
and Applications has been split in two; Grand Tour has been replaced by
a less expensive mission; the Space Shuttle has emerged as the post-Apollo
program. In all agencies, budgets for fiscal years 1971 and 1972 are
firm and to some extent funded, while fiscal year 1973 is before Congress.
It was impossible to bring the manuscript up to date in all respects, but
where changes were essential, we have tried to incorporate them, if only
in footnotes.

We wish to acknowledge the invaluable help of Dale Teaney of the
American Institute of Physics with statistics. We are also indebted to
‘Frederik Zachariasen, David Rose, and Marvin Goldberger for opinions
on environmental problems and the role of the physicist. We sought several
expert opinions, which we were able to incorporate directly into the re-
port: Jule Charney wrote the second part of Chapter 6; Hugh Odishaw pre-
pared the whole of Chapter 7; James Baker provided material on oceanog-
raphy for Chapter 3. Harvey Brooks read and criticized the manuscript,
which, as a consequence, was greatly. improved. -- . -



Contents

1 THE NATURE OF THE SUBFIELD
2 SCIENTIFIC GOALS

3 APPLICATIONS TO MAN’S NEEDS
3.1 Oceanic Physics, 884
3.2 Solid-Earth Geophysics, 885
3.3 Lower-Atmosphere Physics, 886
3.4 Upper-Atmosphere and Interplanetary Plasma Physics, 888
3.5 Lunar and Planetary Physics, 890
3.6 Environmental Quality, 891

4 EDUCATION

" 4.1 Development of Earth and Planetary Physics, 894

4.2 The Concept of Earth and Planetary Physics, 896

4.3 The Supply of Graduate Students, 897

4.4 University Organization, 899

4.5 Postdoctoral Opportunities for Research and Study, 902
4.6 Recommendations, 903

5 NATIONAL PROGRAMS, FACILITIES, AND RESEARCH
CENTERS
5.1 The Need for'Cooperative Enterprises, 904
5.2 Programs, Facilities, and Centers, 905

855

857

867

883

893

904



856 EARTH AND PLANETARY PHYSICS

5.3 Existing and Proposed Activities in the United States, 906
5.4 Implications and Trends in the 1960’s, 911

6 THE ROLE OF COMPUTERS. 915
6.1 General Considerations, 915
6.2 Numerical Models of the Atmosphere, 919

7 INTERNATIONAL COOPERATION 925
7.1 Mechanisms for Cooperation, 926
7.2 The International Geophysical Year, 928
7.3 Solid-Earth Geophysics, 930
7.4 Oceanography, 931
7.5 Meteorology, 933
7.6 Polar Research, 934
7.7 Space Physics, 935
7.8 Committee on Space Research, 938
7.9 Exchange of Data, 939

8 CHARACTERISTICS OF EARTH AND PLANETARY
PHYSICS AND PRIORITIES IN THIS SUBFIELD 940
8.1 Manpower, 941
8.2 Productivity, 948
8.3 Funding, 949
8.4 Activities in Individual Disciplines, 953
8.5 Discussion and Recommendations, 986
8.6 Summary, 996

APPENDIX A: NATIONAL FACILITIES 998
APPENDIX B: DATA CENTERS 1000

APPENDIX C: BALANCE OF ACTIVITIES IN THE
NATIONAL SCIENCE FOUNDATION PROGRAMS 1003

REFERENCES ~ 1004



IX
EARTH AND PLANETARY PHYSICS

1 The Nature of the Subﬁeld

The earth and space sciences are concerned with natural events occurring
in the physical environment: in the interiors, atmospheres, and oceans of
the earth and planets; in the outer layers of the sun; and in the interplane-
tary plasma. They deal with physical events; therefore, they properly belong
to the physical sciences. Explanations are sought in terms of fundamental
physical laws; physical scientific method, with some modifications to in-
clude observational techniques, is a powerful tool, and an education in
physics, with some important additions, is a proper preparation for a re-
search worker.

Before the twentieth century, there was little need to distinguish be-
tween physics and the earth and space sciences. Familiar figures in physics
and mathematics invested time and effort in understanding atmospheric
motions, atmospheric optical phenomena, ocean tides, the earth’s magne-
tism, and the like. They were not the only people interested in the phe-
nomena. The naturalist, with his ability to record and describe and his deep
interest in natural events, was an important figure, but his activities were
largely independent of those of the physical scientist.

In recent decades, physics, as conventionally defined in the United
States, and the earth sciences have drawn apart—so far apart that often
there is little or no communication. During this period, physics has tended
to emphasize a core area of research into fundamental properties of matter.
The earth sciences, on the other hand, have been faced with problems re-
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lated to their applicability to man’s material needs and, as a result, have

developed educational and research programs directed to these ends.

The earth and space sciences have common features, described in subse-
quent chapters, but they also have great diversity. Only in recent years has
their commonality been emphasized in the educational process and in
federal activities. However, some insight is lost if the relationship between
physics and the earth and space sciences is described solely in terms of
their present status. A brief historical review of the different disciplines
offers a sense of perspective and provides the opportunity to define the
terms used in this report.

The science of the atmosphere has undergone as many changes as any
of the earth sciences. Before the First World War, it was taken for granted
that fundamental advances in the knowledge of atmospheric motions
and the associated weather phenomena would eventually result from physi-
cal and mathematical research. During World War I, the need for weather
information for aircraft operations became extremely urgent, and the tele-
graph and radio provided the means of collecting and disseminating the
necessary information. Despite some brilliant but premature attempts, the
success of weather prediction did not improve rapidly as a result of physi-

" cal research; on the other hand, the Scandinavian school of synoptic ana-
lysts was able to demonstrate impressive advances using semiempirical
frontal concepts.

At this juncture, a major distinction between meteorology and physics
began to emerge. Separate departments and research centers for meteo-
rology developed in universities, often with curricula weak in physics and
mathematics and an emphasis on descriptive methods. The interests of the
physicist in atmospheric phenomena began to be described as atmospheric
physics, and in the 1950’s upper-atmospheric physics was distinguished by
the term aeronomy. For a brief period, a serious dichotomy between lower-
and upper-atmospheric research began to develop, with the former empha-
sizing descriptive and synoptic methods and the latter, the methods of
physics. Even at that time, however, the advent of electronic computers
and advances in the knowledge of the physics of large-scale hydrodynamics,
radiative transfer, clouds and precipitation, turbulent boundary layers, and
the like showed that problems of the lower atmosphere could also be
treated in terms of the fundamental laws of physics. Simultaneously, in-
creasing observations of the upper atmosphere showed it to be little, if any,
less complicated than the lower atmosphere and in need of meteorological
experience and techniques. _

As a result of these trends, the concept of the atmospheric sciences was
introduced in the 1960’s to describe the synthesis of all approaches.to
atmospheric investigations, the development of atmospheric sciences cur-
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ricula in universities, with stronger emphasis on mathematics and physics,
and the creation in the United States of federal programs and research
centers to support all aspects of atmospheric research.

The term “‘oceanic’ or “marine sciences’ also conveys the notion that
physical, descriptive, biological, and other disciplines must be combined
to solve the problems of the oceans. The marine sciences are similar in many
ways to the atmospheric sciences. The major differences are a shorter
history of intensive funding; a large involvement by life scientists; and
more freedom of approach, because of the less pressing demand for im-
mediate applications. The terms ““oceanography”’ and “physical oceanog-
raphy”” express a parallelism different from that between meteorology
and atmospheric physics, but the reduced role of applications has made
the difference less significant than in the atmospheric sciences.

From the disciplinary point of view, physical oceanography and mete-
orology have been very close. Ideas can readily be exchanged between the
two disciplines, particularly in fluid dynamics. Oceanography does not have
the observational basis of meteorology and has had to draw many of its
ideas from atmospheric research. As a consequence, the two subjects are
often handled in the same university department, and some research work-
ers are active in both fields.

Geophysics, or physics of the solid earth, has evolved through three dis-
tinct traditions. The early work on the mechanics of the earth spawned
continuing studies by a few independent physicists, affiliated variously
with physics departments or research institutes. In the same way, a few
individuals in geology departments rejected the descriptive approach and
sought a physical basis for their subject. The earliest formal groups in the
United States were the Department of Geophysics at Saint Louis Univer-
sity, the Carnegie Institution’s Department of Terrestrial Magnetism, and

- the Caltech Seismological Laboratory, all founded in the early 1900’s. .
At that time, geophysical methods were successfully adopted for oil and
mineral exploration, well in advance of full theoretical understanding.
From these separate origins arose the many and diverse modern research
groups. Those located in universities may be affiliated with geology, phys-
ics, or mineral engineering departments. Some of the most successful are
amalgamated in autonomous research institutions, in which the different
traditions exist together under one roof.

Geophysics has undergone less rapid change than other earth sciences be-
cause of the relatively moderate growth curve of research and the lack of
support for large, coordinated projects. Although the International Geo-
physical Year 1957-1958 provided an important stimulus, the first real in-
jection of large-scale government support in solid-earth studies came as
recently as 1960 in the form of the VELA program for detection of under-
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ground nuclear explosions. The research capabilities created as a result of
this support are now being turned toward important new problems related
to earthquake prediction and control.

A major advance in solid-earth studies came about in 1966 as a result of
a wide-reaching collaboration between ocean-going and land-based workers.
The study of geomagnetic polarity reversals preserved in lavas, the deter-
mination of earthquake source motions, and the age-dating of continental
basement rocks have shown conclusively that the earth’s outer shell is ex-- -

“tremely mobile on geologic time scales. Earth scientists are on the thresh-

old of a completely new era of solid-earth geophysics, in which major
directions in research appear to change daily.

A new emphasis in geology departments is developing as studies of
planetary surfaces become feasible and as more lunar samples are returned,
but this influence is by no means preponderant. However, the relationship
of the solid-earth geophysicist to geology and physics departments is much
the same as that of his colleagues in the oceanic and atmospheric sciences;
he seeks the motivation, the data, and the problem definition from one
and the necessary scientific techniques from the other. Although exclusive
concentration in either direction is clearly unsatisfactory, no agreement
exists as to the optimal synthesis.

Terminology in solid-earth studies can lead to confusion. In this report,
we shall use the term “‘geological sciences’ to include geophysics and all
classical aspects of geology. The term “‘earth sciences” is sometimes used
as a synonym for geological sciences, but we shall use it to denote the en-
tire group of sciences concerned with the atmosphere, the oceans, and the
earth. That part of the earth sciences that involves the use of physics we
shall call “‘earth physics.” The term “geophysics” is sometimes used in this
broad context, but we shall avoid such usage. '

A further problem in nomenclature has been introduced by federal
government use of the term “environmental sciences” to describe almost
the same group of activities that we include here under earth sciences. This
nomenclature is misleading because, although the earth sciences are con-
cerned with the environment, the general public accepts a much wider con-
notation, including ecology. However, the term necessarily occurs in any
discussion of federal budgets.

This report also is concerned with certain branches of the space sciences.
During the late 1940’s and the 1950’s, when the only vehicles were rockets,
aeronomy was the frontier field of space science. The rapid accumulation
of detailed data using rockets and later satellites has been largely responsi-
ble for the convergence with ideas previously associated with lower-atmo-
’sphere studies.

The advent of the satellite in the 1960’ led to the dlscovery of the
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earth’s radiation belts and the interplanetary plasma. These studies found

a secure home in physics departments because of their association with
cosmic ray research. They are largely empirical, but of a novel character,
and are almost entirely dependent on the availability of space probes. A
change in the policy of the National Aeronautics and Space Administration
(NASA) could virtually eliminate this field of study. Therefore, it is an ex-
ceptional field and difficult to relate to the others with which this report

is concerned. According to NASA terminology, aeronomy and the inter-
planetary plasma together constitute the subfield of space physics.

Before 1960, studies of the planets were considered a branch of astron-
omy. However, astronomers and departments of astronomy often showed
an equivocal attitude toward this field, sensing, perhaps, an essential differ-
ence of approach. Astrophysics is largely concerned with matter at ex-
tremely high temperatures and pressures under conditions in which the
laws of physics established in the laboratory may fail. Planetary studies,
however, are concerned with conditions close to those of the earth, and the
problems involved are likely to have parallels in terrestrial studies. When
observing techniques for planets were the same as those used for astronomy
and when only crude data were available, this parallelism was not exploited,
and few earth scientists were involved in planetary studies.

The lunar landings and unmanned planetary probes have now begun to
supply data of the certainty and detail needed to apply the methodology
of the earth sciences, and most of the work on planets (planetology,
planetary meteorology, planetary aeronomy) is now performed by geo-
physicists, meteorologists, and aeronomers. Earth physics and planetary
physics have become part of the same discipline; departments and research
centers of earth and planetary physics are appearing in the universities; and
the relationship between planetary research and astronomy becomes in-
creasingly distant.

The gap that exists between physics and the earth and space sciences
operates to the disadvantage of all concerned. But any change in the present
circumstances depends on an understanding of factors that are difficult to
identify. These factors include differences in fundamental approach, dif-
ferences between observational and experimental methods, differences in
the empbhasis placed on practical goals, and the interdisciplinary nature of
research in the earth and space sciences, in which physics is a major, but
not the only, contributor.

Some of the essential differences between the earth sciences and phys-
ics or astronomy were identified by Aristotle.! He contrasted the earth
sciences with investigations of “the first causes of nature” (physics) or
“the stars ordered in the heavens” (astronomy) and stated that they are
concerned with “‘events that are natural, though their order is less perfect
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than that of the first of the elements of bodies”; he proposed to seek ex-
planations following the phenomenological methods used for “‘animals and
plants.”

With the advantage of hindsight, we know that Aristotle’s distinctions
among the three disciplines are not as clear as his definitions suggest. The
remarkable advances of physical science leave no doubt that events taking
place in the solar system can be explained in terms of physical laws estab-
lished in the laboratory. The problem is one of unraveling a complex of
interacting phenomena on scales of space and time not usually encountered
in the laboratory and generally without the help of the controlled experi-
ment.

The earth and space sciences are observational sciences—they obtain
their data by direct observation of natural systems rather than by experi-
mentation. There has been a tendency to define physics strictly as an ex-
perimental science and thus to distinguish it from these sciences and from
astronomy. The technique of gaining understanding by observing a system
with many parameters evolving in space and time must be learned, just as
the experimental method must be learned. There are a few problems in the
earth and space sciences for which laboratory experiments are important
(the work of Hide and Fultz on rotating fluids is a good example); in
attacking these problems, the physicist is on more familiar ground. But
even in these rare cases, a great deal of experience is required to relate the
experiment and the natural phenomenon.

Not only are observations the basis of research in earth and planetary
physics, but the observations are numerous, sophisticated, and difficult to
view with a sense of proportion. A certain naiveté can often be productive,
but, in the long run, a physicist, to be effective, must also gain some of the
experience and judgment of a meteorologist, a geologist, or an oceanog-
rapher, and he must learn to communicate with a number of other
disciplines. :

Criteria of success also differ from those of conventional physics. In
earth and planetary physics, the success of a theory is not judged in terms
of new insights into fundamental laws; rather, such physicists are con-
cerned with the number of observed phenomena that can be related in
terms of a hypothesis based on the known laws of physics. In this respect,
earth and planetary physics has something in common with astrophysics,
although recent astronomical discoveries require completely new ideas
about the nature of matter at high temperatures and high pressures.

Although the earth and space sciences are properly described as physical
sciences, their procedures often are influenced by considerations not
strongly sensed in the more conventional areas of physics. The earth
sciences are largely, but not exclusively, concerned with questions immedi-
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ately related to needs of society, for example, weather forecasting. To
answer these questions, deductive scientific method is used to the greatest
extent possible, but the problems involve so many poorly understood
interlocking phenomena that immediate answers must be based partly on
experience and judgment. This situation is parallel in many respects to
that in medicine, and the consequence in both is the emergence of a large
body of practitioners whose activities the general public supports.

The relationship between practitioner and scientist is not hierarchical:
it is not the case that one performs the fundamental research and the other
applies it. Information flows in both directions. The practitioner, of
course, must be able to understand scientific advances and to make as
much use of them as possible; but, on the other hand, the data collected
for empirical analyses are an essential source for the scientist denied the
use of the controlled experiment. The present knowledge of atmospheric
circulations could not have been reached without the data collected for
weather forecasts; physical oceanography has long depended on data as-
sembled to aid ships’ navigators; geophysics would have no point of depar-
ture without the data collected by seismologists, geologists, and others.

This emphasis on applications and on the procedures needed to achieve
results on a short time scale is perhaps the primary reason for the diver-
gence between physics and the earth sciences. The questions with which
‘this Panel is concerned are, therefore, in part characteristic of the dichot-
omy between pure and applied physics research as it has developed in the
United States, and the problems arising in regard to manpower and educa-
tional matters are not limited to the earth and space sciences. It should be
pointed out, however, that the gulf between the core area of physics and
the earth and space sciences is made unnecessarily wide by the way in
which physics is defined.

First, both disciplines, for example, space physics, and individual geo-
physicists, meteorologists, and oceanographers are satisfactorily accom-
modated in physics departments.and research centers in the United States.
Moreover, the division between physics.and the earth sciences is more
strictly observed in the United States than in Europe or the Soviet Union.
In the United Kingdom, for example, there are relatively few departments
of meteorology, oceanography, or space sciences, and physicists working in
these disciplines in the universities-are usually found in physics depart-
ments. This situation may be responsible in part for what sometimes-ap-
pears to be a higher quality of research in relation to the total number of
people engaged. In Germany and Scandinavia, the relationship between
physics and the earth sciences differs from that in the United Kingdom,
but they are still much closer than in the United States. The Soviet Union
pays less attention than most countries to the distinction between pure and
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applied research; atmospheric physics, for example, is a major and continu-
ing activity of the physics department at the University of Leningrad.

An important characteristic of the earth and space sciences is the extent
to which they are concerned with phenomena of unusual aesthetic appeal
and with humanistic values related to man’s place in nature. In his history
of the study of the rainbow, Boyer remarks that “meteorology (in the
mediaeval sense) formed an important part of mediaeval scholasticism.”.2
His case is well documented by a host of references on sky halos alone.
One of these, the rainbow, commanded the attention of many of the
greatest minds in science until the essence of the problem was solved by
Descartes, Newton, and Airy. This fascination with atmospheric optics re-
lated as much to aesthetic as to scholarly values.

The same is true of many areas of investigation in the earth sciences.
The visual impact of the aurora polaris stimulated much work; it is diffi-
cult to be unmoved by satellite pictures of the motions of clouds in a
mature hurricane; the planets have always been considered among the
most wondrous of natural objects; and men look with more appreciation
and enjoyment on the surrounding landscape when they understand some-
thing of the geological forces that formed it. (See Figures IX.1, IX.2, and
IX.3.) Newton may have been accused of destroying the poetry of the
rainbow by reducing it to prismatic colors; but, in terms of contemporary
thinking, the arts would seem only to have gained by physical understand-
ing of light, color, sound, and events in man’s environment.

The earth and space sciences have to do with natural events from a
human perspective. Their relevance to man’s material and economic affairs
has been emphasized, but the relationship is more intimate than is obvious
at first, for the knowledge gained from these studies can be used to plan
and proportion human affairs so that they are compatible with the natural
world. The recent demands for pollution control for purposes of health as
well as the aesthetic quality of the surroundings bring politics, law, sociol-
ogy, and economics into interaction with medicine, hydrology, meteorol-
ogy, and oceanography in an attempt to achieve a desirable change in
human affairs. The people who are involved in the direction of human af-
fairs must become aware of the methodology by which these large geo-
physical problems are handled if they are ever to bring the human com-
ponent successfully into their studies. It can be argued that the observa-
tional sciences provide a route by which the exact ideas of the physical
sciences can be made useful in the complex area of human behavior. For
example, L. F. Richardson made important contributions to the theory of
sociology after he decided to abandon his pioneering work on the numeri-
cal prediction of weather, a decision made because he could obtain research
support only from a military agency.
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FIGURE IX.1 Apollo 17 view of earth. (Photograph courtesy of NASA.)

FIGURE IX.2 The Barnard Glacier, Alaska. (Photograph courtsey of
Bradford Washburn.)
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FIGURE IX.3 Deep-ocean swell. (Photograph courtesy of Jan Hahn, Woods Hole,
Massachusetts.)

Finally, we come to man’s more remote strivings to understand his origin
and that of his world and universe. The idea that such understanding rests
exclusively on belief rather than knowledge has largely disappeared from
modern societies, and people in all walks of life have an unlimited appetite
for new facts about these matters. Not without reason did the Space
Science Board of the National Academy of Sciences-National Research
Council emphasize the search for the origin of life and the origin of the
solar system as two of the major justifications for NASA’s lunar and
planetary program.
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So far, we have stressed the differences between physics and the earth
and space sciences rather than their considerable common ground. The
relationship between these two branches of the physical sciences should
be stronger than it is: The earth and space sciences need a greater influx of
trained physicists and new ideas from physics, and physics, as traditionally
defined, can also benefit from the association, for the earth and space
sciences have certain aesthetic and humanistic values to offer. The young
physicist who is not acquainted with the earth and space sciences could
well miss an opportunity to work in physical research outside the labora- .
tory, to contribute work and knowledge that are closely related to the
needs of society, to observe natural phenomena that are often of great
aesthetic appeal, and to attack challenging problems of unusual difficulty
and complexity. These considerations will not appeal to all physicists, but
they do appeal to some and they could appeal to more if a broad view of
physics as a discipline were the objective of our educational system.

| 2 Scientific Goals

A common thread runs through many of the prime scientific goals in the
earth and space sciences. The advances in instrumentation, theory, and
computing power during the scientific buildup of the last decade have
brought earth and space scientists to the point at which complete, positive
knowledge of many aspects of the environment can be expected. To attain
this kind of understanding requires a variety of well-planned observational
programs. In addition, meaningful interpretation of the data thus obtained
requires that people of the highest caliber be brought into these sciences to
attack such problems as the origin of the earth’s magnetic field, the nature
of turbulence in stratified systems, and the equation of state of silicates at
high pressures.

In this chapter, we describe some of the problems of greatest current sci-
entific excitement and promise. Because of the nature of this subfield,
many of these problems appear to be slanted toward applications. How-
ever, this discussion presents the scientist’s point of view. Other chapters
deal with the way that the profession can best respond to current environ-
mental demands.

The discovery in the 1960’s of sea-ﬂoor spreading (see Flgure I1X.4) and
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large-scale motions of the continents was the result of a broad range of geo-
physical and geological studies in the ocean basins and on land. Random
polarity reversals of the earth’s dipole magnetic field at intervals of 200,000
to 1,000,000 years are permanently recorded as magnetization in newly
formed lavas and can be detected as short-wavelength elements of the field
by a shipborne or airborne magnetometer. The geomagnetic polarity time
scale for the last five million years was determined by direct study of radi-
ometrically dated lava samples from several locations. Magnetometer sur-
veys revealed a striking pattern of striped anomalies in the ocean basins;
these anomalies (up to 50 km across) are symmetric with respect to the rift
valley at the axis of the midocean ridge and correlate in detail with the po- -
larity reversal time scale. The scale factor in this correlation is just the rate
at which new crust is being formed at the rift, or equivalently, the rate at
which two segments of the ocean floor are moving apart.

With observed spreading rates of 0.5 to 10 cm/yr, it is evident that the
world’s ocean basins are newly recreated on the order of every 250 million
years. Direct evidence of this comes from the JOID ES* deep-drilling pro-
gram, which uses the age of the deepest marine microfossils in a core to
date the crust. The oldest oceanic crust (250 million years) is found east of
Japan. Destruction of the crust occurs by sinking of the leading edge of a
plate at the zone of convergence marked by the oceanic trenches. The ef-
fects of this collision and sinking of crustal plates appear to be responsible
for the complete panoply of geological and geophysical phenomena in these
regions: mountain building, earthquakes, volcanism. The lower-density
continental rocks are elevated by hydrostatic balance and remain at the
surface through this process, acquiring a permanent record of old plate
motions through mountain belts, which become patched to the edge of the
continent by collision with the fast-moving, ephemeral oceanic plates.
Where two continents collide, the effects are spectacular; the collision of
India with Asia is responsible for the doubling of crustal thickness in the
Tibetan plateau as well as the great uplift of the Himalayas.

- The discovery of sea-floor spreading has provided geophysicists and geol-
ogists with a great unifying principle. The greatest priority for the next
decade or more is to collect the crucial data that are necessary to develop
for all the phenomena a detailed model of the mechanisms that drive and

*JOIDES (Joint Oceanographic Institutions Deep Earth Sampling) is a program to
core the oceanic crust, principally the 0.5 to 2 km of sediments that lie atop the basal-
tic lavas, The JOIDES program has operated for 3 years, obtaining to date 200 holes in
the Atlantic and Pacific Oceans, the Mediterranean and Caribbean Seas, and the Gulf of
-Mexico. Participation of foreign scientists, including some from the Soviet Union, has
. been an important aspect of this program.
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FIGURE IX.4. Sea-floor spreading.

limit the great terrestrial heat engine. Measurement of earthquake signals
over 15 orders of magnitude of energy gives detailed information on the
mode of slip and strain release along the boundaries between crustal plates.
At sea, magnetic surveys, acoustic and seismic profiling of crustal structure,
and heat flow and gravity measurements will continue to be important. On
land, seismic holography (in some practical version) is needed to provide
accurate three-dimensional reconstructions of the structure of the crust and
upper mantle.

Because of their dependence on field measurements in diverse and incon-
venient places, students of the solid earth are faced with the high experi-
mental costs familiar to the physicist but are usually unable to achieve the
economy that the physics or space. community experiences in a large cen-
tralized facility. The JOIDES and WW SSN* programs are the only excep-

* wwssN (World-Wide Standardized Seismographic Network) was established by the
Environmental Science Services Administration of the National Oceanic and Atmo-
spheric Administration, Department of Commerce, in support of the VELA nuclear
test detection program and of general scientific research in 1961. It consists of 115
standard stations (long- and short-period three-component seismometers) and a central
data facility for the microfilming and dissemination of records. In recent years, the
funding of this network and its upgrading have become precarious.
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tions to this situation. A major need for this decade is to develop unifying
programs that move ahead in a coordinated way but retain the traditional
institutional independence. The Geodynamics Project is an international
effort sponsored by the International Unions of Geodesy and Geophysics
and of Geological Sciences that promises to provide leadership and com-
munication; a corresponding program of funding from the U.S. Govern-
ment, however, is still under discussion.

The scientific achievements of the space program have brought planetol-
ogy into being. Continuing studies of the earth’s interior composition and
evolution appear in a new perspective as data on the structure and compo-
sition of the'moon and planets become available. Comparative study of the
planets leads to inferences about the conditions of their formation. Compo-
sitional fractionation can be seen in the varying mean densities of the inner
planets, which reflect principally the varying proportions of iron and its
oxidation state. A puzzling fractionation of water seems to be indicated by
the very small proportion of water to carbon dioxide in the atmospheres of
Venus and Mars compared with earth. Differences in thermal evolution of
the planets reflect both initial temperatures and the subsequent distribu-
tion of heat-producing radioactive nucleides within each planet.

The moon, from which new data can be cited, provides an example. At
present, the moon has about ten orders of magnitude less seismic energy
release per gram than the earth. Localized mass anomalies near the surface
of the moon, inferred from the perturbations of satellite orbits, are of such
a magnitude that the outer shell of the moon must be relatively cool (less
than, say, 400°C) to a depth of about 400 km (see Figure 1X.5). 1t is
known from laboratory studies of rock deformation at high temperatures
that these nonhydrostatic loads must otherwise subside in a few million
years or less. Analysis of the inductive response of the moon to magnetic
disturbances in the solar wind, obtained by comparing magnetometer sig-
nals from an Apollo surface instrument and an orbital instrument, leads to
the inference of a cold (low-conductivity) outer shell, surrounding a warm
(high-conductivity) core. Whether major portions of the core are partially
molten is still debatable; it is especially interesting in light of evidence from
the Apollo samples that all but possibly a very minor proportion of lunar
volcanism occurred prior to 3 billion years ago. The picture that emerges is
that of a history uniquely different from that of the earth. While the earth
has been in a state of thermally driven convection and crustal rejuvenation
for at least 3.5 billion years, the moon, after an early phase of thermal ac-
tivity, has lain geologically dormant. The distinction is seen in the thickness
of their respective rigid shells—for the earth, about 60 km, or 0.01R; for
the moon, about 400 km, or 0.25R.

- The frontiers in planetology lie-equally in continuing planetary explora-



Scientific Goals 871

FIGURE IX.5. The surface of the moon. (Photograph courtesy of NASA.)

tion and in theoretical studies. The objective of planetary exploration is to
characterize the planets in detail—major and trace element composition
and their unique evolutionary histories. Many of the cognate theoretical
problems are of interest to physicists. The mechanical configuration of the
solar system can be described for short times by the laws of celestial me-
chanics, by equations for the periodic and secular perturbation of the Kep-
lerian orbits. For long intervals, these equations are ill-posed, due to the
existence of strong interactions at rare times, such as capture or ejection by
Jupiter. In this setting, the dissipative tidal interactions between bodies
seem to be a determining factor in the secular evolution of many objects.
Tidal forces have been important in both the earth-moon system and the
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Venus-sun-earth system. It still is not possible to handle these equations
with any degree of realism. In addition, the vital dissipation term in the
equations depends in detail on poorly known mechanisms in the interior of
the planet.

Magnetic fields are manifested both as present-day fields (earth, Jupiter)
and through remanent magnetization of rocks (earth, moon), which records
past magnetic or geological events. Current theoretical work is concerned
with hydromagnetic mechanisms for field generation. The equations for the
earth’s core, for example, are strongly nonlinear and have low symmetry.
Numerical study of these equations requires an order of magnitude more
computation than the numerical weather prediction problem and is still
largely untouched. The equations for the Jovian field are formally similar,
but the setting is different, with circulations in the outer regions of the
planet believed to be responsible. The Jovian problem will be attacked by
spacecraft, such as the Pioneer F and G and the outer planets missions,
which will monitor the magnetic fields close to the planet, obtaining high-
resolution information on the high-order (wavenumber) components, and
which will use imaging to improve the hazy picture of the atmospheric cir-
culation. The earth’s core is not fully explored by indirect methods, either.
High-resolution analysis of seismic waves scattered or diffracted by the core
in certain directions has shown nonradial variations of the sort that might
be related to the current hydrodynamics of the core. For either planet, the
problem can be solved only by an astute combination of theoretical analy-
sis and inference from limited data.

Magnetic fields also have become particularly important in the interplan-
etary plasma and the earth’s magnetosphere, in which they are a dominating
factor in determining the dynamic state of the plasma. The study of the
earth’s environment in space, in the interplanetary plasma, has grown more
than any other field of research as a result of the space program. The nor-
mal interplanetary medium is a spiral stream of ionized matter thrown out
of the solar corona, characterized by particle densities of 5-100 cm™3,
velocities of about 500 km/sec, and frozen-in magnetic fields of about 5 X
1075 G. (See Figure 1X.6.) Direct sampling of the solar wind plasma has
begun to give direct evidence of the solar composition. Spacecraft with par-
ticle spectrum analyzers have improved from an initial sensitivity to pro-
tons and alpha particles to the capability of detecting and counting heavier
nuclei. The solar wind-foil experiment, deployed on the moon during
Apollo EVA’s, has detected up to Z = 18. The surface layers of moon rocks
have captured a remarkably detailed record of solar wind and solar fluxes,
through direct capture of rare gases and the characteristics of particle tracks
inthecrystals.. ... ... . _ . . . . . e

The nature and behavior of the solar wind will remain a major research
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FIGURE 1X.6. The concept of the heliosphere.

objective, both for its own sake and as a plasma laboratory of enormous
scale. However, as space probes for the outer planets are developed, interest
is shifting to the feasibilities of the direct observation of galactic matter.
Galactic cosmic rays are observed on earth but in a modified condition for
energy less than 1 GeV, because of the interaction inside the heliosphere
with solar wind magnetic fields. The transition from solar to stellar material
should take place somewhere between Jupiter and Pluto, that is, at dis-
tances accessible to outer planets spacecraft. From the composition and
energy spectrum of unmodified cosmic rays, scientists should begin to
understand their origin, age, and mode of propagation and should have di-
_rect information pertaining to their stellar sources.

The interaction of the interplanetary medium with the earth is just one
of many very complicated, interrelated problems concerning earth’s upper
atmosphere. This region, which is regarded as extending from about 100
km out to 14 earth radii or more, is characterized by high temperatures,
low particle densities, ionization, and rapid fluid motions. Above 300 km,
the low particle densities, long mean free paths, and the strong terrestrial
magnetic field characterize the magnetosphere, with its energetic particle
belts. This entire region is of great scientific interest because of the rich
range of phenomena that are found there.

The immediate scientific priority in the study of the outer atmosphere
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and magnetosphere lies in the adequate quantitative characterization of the
full range of phenomena present—adequate to give an understanding of the
physical processes that are important. Only then can any predictive model-
ing be contemplated. For example, the conservative dynamics of particles
in the radiation belts are easily explained; the processes by which the par-
ticles are injected and accelerated and by which they decay involve fairly
complicated interactions with the atmosphere and the solar plasma and are
critical in determining the energy spectra and time constants.

This work was originally motivated by the most spectacular of all atmo-
spheric phenomena—the polar aurora (see Figure 1X.7). Although scientists
understand clearly many aspects of particle acceleration and excitation of
optical phenomena by high-energy particles, they still have no understand-
ing of the essential link, the precipitation mechanism. The mystery was
deepened in recent years by the discovery of the infrared oxygen aurora,
with such high intensity that it greatly exceeds all known and proposed
sources of energy in the magnetosphere.

Given the cost of direct measurement and the finite resources in the
space program, the intelligent, economical design and selection of experi-
mental payloads is of paramount importance. Ground-based methods of
observation will be improved to exploit the possibilities of monitoring the
outer atmosphere by using more subtle, indirect methods. A proposed na-
tional facility for incoherent radar backscatter is an example of this kind of
effort. Radar signals backscattered by thermal fluctuations in the electron
density can be used to infer a wide variety of properties of the plasma-

- sphere and ionosphere: electron density, electron temperature, ion temper-
ature, ion composition, mean plasma drift velocity, ion-neutron collision
frequency, and the direction of the earth’s magentic field. Electron density
influences the scattered signals at all altitudes and can be determined in a
number of separate ways. The other parameters manifest themselves by al-
tering the shape of the power spectrum of the scattered signal. Since these
measurements can be made at frequent intervals by incoherent-scatter ra-
dars, this technique becomes an almost ideal probe for the upper atmo-
sphere, providing good altitude coverage, time coverage, and resolution at
a particular location. These studies provide such a spectrum of data to stu-
dents of the upper atmosphere that incoherent scatter facilities are truly
general purpose. For example, drift velocity determinations provide impor-
tant inputs to the continuity equation governing the ionosphere. Measure-
ments along the magnetic field of density, temperature, and velocities at
high altitudes provide estimates of particle and heat fluxes into and from
the protonosphere and are used to establish boundary conditions for the
study of the F-region ionization. o ) o

Radio propagation studies are, of course, the classic indirect probe of the
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FIGURE IX.7. The aurora. (Photograph courtsey of Victor P. Hessler.)

ionosphere. Passive methods, using naturally occurring low-frequency sig-
nals, still remain an underexploited approach to probing the dynamics and
state of the outer atmosphere. Whistlers, transient electromagnetic signals
in the acoustic frequency band, and micropulsations, random magnetic
signals in the 1073-10"! band, have yet to be fully understood and used.
The micropulsations involve both hydromagnetic and low-frequency elec-
tromagnetic modes of the earth-ionosphere-magnetosphere system. Their
spectra contain information on both the characteristics of the system and
the particular dynamics that are exciting the system.

The pressing need, as in other related types of studies, is for appropriate
and modern observing networks in close combination with a theoretical
effort aimed at rationalizing the data with models of the system.
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The D-, E-, and F-layers of the ionosphere used to be the prime focus of
attention in upper-atmosphere physics. They remain objects of interest,
but the main features and basic mechanisms seem to be understood in prin-
ciple, except for the dynamical transports by winds and turbulence, a sub-
ject that this field has in common with lower-atmosphere studies. An accept-
able quantitative theory of the extent of the mixed region of the iono-
sphere—the turbosphere—would be one of the most important advances
that could be made in the field. /

The focus of attention in ionospheric theory has recently been on the
comparison of earth, Mars, Venus, and the outer planets. The application
of ideas developed for earth to other planets is a crucial test of their valid-
ity. The predicted F2-layer on Mars and Venus was not there when direct
observations were made, leading to the problem of why their atmospheres
have virtually no atomic oxygen at high altitudes. According to terrestrial
theory, this should not be so, and scientists are still seeking new ideas about
the photochemistry of carbon dioxide to account for it.

The planets also offer a unique proving ground for ideas about interac-
tions of the solar wind with planetary ionospheres. Mars and Venus have
no magnetic fields; consequently, scientists are trying to discover how the
ionized plasma penetrates and what influence it has on the ionized layers
gravitationally bound to the planet.

During the two and a half decades since the end of the Second World
War, steady advances have been made toward one central goal of meteoro-
logical research: understanding and predicting weather phenomena on the
basis of physical laws. What might appear at first sight to be no more than
an integration of Newton’s laws as applied to a fluid in fact involves phys-
ical and mathematical techniques that were not available when Richardson
~ first worked on the problem in the 1920’s. Many important components of
the problem still are not understood; however, there is no longer any doubt
that all relevant physics relating to scales larger than the computational
grid size (a few hundred kilometers) is understood in principle and can be
- incorporated in practice, at least for middle latitudes. But half of the atmo-
sphere lies in tropical regions, and phenomena of less than grid size are as
important as any aspect of terrestrial weather.

Examples of important phenomena of relatively small scale are the front
and the tornado. Fronts obviously are-related to major circulation systems
in the lower atmosphere, and no theory that does not predict their occur-
rence and intensity can be considered complete. However, at the present
time, there is no generally accepted theory of frontogenesis, and relatively
small effort is currently invested in the field. Much the same can be said
about the tornado, but in this case even an adequate observational defi-
nition is lacking and the technology required is not in sight. Even the re-
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lated problem on a smaller and more tractable scale—the dust devil—is
neither observed nor explained in a satisfactory manner, and such phenom-
ena may be of more than academic interest. On rapidly rotating planets
such as earth, and especially Mars, small, rotating convective elements may,
at times, be the principal means of heat and momentum transport across
the planetary boundary layer. In other words, it is quite possible that much
of the work so far performed on boundary layers is simply inapplicable to
major meteorological problems. '

Many motions of comparatively small scale are arbitrarily designated as
turbulence and treated by means of parametric measurements that have
their origin in laboratory and engineering studies of homogeneous and iso-
tropic situations. The existence of these studies and of Taylor’s aestheti-
cally satisfying statistical formulation may well have held the subject back
in recent years. Attempts to develop atmospheric theories along parallel
lines have been unproductive except at rare observational sites where suit-
able conditions occur. It now begins to appear that the irregular character '
of turbulent motions is not their most important feature and that greater
attention should have been given to the nature of more organized dynam-
ical elements. The dust devil is one such phenomenon, and, on a larger
scale, success has been achieved in a number of cases by assuming the tur-
bulence to have the transfer properties of the most rapidly growing or most
efficient instability that the system can possess. These ideas have been
applied to the general circulation as a whole, to laboratory convection ex-
periments, and to the Eckman boundary layer in the atmosphere. They
represent a complete break with the past and are stimulating new ideas
with implications for all of the earth sciences, astronomy, and engineering.

Attempts to extend forecasts up to 14 days have drawn attention to the
extraordinary neglect of tropical meteorology. Almost all known dynamical
theory applies to midlatitudes, where rotational constraints are very impor-
tant. Strong Coriolis forces are responsible for many of the characteristics
of midlatitude weather, and their reduced magnitude in tropical regions is
the main cause of the differences in meteorological characteristics. The
transfer of heat and momentum by cumulus convection, the importance of
direct overturning convective motions (Hadley cells), the nature of the
intertropical convergence zone, and the stability of tropical zonal flows—
these and many other matters are scarcely understood, and their compre-
hension on the same level as midlatitude phenomena is a major scientific
goal for the 1970’s and 1980’s.

In the field of tropical meteorology, one problem stands out above all
others—the hurricane or typheon (see Figure IX.8). Scientists are still in
the process of observational definition, and no theory is generally ac-
cepted. At the same time, attempts are being made to influence the path



878 EARTH AND PLANETARY PHYSICS

4
 §

FIGURE IX.8. A hurricane viewed from space. (Photograph courtesy of NASA.)

and growth of hurricanes by modifying the clouds near the eye. Whether
the state of the art is sufficient to make such tampering with dangerous
systems productive is debatable; it is clear, however, that progress toward
theoretical understanding is unacceptably slow and deserves a greater input
of scientific and technological competence than the subject has hitherto
received.

Another major scientific goal for meteorology is the control or modifica-
tion of the weather. The most promising path lies through the modification
of clouds and precipitation, because meteorologists understand the funda-
mental physics of these phenomena. However, the logistical problem is
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severe, and, so far, efforts have been limited to the use of silver iodide as a
freezing nucleus for supercooled water clouds.

In recent years, it has been established that orographic clouds, layer
clouds, and cumulus clouds can be modified by silver iodide seeding. How-
ever, the results are not always as expected—the existence of downwind
rain ‘“shadows,” for example, suggests that knowledge of the interaction of
physics and dynamics in clouds is far from complete.

The probiem of climatic change is one of the most stimulating and diffi-
cult in atmospheric studies, and it has received added impetus in recent
years as the question of inadvertent changes through the emission of indus-
trial carbon dioxide and aerosol was raised. Until the present time, work in
this field has been no more than speculation. There is no understanding of
why the ice ages and lesser climatic changes occur.

Advances in atmospheric dynamics have little direct application to the
problem of climatic change: Clearly, it is senseless as well as impracticable
to integrate dynamic equations over centuries. Methods of computing aver-
age states of rotating, unstable systems are needed, and in the last two
years the first suggestions of appropriate techniques have been made. At
present, these suggestions do not include interactions with the oceans, and
realistic solutions must include a model of the oceans and of air-sea inter-
action. The first convincing solution of a climatological steady state will be
a landmark in the history of meteorology.

The interaction of the atmosphere, the biosphere, and the liquid and
solid surfaces involves many different major problems, little understood
but of great significance. Concentrations of minor constituents such as ni-
trous oxide and carbon monoxide are two problems that relate to questions
of environmental quality. Of fundamental interest is the origin of the atmo-
sphere and the chemical cycles that maintam it. This problem has received

“impetus from studies of the atmospheres of other planets. Those of Mars
and Venus are almost pure CO,, and yet their origin probably did not
differ greatly from that of the earth. The feasibility of a runaway green-
house effect has been raised as one important difference between Venus
and earth. The probable absence of life on Mars and Venus is another.

Comparative studies of planetary atmospheres affect progress in many
areas. The circulation of the Venus atmosphere will be investigated further
because the atmosphere differs from earth’s in its density, its chemical com-
position, the small Coriolis forces, and the uniform cloud cover. Mars dif-
fers from earth in other major respects. The investigation of these differ-
ences depends on the continuance of NASA’s program of planetary explo-
ration; if this program continues, these studies will remain among the most
stimulating in the atmospheric sciences.

The fundamental questions of physical oceanography concern the con-
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served quantities and their processes of conservation. Scientists inquire into
the sources, sinks, transport, and transfer of mass, momentum, vorticity,
energy, and various chemical substances in order to rationalize and explain
the water motions, stirring and mixing processes, and the mutual exchange
of momentum, water, gases, and material substances between the ocean
and the atmosphere.

New instruments are needed to provide a three-dimensional picture of
the fields of velocity, temperature, and salinity. These data will allow a
clearer view of the physical properties of the ocean interior. In addition,
through the determination of the three-dimensional distribution of radio-
isotopes and trace elements, the interaction between physical and biochem-
ical processes can be made clear.

Adequate theories of ocean processes are few. For example, a general
theory of turbulence has so far been precluded by the complexity of the
field equations, which admit solution only in trivial or highly idealized
cases. Although advances have been made in the statistical theory of
homogeneous isotropic turbulence, the present evidence is that the ocean
is only intermittently turbulent, in a range between laminar flow and fully
developed turbulence. Since nonlinearity and time dependence are of major
importance, finite amplitude instability calculations are appropriate in this
range of parameters; yet few relevant calculations have been made on the
myriad of possible destabilizing modes inherent in the ocean. Moreover, the
large variety of scales and energy sources present in the ocean allow a simi-
lar variety of balances in the conservation equations.

Paradoxically enough, scientists have a better knowledge of the larger
scales than they do of the smaller scales. Although they have developed a
broad average picture of the large-scale velocity, temperature, and salinity
fields at the ocean surface, the vertical distribution of properties has been
inadequately sampled. A sufficiently high-resolution picture of the vertical
has only recently emerged, showing a rich microstructure, often remark-
ably regular. The existence of sharp gradients has important implications
for the vertical mixing of water properties (see, for example, Figure 1X.9).

Underlying the explanation of the microstructure is the physics of dissi-
pative processes, which plays an important role not only in the small-scale
flows but even in the largest-scale motions, tides, and currents. Turbulence
measurements in the ocean, which might shed some light on these matters,
are practically nonexistent. Other small-scale features, similar to atmo-
spheric fronts, have been observed in the ocean but remain unexplained.

Although many of the broad features of the large-scale ocean circulation
have been qualitatively explained by theory, troublesome observations and
theoretical difficulties cast doubt on present understanding. Observations
to test the theory have revealed small-scale eddies whose role in the vortic-
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FIGURE I1X.9. Thermal stratification observed in the Arctic Ocean.

ity balance of the ocean is unknown. Whether they dominate or are only
" passive is the central concern of a series of field observations and theoretical
calculations presently in progress. The energy source of these eddies is un-
known; it may lie in the eddies shed from major ocean currents, the baro-
clinic instability of the open ocean, transient surface forcing, nonlinear
transport of energy from higher-frequency inertial motions, or internal
waves and tides.

Although significant advances have been made in the subject of surface
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waves in recent years, field and laboratory experiments have shown that
the accepted theories are not adequate to explain the wave-generation
process. The subject of internal waves has received less attention. Theories
applied to observation here have remained peripheral and speculative be-
cause of the lack of definitive field observations and data ambiguities. The
microstructure mentioned above contaminates the high-frequency end of
the spectrum; directional information requires arrays of instruments. Few
observations have given any direct evidence that bears on the physics of in-
ternal wave generation, especially in the deep water. The recent develop-
ment of deep-sea pressure gauges is one step toward the measurement of
the statistical energy fluxes required for an explanation of the energy
source.

Long-term measurements with recording current meters have revealed
the ubiquitous existence of time-dependent motion at the inertial fre-
quency, but the bandwidth, spatial coherence,-intermittency, and source of
these oscillatory currents is still poorly understood. Although in the imme-
diate surface layers of the ocean, the observed inertial oscillations are prob-
ably locally wind-driven, the source of energy of the oscillations occurring
at greater depths remains a mystery. Modes with periods longer than the
inertial period have remained comparatively inaccessible to observation,
but new middepth floating and bottom-mounted instruments are being de-
veloped in order to shed some light here. The nonlinear interaction of these
longer period modes may be of fundamental importance to the physics of
the large-scale general circulation.

Work on air-sea interaction has expanded in recent years with the use of
large-scale arrays and aircraft measurements. Together with direct measure-
ments of the covariances between the vertical velocity fluctuations and the
property being exchanged, the large-scale measurements allow a more satis-
factory understanding of the exchange processes and the development of
parameters of the exchanges in terms of variables that are synoptically avail-
able. There is evidence that departures of the sea surface temperature from
seasonal norms can affect the entire circulation pattern of the atmosphere,
and it appears that the atmosphere and ocean system can be in a number
of quasistable climatic states that shift from one to another when a particu-
larly large perturbation occurs. How these anomalies arise and maintain
themselves is not yet clear.

Scientific questions related to the planets and to interplenetary space
have been mentioned a number of times in this chapter. We have not at-
tempted to distinguish them from terrestrial research because there is no
longer any important distinction. Earth will remain the only planet ob-
served in detail, but the goals of enquiry are common to all accessible ob-
jectsin the solar system. The only essential differences in planetary research
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are the high cost and the nature of the research tools. However, there is a
difference of emphasis. Two of the most important and stimulating ques-
tions facing the physical and biological sciences are the formation of the
solar system and the origin of life; planetary investigations are likely to
yield their most spectacular results in these fields.

3 Applications to Man’s Needs

Although the earth and space sciences have an important element of aes-
thetic and intellectual appeal as an area of human endeavor, the level of
activity and support is largely a consequence of their direct applicability to
man’s needs. The aesthetic and practical aspects are not mutually exclusive;
indeed, it is often difficult to distinguish between them. Problems of a fun-
damental character frequently emerge from empirical investigations di-
rected toward short-term practical results. Conversely, almost any increase
in present understanding of fundamentals in the oceans, atmosphere, and
solid earth can be, and usually is, rapidly exploited. Natural phenomena
must be understood before they can be exploited, forecast, modified, or
controlled. For example, in the realm of solid-earth geophysics, the con-
cepts of sea-floor spreading and global tectonics currently are being used as
a guide in the location of previously overlooked petroleum and mineral de-
posits. The discovery of the importance of fluid injection is being used in
preliminary attempts to control earthquakes. Routine compilation of earth-
quake locations for fundamental problems in earth physics is critical in sit-
ing nuclear reactors.

In practice, it is not difficult to distinguish between investigations suit-
able for universities and academically oriented research institutions and
those best undertaken by federal agencies, industry, or some large private
research organizations. This division of labor usually relates to the size and
administrative complexity of the project, whether results are required on a
relatively short time schedule (anything less than five years is obviously
difficult for a university) and whether long-term continuation can be antic-
ipated so that senior research staff can be employed under satisfactory con-
ditions. :

Probably, the earth and space sciences should be regarded as a contin-
uum embracing the entire range from pure to applied physics research. The
" object of this chapter is to point to some of the final products of this
process.
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3.1 OCEANIC PHYSICS

The food supply man derives from the sea is a major stimulus to the study
of physical oceanography. The relationships between marine biology and
physical oceanography are much closer than the corresponding relation-
ships between life sciences and atmospheric sciences. The density of water
is so nearly that of organisms and the interaction between the physical
processes in the sea and marine life is so close that an intimate relation-
ship exists even at a very basic level.

Maritime commerce depends heavily on oceanographic knowledge. For
example, some shipping routes are being programmed to minimize travel
time and fuel consumption by allowing for waves and currents. The U.S.

~Navy also uses oceanographic information in this way and is engaged in
many other aspects of oceanography. Problems of propagation and scatter-
ing of underwater sound, which depend on the distribution of temperature
and salinity in the sea as well as on bottom properties and scattering orga-
nisms, are of major interest.

The production of oil on continental shelves and the mining of the sea
floor present oceanographic problems. Offshore oil production, now a bur-
geoning industry, requires many kinds of oceanographic data, particularly
wave and storm predictions.

Coastal engineering, including the construction of harbors and recreation
facilities, also offers many challenges to the oceanographer. In general, the
failure rate of projects has been unacceptably high; breakwaters are de-
stroyed and jetties lead to either deposition or erosion of adjoining beaches.
A better understanding of the interaction of oceanographic processes with
nearshore sediments is essential to the development of coastal engineering.

Weather and climate prediction require oceanographic input. The melting
of northern hemisphere glaciers before 1940 was associated with a rise in
sea level of the order of 1 ft per century. Such changes could have far-
reaching long-term effects. Problems of marine and coastal safety from
tsunamis and tidal waves as well as from sea and swell are other critical
areas of concern that demand both meteorological and oceanographic
knowledge. .

Two examples of the application of meteorology and oceanography to
important environmental problems have recently appeared in the literature.
The first concerns the problem of storm surges at Venice. In the Adriatic
Sea, storm surges that endanger the foundations and treasures of this old
city occur frequently. The damaging effects of the surges increase every
year as the city slowly sinks. The solution seems to be to close the lagoon’s
three entrances against high water during a surge but not to interfere at
other times with the free movement of ships and of the tides that flush the
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lagoon clear of sewage twice daily. The main theoretical problem is to de-
vise an accurate scheme to predict the surges at least 6 to 8 hours in
advance from information on atmospheric pressure, winds, sea level varia-
tion, and local and bottom topography. Theoretical calculations show that
wind stress over the northern part of the Adriatic is the major contributor
to the forcing of the surges that appear at Venice and that the 22-hour
seiche can remain in the Sea several days after its generation by a storm.
When new storms are in phase with the remaining seiche and the astronomi-
cal tide, the surges are greatest. Rotation, friction, and nonlinearities play
only a small role in the development of the seiches. A theoretical model of
the surges has been devised that allows consistently good predictions of the
sea level at Venice 6 to 8 hours in advance.

A second example is the prediction of the position of warm currents,
such as the Kuroshio Current, a major feature of the general circulation of
the Pacific Ocean. The position of such currents affects such industries as
fishing and agriculture. Recently, there has been progress toward the under-
standing and eventual prediction of the meander phenomenon.

3.2 SOLID-EARTH GEOPHYSICS

Acquiring a full understanding of earthquakes and their effects is one of
the high-priority tasks for geophysical research in the next decade. Major
‘objectives are to detect and monitor the stress buildup preceding a major
earthquake and to anticipate its effects on structures and public works.
Much work concerned with the detailed study of local geology and geo-
physics has made possible the prediction of the response of the ground to
an earthquake disturbance. A current issue in public policy is the inclusion
of such considerations in zoning and regional planning. The possibility of
artificial modification of stress buildup in the crust is less well understood
and is receiving intensive study. A full understanding of the role of under-
ground water in stressed regions should make the engineering of gradual
stress release feasible.

The understanding, and possible forecasting, of earthquake-generated
tsunamis, or seismic sea waves, involves seismology, oceanography, and
meteorology. For example, only certain types of earthquakes and only
earthquakes in certain places can generate tsunamis. This information can
be supplied quickly by a continuously manned seismic observatory. Earth-
quakes that will generate tsunamis also generate acoustic-gravity waves in
the atmosphere that travel faster than the tsunami itself. Thus, an early
warning system is possible, with a low rate of false alarms.

In petroleum exploration, advanced geophysical methods combined with
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miniaturized instrumentation and computers have greatly increased the
resolution of mapping the vertical dimension. With the discovery of oil un-
der the ocean floor, marine engineering has become an important new area
of application, as have the location and extraction of minerals using electro-
magnetic methods of exploration (resistivity, induction, aeromagnetics, and
the like).

The storage and retrieval of groundwater is a critical problem. Studies of
the physics of flow in porous media and field investigations to determine
relevant parameters for real systems are leading to the use of underground
storage as a conserved resource. The transport of pollutants by ground-
water is an equally important facet of this problem. The theory of ground-
water flow has implications for the most economic means of extracting oil.

Geophysical methods (resistivity and seismic techniques), in addition to
more conventional drilling, are used to locate groundwater. The effect of
near-surface and deeper groundwaters on near-surface rocks is to modify
their mechanical properties; the application to dam safety and slope stabil-
ity is obvious.

Geothermal power is an economic possibility in many areas. The large-
scale exploitation of this resource depends on a full program of research in
drilling and site engineering problems and the detection of geothermal
fields. .

Society depends heavily on numerous rare elements from the crust—he-
lium, silver, copper, tungsten, and the like. Man is now forced to plan
carefully to avoid depletion of these resources. Possible techniques include
recycling, substitution, and lower-cost extraction. The location and assay-
ing of the world resources of these rare elements are integral parts of this
effort and primary tasks of the geological sciences. Geophysical insight, as
well as geophysical techniques, is important in identifying metallogenic
provinces. However, commercial mineral prospecting is too short-range in
its objectives to define the extent of the earth’s mineral reserves adequately.
What is needed is a much greater investment in research that is intermediate
between commercial prospecting and basic research in geology and geo-
physics. h

3.3 LOWER-ATMOSPHERE PHYSICS

The social and economic implications of lower-atmosphere studies are the
most familiar examples of the usefulness of physical studies of the environ-
ment. Obviously, the lower atmosphere is directly relevant to man’s well-
being since it provides the air he breathes and the storms he endures: It is -
the most valuable natural resource—the one most susceptible to destruction
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by man’s activities and the one most amenable to change for the better by-
his intervention. It is, at the same time, both ally and enemy. Short-

term forecasting and long-term planning can mitigate its dangers—severe
storms on the one hand and pollution on the other. The popularity of tele-
vision weather programs is sufficient testimony to the importance of
weather forecasting for recreational purposes and other aspects of daily life.
In agriculture, good forecasts can help to conserve labor and materials and
improve harvests. Air transportation could not operate effectively without
meteorological services. Ships can avoid hazards when provided with accu-
rate predictions. Even road traffic needs warning of severe conditions. The
construction industry requires forecasts for scheduling of work forces, ma-
terials, and equipment. Effective water management and conservation prac-
tices depend on information .on floods and droughts. Public utilities operate
more efficiently with adequate warning of adverse weather conditions. The
overall value of extended and reliable weather forecasts has not been accu-
rately assessed, but it is generally believed that possible savings greatly ex-
ceed expenditures on research and operations.

Although weather prediction has long been recognized as an especially
complex application of the principles of fluid dynamics and thermody-
namics, it has, until recently, been practiced largely as an art. However, an
essentially complete mathematical prediction model was formulated by
Richardson® some 50 years ago. Observational and computations problems
encountered at that time have now been overcome, and numerical predic-
tions of the distributions of weather variables are made routinely by the
National Meteorological Center of the National Oceanic and Atmospheric
Administration (NO A A) for periods of up to three days.

The outstanding limitations on current numerical prediction models are
due to (a) gross approximations made in representing the transfer.of energy,
momentum, and water vapor within the boundary layer; (b) difficulties of
handling change of phase in clouds; (¢) the inherent inability of the models

. to represent explicitly atmospheric features smaller than the grid scale; and
(d) the lack of global data. The World Weather Watch (WwWw) and Global
Atmospheri¢ Research Program (GARP) have been launched under inter-
national auspices to extend the range of useful prediction as nearly as pos-
sible to the “theoretical limit”’ for deterministic general circulation models
(about two weeks). This limit is based on the results of numerical experi-
ments that show that in about two weeks of forecast time, small initial
errors in subgrid scale features may grow until their effects are as large as
the difference between randomly selected natural states of the system.?

The attempt to extend the range of prediction is an experiment on a
grand scale. It is being conducted in several stages that will extend through
the 1970’s, but significant, measurable improvements already have oc-
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curred in surface and upper-atmosphere forecasts.’ The 36-hour “skill .
score,” which is a rough measure of the root-mean-square vector error of
the wind forecast, has decreased as each major model improvement has been
introduced. The model in use since 1966 represents, at least crudely, bound-
ary layer and cloud processes; with it, the routine period of prediction has
been extended to 72 hours. New developments of storms or of high-pressure
regions can now be predicted with considerably greater confidence than
was possible a few years ago. Perhaps the best evidence of the improved
quality of the numerical predictions is the fact that experienced forecasters,
who are characteristically proud of their individual skill and judgment, now
rely on the numerical prediction to provide the basis for their forecasts.

Much of the variability of the weather (roughly half, on the average) is
contained in subgrid-scale features; these features are predicted by subjec-
tive methods based largely on accumulated experience and individual judg-
ment. This small-scale variability is superimposed on the variability of the
numerical prediction and therefore must degrade the model forecasts for
specific small areas and specific times. The limited comparisons that are
available indicate a gradual improvement extending over several decades in
forecast accuracy for local conditions.$

Less familiar but of great potential importance is the possibility of
weather and climate control. A report of the National Academy of Sci-
" ences’ outlines the many possibilities for small- and large-scale modifica-
tions and gives evidence of some apparent successes. It also finds that any
real advance depends on a fundamental understanding of a variety of
weather phenomena. Although this understanding does not yet exist, it is
the target of many research programs and, for good or ill, man may have
substantial control over some aspects of the weather in this decade.

Climate control can be inadvertent as well as intentional. Such issues re-
late essentially to quality of the environment and are discussed in a subse-
quent section.

3.4 UPPER-ATMOSPHERE AND INTERPLANETARY PLASMA
PHYSICS

The more remote the events from the earth’s surface, the less direct is their
impact on man’s material needs. Clearly, upper-atmosphere and plasma
studies do not have the same degree of immediacy as those pertaining to
the solid earth, the oceans, and the lower atmosphere. Nevertheless, appli-
cations are a major stimulus to these studies.

Studies of the upper atmosphere grew largely from a desire to under-
stand radio propagation and reflection of radio signals from the ionosphere.
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Developments in monitoring and prediction of ionospheric processes will
continue to be important in the coming decades. Understanding of the
interplanetary plasma is an essential feature of ionospheric prediction and
has great potential significance for the viability of man in the space environ-
ment.

The recent congressional debate on funds for the supersonic transport
(ssT) showed the importance of preserving major competence in aeronomy.
- The possibility of changes in atmospheric ozone as a consequence of cata-
lytic reactions involving aircraft exhaust gases became a major issue. It was
suggested that operation of an economically viable SST fleet would lead to
a modest decrease (about 1 percent) in atmospheric ozone, which would
result in an increased surface irradiation below 3100 A. Estimates suggested
that such a change in ozone could result in as many as 10,000 new cases of
skin cancer per year in the United States alone.

The general features of the oxygen-ozone chemical chain were first de-
scribed by Chapman some 40 years ago. The chemistry is complicated
somewhat by the addition of H, O; these complications were first dis-
cussed by Bates and Nicolet some 20 years ago. As a result of reactions
with OH, H, and HO,, derived from water from jet engines, there will be
some reduction in the O; level. Unfortunately, a precise estimate is not
possible at this time since the crucial chemical reactions have not been
studied quantitatively and their rate coefficients are essentially unknown.

The effects of other pollutants have been even less carefully examined.
For example, there are potentially serious consequences of addition of
NO, . The natural NO, level in the stratosphere is unknown, although mix-
ing ratios are available at higher (80 km) and lower levels. If one assumes
that the natural stratospheric level can be estimated by linear interpolation
between these mixing ratios, one would conclude that the SST will repre-
sent only a minor perturbation of the natural system. However, this reason-
ing, which was widely accepted in the recent debate, is prone to error. The
atmosphere acquires NO, from two principal sources, one the result of
microbial activity at the surface, the other a consequence of ionospheric
chemistry. The SST source is larger than the natural ionospheric source by
approximately a factor of 10. Thus, in principle at least, the SST could
markedly alter the natural NO, concentration, with possible effects not
only on the ionosphere but also on ozone.

Another aspect of aeronomy and interplanetary studies should not be
minimized. A strong feeling exists in the atmospheric science community
that, in the long run, the atmosphere must be considered as a single system.
Even those most devoted to lower-atmosphere studies do not find it mean-
ingful to draw a line in the atmosphere below which it is considered useful -
and above which it is of academic importance. The changing structure of
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many universities reflects this outlook; they are attempting to integrate
aeronomy and lower-atmosphere studies, to the benefit of both.

3.5 LUNAR AND PLANETARY PHYSICS

Lunar and planetary research once appeared remote from man’s needs, but,
as the space program has developed, this view has changed. Meteorologists, -
aeronomers, and solid-earth geophysicists are increasingly interested in the
moon and planets, since new knowledge of these objects has stimulated
new thinking and added significantly to the knowledge of the earth. This
new thinking relates more to the scientific goals of Chapter 3, but a brief
discussion will help to emphasize the close relationship between pure and
applied research in the earth sciences.

The Space Science Board of the National Academy of Sciences-National
Research Council® gave as one of the three major goals of the planetary
program ““to provide for progress in our understanding of the dynamic pro-
cesses that shape man’s terrestrial environment.”” The reason for this em-
phasis is that problems of the solid earth and lower atmosphere are charac-
terized by the extreme complication of their many interacting processes
and the paucity of essential data. To make progress it is usually necessary
to accept an observational definition of much of the system under study
and to attempt an explanation of other features from these given condi-
tions. Such procedures are essential, although they often obscure the fun-
damental physical processes. What needs to be explained and understood is
too often accepted as a given feature of the physical world. New data on
the planets, referring to systems similar in major respects but widely differ-
ent in details, have led to new ideas and a re-examination of fundamentals
that have been extremely stimulating to terrestrial research.

It is instructive to compare the atmospheres of Mars, Venus, and the
earth. On Mars, the low atmospheric density, low water-vapor concentra-
tions, and paucity of clouds indicate that the atmosphere is close to radia-

" tive equilibrium and that dynamical effects on the temperature distribution
are small. On Venus, the very large atmospheric densities and dense cloud
cover act to minimize the effects of radiation so the temperature field is
expected to be strongly controlled by the wind systems. On earth, radiative
and dynamical influences are more nearly of equal importance. Clearly,
fundamental gains should result from studies of all the atmospheric systems
provided by nature. Such studies present meteorological theory with differ-
ent sets of circumstances from those afforded by the earth. All'must be ex-

_plicable by a correct and general theory; therefore, comprehension of
earth’s atmosphere-can be improved in the process.
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The slow rotation of Venus means that Coriolis forces will be small, a
situation found on earth in the tropics, where the significant part—the ver-
tical component of the rotation vector—is also small. Thus the circulation -
of Venus may be fundamentally related to that in the tropical region of
earth, an area less well understood than the middle and high latitudes.
Another potential relationship to terrestrial motions is to the part of
oceanic circulation that is thermally driven. The oceans absorb solar radia-
tion close to the top boundary. Much of the deposition of solar energy on
Venus could be in the upper part of the clouds, and a parallel to terrestrial
oceans exists at least in some theoretical models.

Hypotheses regarding the origin and evolution of the earth, including
dynamic aspects such as tectonism, sea-floor spreading, and maintenance of
the magnetic field, probably will be dramatically affected as the study of
other planets continues. Surface processes erased most evidence of the early
history of the earth. The study of the surfaces of the moon and, possibly,
Mars will give information that extends back to the origin of the solar sys-
tem. Studies of the chemistry of atmosphere of Mars and Venus, perhaps
unmodified by biological activity, may aid in understanding the early evo-
lution of the earth’s interior and its atmosphere. The study of the interiors
of other planets, including tectonic activity, will advance understanding of
the evolution of the earth’s core, mantle, and crust and perhaps provide
clues to the tectonic driving mechanism. Ideas about the terrestrial dynamo-
magnetic field already have been affected by the discovery that Mars and
Venus do not have such a field.

3.6 ENVIRONMENTAL QUALITY

The current worldwide concern for the quality of the environment is not
new to the meteorologist or the oceanographer. Knowledge of small-scale
diffusion and transport by planetary-scale motions in the atmosphere and
the oceans has advanced steadily since World War I, and each advance has
found applications: to the diffusion of effluent from smokestacks; to the
dispersal of radioactivity in the stratosphere; to the trapping of airborne
pollutants in urban areas; and the like. The problems involved are not
unique to studies of environmental quality but are relevant to such central
themes as the diffusion and chemical reactions of minor constituents; the
nature of planetary boundary layers; and local and global transport of
water vapor, heat, and momentum.

Because of these factors, the earth sciences have been able to make a
relatively rapid response to the popular call for increased environmental
research. In a recent study by the National Research Council’s Committee
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on Atmosphere Sciences,® air quality was identified as one of the three
major areas of meteorology in which rapid advances could and should be
made in the next decade. The President’s Commission on Marine Sciences,
Engineering and Resources?® could point to specific increases in scientific
and engineering activity at the rate of $65 million per year to meet the
needs of coastal zone management. In the recent debate on the SST, aeron-
omers were able to make immediate (if somewhat belated) contributions
on key issues.

The position of a conventional physicist with respect to environmental
problems differs greatly from that of an atmospheric or marine scientist.
He is sometimes told that his discoveries, together with derived technology,
are partly responsible for the current threat to the environment and the
quality of life. This view has been one cause of a spreading apathy toward
the physical sciences, particularly among young people. The earth sciences,
with their relationship to both physics and environmental quality concerns,
probably provide the best bridge between the two areas.

An increasing number of young physicists are expressing a desire to work
in environmental research. Even with adequate motivation, however, they
encounter difficulties in the direct use of a conventional education in phys-
ics. Physicists who have made the transition to environmental aréas fre-
quently express the opinion that the content and attitudes of frontier
physics are deficient in regard to applications to human needs.

Areas of environmental research exist in which a problem can be isolated
in terms familiar to the physicist. Many of these areas involve new tech-
niques of measurement and new instrumentation. The development of new
spectral imaging devices for aircraft and satellites, particularly in the infra-
red, and the interpretation of the results in terms of the physical, chemical,
and biochemical properties of the earth’s surface currently claim a great
deal of attention. Laboratory measurements and theoretical calculations of
reaction rates and absorption cross sections are continually in demand.
Laser sounding of the atmosphere will probably be an important diagnostic
tool in future decades. Radioactive and other trace elements can be used to
study atmospheric diffusion and circulation. Extremely sensitive strain
gauges will be needed for earthquake monitoring and prediction. Much
progress in instrumentation will be required before completely satisfactory
measurements of almost any physical parameters at great depths in the
oceans will be possible.

To these and many other problems the physicist (particularly the experi-
mentalist) can make a direct contribution. However, his role is not one of
leadership, nor does it involve the formulation of new research directions.
Consequently, it does not exploit to the fullest the powerful methods of
the physical sciences. The potential value of a physicist outside the con-
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ventional core subjects of physics goes beyond the development of tech-
niques. A physicist need never write down Maxwell’s equations nor operate
a particle counter, but he can still contribute a style of research, an open-
mindedness, and a confidence in man’s ability to solve problems. He can
offer a confidence that difficulties can be overcome; scant respect for con-
ventional wisdom; a willingness to discard shopworn concepts; the ability
to quantify, first with order-of-magnitude estimates, then, if necessary,
with numerical or sophisticated analytical techniques; and the ability to
understand the relative importance of different data and different ideas.

A strong motivation to participate in environmental research, even when
coupled to the above advantages, may not suffice to produce an effective
contributor. Some knowledge of facts in the earth sciences is necessary to
form a useful judgment in this complicated area. Observational methods
must be understood. The ability to work with other disciplines toward a
common objective must be learned. A combination of ability and naiveté
can sometimes produce spectacular results, but this is not the way for most
research workers; if physicists are to be effective in environmental research,
deliberate modifications in physics educational programs will be required.

The earth sciences represent the easiest and most familiar route for a
conventionally educated physicist to enter the environmental area; there-
fore, the educational problems discussed in Chapter 4 are relevant in the
wider context of broadening and utilizing a traditional physics education
so that physicists can be more effective in the environmental sciences.

4 Education

“It is often implied that contemporary graduate and postdoctoral training
is becoming so narrow that students have lost the traditional breadth of
outlook and flexibility expected of a physicist.” This statement in the
charge to the Physics Survey Panels describes one of the main problems
in current physics education. Particularly at the graduate level, physics
education during the past 25 years has largely become training for research
in the core subjects of physics rather than a general education to tackle
the world’s novel problems. During the same period, education in engi-
neering and earth sciences has been moving with considerable success
away from a narrow professional approach toward one increasingly in-
volved with all the natural and social sciences. Throughout this interval,

. however, physics departments have continued to attract some of the most
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talented students. A pressing need exists to guide some of the excellent
students available to the physics departments into other .activities in
physical science.

The traditional pre-eminence of physics and its curriculum among the
sciences is the result of an education that gives the physicist the ability to
tackle difficult and novel problems. For the past 30 years, the class of
problems that brought the physics establishment to the status of a major
national resource has been related largely to missions of various agencies
of the federal government. It is increasingly evident that the future will
require a major effort in many aspects of the large-scale physics of the en-
vironment that previously were regarded as applied physics or engineer-
ing. The national investment in these problems requires a remodeling of
science education and offers a major challenge to physics departments.
The values of physics must be broadened to attract some of the best stu-
dents into these new activities of wider scope, while at the same time con-
tinuing the time-honored quest for fundamental knowledge at the largest
and smallest scales.

4.1 DEVELOPMENT OF EARTH AND PLANETARY PHYSICS

Earth and planetary physics evolved gradually over a long period of time
through the development of a number of disciplines that initially were re-
garded as virtually independent. These include meteorology, aeronomy,
geology, geodesy, oceanography, hydrology, lunar astronomy, planetary
astronomy, and solar astronomy.

During the past 25 years, interest in the physics of atmospheres de-
veloped rapidly and has exceeded all expectations. The advances closely
followed several decades of less dramatic but substantial growth in at-
mospheric science. At the beginning of the century, the earth’s atmosphere
implied mainly the region below the tropopause; it was vaguely presumed
that above this region diffusive equilibrium existed at constant tempera-
ture. Geomagnetic variations had given a slight indication of the possible
existence of an ionosphere, and Marconi’s trans-Atlantic radio experiments
had not yet been performed. Almost nothing was known about the com-
plex weather phenomena of the lower atmosphere; even a comprehensive
description of these events was impossible with the limited communica-
tions available. In the ensuing half century much of the present knowledge
of the earth’s atmosphere was accumulated. Today, the solar atmosphere,
the interplanetary medium, and the planetary atmosphere are considered
parts of a single vast fluid system with electrodynamical and magneto-
dynamical properties that can be explained, in principle, in terms of the -
fundamental laws of physics.
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What is now recognized as a single field, atmospheric physics, developed
piecemeal through the efforts of many scientists in separate university de-
partments, attending different scientific meetings, and publishing in dif-
ferent journals. Study of the earth’s lower atmosphere took place largely
in meteorology departments, occasionally within engineering schools. In
the United States, the study of the ionized upper atmosphere of the earth
was conducted for the most part in electrical engineering departments
using radio techniques. Astronomy departments, using optical techniques,
contributed to the development of the solar atmosphere. Recently, how-
ever, these departments have adopted and applied the methods of radio
astronomy, which were introduced in electrical engineering departments.
Until the last decade, planetary atmospheres other than the earth’s can
scarcely be said to have been systematically studied on a nationwide basis;
instead, such studies were the pastime of a few lonely individuals, usually
affiliated with astronomy. The study of cosmic rays, and more recently of
Van Allen particles, occurred principally in physics departments.

In much the same way, solid-earth geophysics grew from the concern
of a few seismology observatories into a broad-scale effort that requires
people educated in a wide range of physics subfields. Current research into
the state and dynamics of the earth involves disciplines such as theoretical
and experimental solid-state physics, classical mechanics, wave propaga-
tion, solid mechanics, and ultrastable field instrumentation. Leadership in
providing broad education in these fields for application to the solid earth
has come from a few institutions that established autonomous programs
within geology or planetary science departments. Physics departments in
this country generally have not taken an active part in these programs. In
contrast, in British, Canadian, and Australian universities, a major fraction
of the significant work in solid-earth geophysics has taken place in physics
departments, and the much smaller total program in these countries has a
disproportionately large impact.

Some of the major work in oceanography also is conducted in physics
departments, for example, at Cambridge University. However, the de-
pendence on extensive seagoing facilities led in most countries to the es-
tablishment of somewhat remote institutes in which the teaching benefited -
little from developments in related subfields of physics. This situation
changed with the development of the study of underwater sound propaga-
tion, and the relation between physics and physical oceanography has
grown closer in recent years. The need for a closer link with physics and
other basic sciences was a major factor in the formation of the University
of California, San Diego, contiguous to the Scripps Institution of Oceanog-
raphy. Some other institutes moved their major activities from the field
station to the home campus (for example, Johns Hopkins University).
The Woods Hole Oceanographic Institution made arrangements with the
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Massachusetts Institute of Technology and Harvard for a closely coordi-
nated teaching program.

Universities now recognize that activities that developed piecemeal in
physics, geophysics, astronomy, geology, meteorology, and electrical en-
gineering departments are merging and evolving into integrated broad
fields of endeavor. This trend makes obsolete what was once a reasonable
academic structure. University efforts to cope with new fields emerging
through the fusion of established disciplines and subfields are particularly
hampered by the absence of a coherent, university-wide approach to all
the physical sciences.

42 THE CONCEPT OF EARTH AND PLANETARY PHYSICS

The circulation of the atmosphere and transports in it cannot be separated
entirely. Both atmospheres and oceans were formed as the result of geo-
logical processes and now constitute a major modifying factor for geo-
morphological processes. This commonality of subject matter and a simi-
larity of research methods suggest that the study of planets should en-
compass the solid, liquid, gaseous, and plasma states, viewed as parts of a
single system. Table 1X.1 depicts the interrelations among the various
components of what could be described as earth and planetary physics.
Studies are arranged in horizontal rows, depending on the basis of their
association with (a) atmospheric phenomena, (b) surface phenomena, or
(c) interior phenomena. Arrangement in the vertical columns depends on
the locus of the phenomena with which a study deals, that is, whether
they pertain to the earth in particular, the planets in general, or the sun.
A desirable university organization would be one that gives appropriate
recognition to earth and planetary physics as an integrated discipline and

TABLE IX.1 Earth and Planetary Physics

Locus of Phenomena

Types of
Phenomena Terrestrial Planetary Solar
Atmospheric physics. Meteorology and Planetary atmospheres Solar wind, solar at-
aeronomy mosphere, and
. photosphere
Surface physics Geology, geodesy, ocean-  Planetary and lunar -
ography, and hydrology surfaces
Interior physics Earth’sinterior Planetary and lunar Solar energy and

interiors evolution of the
solar system
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provides for study and research based on both the horizontal and vertical
cross sections depicted in Table 1X.1. Such a department would present
earth and planetary physics as a broadly conceived discipline capable of
commanding the attention of both faculty and students of high intellec-
tual ability.

4.3 THE SUPPLY OF GRADUATE STUDENTS

The objective of graduate education is to bring a student from the point
at which he feels reasonable confidence in his ability to understand what
other people have understood to the point at which he has the confidence
to face novel situations. The principal way of achieving this educational
objective on a university campus is research.

The need for an adequate supply of graduate students with an appro-
priate background for study and research in earth and planetary physics
is great. To meet this need requires a program that will attract students
with sound undergraduate training in mathematics, physics, and chemistry
and stimulate them to study and do research in earth and planetary phys-
ics. If students were brought into contact with research in the earth and
space sciences in the same way that they now encounter the research fron-
tiers in the core subjects of physics, this goal might be achieved.

The need for graduate students with a good physics background is not
restricted to earth and planetary physics. Much of the graduate work in
materials science and quantum electronics, and much of that associated
with nuclear reactors, is now conducted in departments other than physics,
usually in engineering schools. Difficulty in obtaining students with ade-
quate undergraduate preparation in physics is a common experience for
many of these programs.

The earth sciences—geological, meteorological, and oceanographic—
generally have not been a major choice of physics graduates. In 1970,
only 3 percent of the physics graduates at the bachelor’s or master’s level
went on to a PhD in the earth sciences. On the other hand, a significant
fraction of earth science PhD’s have been awarded to physics majors
(Table 1X.2).

The figures in Table 1X.2 indicate an upward trend in the number of
physics majors who conduct research in the earth sciences. This upward
trend probably will continue, with an increase also in the total number of
PhD’s. The examples of engineering physics and biophysics provide com-
parisons with fields that traditionally involve a crossing of disciplinary
lines. Engineering departments more than others have been able to expand
basic physics training to keep pace with their own doctoral demands.



898 EARTH AND PLANETARY PHYSICS

TABLE IX.2 Percentage of PhD Recipients Whose Undergraduate Major Was Physics

Year
PhD’s
Discipline per Year 1962 1969
Geophysics 56 29% 32%
Meteorology 50 20 31
Oceanography 53 8 15
Engineering physics 75 22 21
Biophysics 107 35 49

Experience indicates that physics majors who pursue graduate work in
disciplines other than physics are even more likely to achieve the PhD than
those who remain in physics. Between 16 percent and 19 percent of the
physics baccalaureates typically plan graduate work outside physics, and
the number is likely to be about 25 percent of the 1971 graduates. Of
those who seek the PhD in disciplines other than physics, 85 percent are
successful. Clearly, encouraging physics majors to pursue graduate work
outside the conventional areas of physics is a highly responsible counsel-
ing procedure.

- What are the universities doing to meet the demand outside the physics
departments for students with good fundamental training in physics? Un-
fortunately, there is little to report. Physics graduate schools are interested
primarily in research on those aspects of physical science in which the
laws of physics dre imperfectly understood, and the present arrangements
for university undergraduate education in physics provide a more than suf-
ficient supply of students for such research. However, these arrangements
do not fulfill the requirement in many other branches of the physical
sciences in a university for graduate students with good physics back-
ground. If undergraduate physics departments were to attempt to meet
this broader requirement, the physics faculty would have to allocate far
more time and attention to physics education than that which is necessary
merely to ensure the success of their own graduate physics programs. Un-
derstandably, many are reluctant to make such a commitment.

The problem might be alleviated somewhat if professors of physics,
particularly the younger ones, could be stimulated to spend a summer, a
term, or a year devoted to the study of aspects of physics, particularly
earth and planetary physics, not usually encountered in physics depart-
ments. An encouraging indication of the probable success of such a pro-
gram is that earth and planetary physicists appear to be reasonably mobile
 in terms of research interest: Almost half of those in.this subfield in 1970
worked in other physics subfields in 1968, as Table 1X.3 shows.
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TABLE IX.3 1970 Population of Earth and Planetary Physics in Terms of 1963
Subfield

1970 Earth and
Planetary
1968 Subfield Source Physics (%)
Earth and planetary physics - 55.6
Astronomy 9.5
Plasmas and fluids, atomic and molecular physics, optics 10.6
Elementary particles, nuclear physics, condensed matter 13.3

All other subfields 11.0

The intellectual mobility of the earth and planetary physics group is re-
flected in their range of secondary expertise. For example, when earth
and planetary physicists were asked to list four specialties in which they
were scientifically competent, about half of these responses were in other
subfields of physics. In contrast, only 27 percent of the responses of solid-
state physicists indicated expertise outside their subfield; 70 percent of
physicists in biology specialties cited competence outside biology.

A program to provide opportunities for research and study in the earth
sciences through a professional sojourn—a summer, a term, or a year—
could increase the number of interested faculty in two ways: first, it
could enhance further the already substantial migration from other sub-
fields, and, second, it could sustain and deepen the interests of physicists
in the earth sciences who might otherwise return to other areas of research;

4.4 UNIVERSITY ORGANIZATION

How should universities go about achieving the necessary empbhasis on the
teaching of undergraduate physics required to meet the needs of the entire
physical science component of a university, and especially the needs of
earth and planetary physics?

It would be possible to effect the necessary changes in the teaching of
basic physical science by modifications in the programs of existing de-
partments such as engineering physics, engineering science, meteorology,
geology, astronomy, electrical engineering, nuclear engineering, aerospace
engineering, engineering mechanics, and materials science. In view of the
present academic structure of universities, this is the line of least resistance
and to a limited extent has already been adopted. For example, under-
graduate programs giving students a background in physics have been suc-
cessfully operated in engineering physics departments in engineering
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schools at a number of universities. However, this development is not
without its dangers. The universality and breadth of a physics education,
its most important characteristics, could be sacrificed to the limited de-
mands of the graduate school in which it is taught. Further, high school
facuities might not be aware of and thus might not advise their better
physics students to enter such programs.

An alternative and more satisfactory approach for the long term lies
in an academic structure so arranged that all university faculty involved
in fundamental research in the physical sciences play a full role in the
teaching of basic physical science in some coordinated scheme in which the
physics department would be the central, but not the sole, contributor. In
this coordinated program, earth and planetary physicists should assume an
active role, not only in the teaching of undergraduate physics courses but
also in planning the content of curricula for undergraduate physics majors.
These students tend to regard physics as the ensemble of interests of the
faculty with whom they come into contact in the undergraduate physics
major program. Through problems and examples in undergraduate physics
courses, the graduate faculty in earth and planetary physics could foster
awareness of the content and challenge of this subfield among undergrad-
uate physical science students.

The Panel’s study of manpower, reported in Chapter 8, suggests that
the current university structure, which includes the university research in-
stitute, favors the research function of academic employment over the
teaching function in earth and planetary physics. The distinction between
university faculty and university scientist is real and has self-perpetuating
elements. It is not easy for a scientist to undertake teaching after many
years of concentrated effort in research, nor is the established faculty
likely to welcome the researcher in preference to an experienced teacher.
But, if the functional barrier between the research and teaching staff
could be overcome, substantially increased participation of earth and
planetary physicists in physics teaching could be achleved without in-
creasing existing university resources.

Broadening the scope of physics is important for the future health of
earth and planetary physics and other subfields and disciplines with similar
problems. However, this Panel has not proposed specific steps to achieve
this broadening, for many exist, and the choice will vary from institution
to institution. Activities of the department of physics could be extended;
a university-wide program for physics could be developed; or the many as-
pects of physics could be combined into a school of physics under a dean.

Whatever the solution, there are certain essential features: more students
than are required for the core subjects of physics; basic courses taught by
people from applied physics, geophysics, astrophysics, and the like—a
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deliberate selection representing the full scope of the subject; proximity
of all physical research areas to the teaching facilities; and maximum
fluidity in the early stages of graduate school so that students can seek
thesis research topics far removed from their earlier interests.

We have concluded that the undergraduate educational problems of
earth and planetary physics will not be solved satisfactorily by modifying
the activities of departments of earth sciences or engineering science. The
purpose of such departments is primarily to train professionals. Their ac-
cumulated data and records of phenomena are an essential resource for
the earth and planetary physicist, but the departmental structure separated
from physics is inappropriate for undergraduate education for research in
earth and planetary physics.

If departments separated from physics are inappropriate at the under-
graduate level, is there a place for graduate departments offering a PhD
degree in earth and planetary physics? The answer depends on the nature
of the departmental organization. If department implies a field, division,
or set of regulations in a graduate school designed to facilitate a particular
combination of study and research leading to a PhD with a thesis in earth
and planetary physics, the answer is clearly yes. We further believe that
such a course of study should emphasize the unity of earth and planetary
physics, as depicted in Table IX.1, and should be strong in graduate courses
in physics and mathematics.

If, however, a department is taken to mean an autonomous organization
to which tenure faculty are appointed solely to direct research in geo-
physics, oceanography, meteorology, or space physics, we are less con-
fident of its validity. Such a department will probably not have the visibil-
ity and glamour that would lead to an input of undergraduates of the
caliber and education appropriate to the difficult research, and, ultimately,
it would have to seek association with an undergraduate department or
find itself largely divorced from the essential functions of a university.
When it comes to the choice of the appropriate undergraduate department,
the traditional undergraduate educational programs in a department of
earth sciences are too weak in physics and mathematics to serve as ade-
quate preparation for research in earth and planetary physics. Some par-
ticipation in undergraduate teaching in physics is virtually a necessity.

The Panel’s views on graduate teaching and research in earth and plane-
tary physics can be briefly summarized as follows: A program of graduate
teaching and research in this subfield must be based on a sound funda-
mental education in mathematics and physics. It will probably exist out-
side the traditional departmental structures. It may take the form of an
interdepartmental program, or be associated with a research center or a
research institute. Graduate teaching should stress the unity of studies of
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the entire solar system. The primary emphasis should be on thesis re-
search. Faculty must be connected with undergraduate teaching programs,
including but not exclusively those of physics departments. And, for this
situation to come about, the accepted view of the role of a physics de-
partment will have to change.

The faculty in earth and planetary physics may also be involved in new
undergraduate activities resulting from recent demands for greater partici-
pation by universities in the problems of society. An example concerns
the interest in the question of environmental quality clearly expressed by
many young people. Environmental studies in this sense cover a wide
range of activities. The field is not composed simply of physics or science
or engineering. Many of the most intractable problems are in the realms
of economics, politics, and law. A broad undergraduate environmental
major might consist of courses from a large number of departments de-
signed to give a general knowledge of environmental and conservation
problems but not to prepare people for future research in the area. We
question the value of such a course of study. Rather, it should be possible
to allow undergraduates to take a regular major in some discipline and, at
the same time, take substantial interest in environmental studies. What is
required for this purpose might be described, perhaps, as an environmental
minor. However, it could be more than that. The Panel suggests an arrange-
ment in which undergraduates taking a regular major can spend most of
their remaining time in environmental studies. Environmental studies
cover such a broad range that, properly handled, they can constitute a
general education. An undergraduate should be allowed to acquire a gen-
eral education either by studying the general education subjects distributed
in the usual way or by going to a group of courses in environmental stud-
ies, ranging from physics and engineering to politics and law.

4.5 POSTDOCTORAL OPPORTUNITIES FOR RESEARCH AND
STUDY

Postdoctoral programs give mature students a much-needed opportunity
for quiet reflection and research during their most creative years. In a dis-
cipline such as earth and space sciences, with several interlocking fields of
activity, postdoctoral research permits an individual whose graduate edu-
cation has been primarily in one of these fields to extend his experience
into others. For example, a student whose doctoral thesis dealt with the
dynamics of oceans might well have an important contribution to make in
the dynamics of atmospheres. A postdoctoral fellowship program is a de-
sirable way to encourage this kind of interchange. Therefore, a sufficient
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number of postdoctoral opportunities should be available to permit the
best doctoral graduates in any of the horizontal or vertical cross sections
of Table IX.1 to develop their ideas in the broadest possible context in
environmental physics. '

There also should be postdoctoral fellowships that permit a student who
has taken a PhD degree in one of the subfields conventionally found in
physics departments to move into earth and space sciences. For example, a
student who has recently completed his doctorate in solid-state physics
might welcome the opportunity to explore the possibility of work in
solid-earth geophysics. These fellowships are particularly important in
times such as the present, when support for the core subjects of physics is
decreasing and many young PhD’s are seeking other fields of endeavor.
The present situation is discussed at greater length in Chapter 8.

There are certain pitfalls to avoid in postdoctoral fellowship programs.
In broad disciplines such as earth and space sciences, it is all too easy to
overload a graduate program with course work, thereby frustrating the
basic objective of graduate education. The widespread availability of post-
doctoral fellowships could foster the idea that doctoral candidates can
scarcely be expected to do any serious research and that research should
be postponed until the postdoctoral stage. This form of educational infla-
tion should be avoided.

4.6 RECOMMENDATIONS

The Panel offers to the Physics Survey Committee the following recom-
mendations directed toward strengthening and improving education in
earth and planetary physics:

We recommend that universities examine the academic structure of their
graduate schools with a view to providing adequate recognition of earth
and planetary physics and arranging for graduate study and research in as
many cross sections of Table IX .1 as possible.

We recommend that universities examine the academic structure of
their undergraduate schools with a view to increasing the emphasis on the
teaching of undergraduate physics, especially by involving all faculty en-
gaged in fundamental research in physical science, both within and out-
side the physics department, in the development of the undergraduate
physics curriculum and the teaching of undergraduate physics. In particu-
lar, the graduate faculty in earth and planetary physics should play a
much greater part in developing the physics curriculum and in teaching
undergraduate physics. Through problems and examples in undergraduate
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physics courses, the graduate faculty in earth and planetary physics
should foster awareness of opportunities for research in earth and plane-
tary physics among undergraduate students in the physical sciences.

We recommend that universities, private foundations, and the federal
government foster arrangements whereby physics professors and recent
recipients of PhD degrees in physics are able to spend a summer, a term,
or a year devoted to earth and planetary physics.

5 National Programs, Facilities, and Research Centers

5.1 THE NEED FOR COOPERATIVE ENTERPRISES

Although the subjects included in earth and planetary physics vary widely
in character, they have in common an emphasis on the observation of
conditions as they exist and change as a result of natural causes. The di-
mensions of the problems often require synoptic observations, which, in
turn, necessitate cooperative, standardized measurements. Cooperative ef-
forts can be organized in an informal way among observers, in a federally
sponsored national program directed toward a large-scale problem and in-
volving many scientists for a limited period, in a national facility centered
around special, major instruments, or in a research center dealing with
several large problems that require the continuing efforts of many scien-
tists, usually from several disciplines.

Programs, facilities, and centers have been established to increase the
level of activity, improve the quality of work, or provide instruments when
the expense and staff requirements are too great for a single institution to
undertake. In many subfields of earth and planetary physics, there are na-
tional centers or facilities (see Appendix IX.A). These centers pose the dif-
ficult problem of the proper balance in the allocation of limited resources
between them and the single institutions with individual investigators. In
practice, national centers tend to achieve a preferred position with the
sponsor because of their high political visibility and because the agency
staff tends to take a proprietary interest in their success. This situation has
been a source of concern in the scientific community, especially during
times of budgetary stringencies, when the level of activity at a center
tends to compete with the support of graduate education and research.

Often it is easier to excite interest in and to obtain support for a specific
cooperative enterprise than a university research effort. Therefore, the
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cooperative enterprise is a means of drawing attention to the needs of a
subject and increasing the level of support for it—always with the hope
that other aspects of and activities in the subject also will benefit.

5.2 PROGRAMS, FACILITIES, AND CENTERS

Programs, facilities, and centers have in common a concern with problems
whose scale is so large that a single institution cannot act effectively and
share generally in fulfilling the following needs: (a) increasing the level of
activity, (b) improving the quality of work, and (c) providing expensive
equipment. They differ in the way the effort is organized and managed, in
the duration of the enterprise, and in emphasis. Table 1X.4 illustrates these
differences.

These enterprises also differ substantially in staffing. Programs are likely
to have a small staff, borrowed from agencies or institutions for the dura-
tion of the program, that provides the scientific leadership, coordination,
and logistic support. The staff of a facility includes a resident scientific
group to aid the visitors who use a major fraction of the instrument time
and to maintain and develop the capabilities of the station. A research
center employs a mixture of permanent and visiting staff of high quality,
with a substantial fraction of the effort directed into major problem areas
selected by the center’s management.

The enterprises interact with the scientific community through their
advisory committees and user committees and through evaluation panels
established by the sponsors. The degree of interaction varies widely, de-
pending on the interest of the community, the aggressiveness and effec-
tiveness of the management, the sponsor’s view of his role, his capacity to
evaluate or to produce evaluations, and his need for ammunition in the
“battle of the budget.”

TABLE [X.4 Characteristics of Programs, Facilities, and Centers

Organization/

- Enterprise =~ Management Duration Emphasis
Program Federal agency Limited, well-defined Increasing the level of activity
period
Facility One or more institutions  Useful life of the instru-  Providing expensive equip-
: ment (years) ment
Center Many cooperating insti- Indefinite Improving the quality of
tutions work and increasing the

level of activity
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An enterprise is initiated when one or more individuals recognize scien-
tific opportunities and national needs and devote their energies generating
enthusiasm in the scientific community, arranging an appropriate organiza-
tional structure, marshalling the support of a sponsor, maintaining the in-
terest of scientific and financial supporters, and finding and securing ca-
pable leadership for the project. The initiation process requires a few dedi-
cated individuals, willing and able to overcome the inertia in the sponsoring
system, and a need that can be presented convincingly to the scientific
community and to the budget developers.

5.3 EXISTING AND PROPOSED ACTIVITIES IN THE UNITED
STATES )

This section deals with specific examples of programs, facilities, and
centers to illustrate the way they function. These examples should not be
regarded as typical, for these styles of operation vary considerably with
the strength of leadership and degree of participation of the sponsors.

The Barbados Oceanographic and Meteorological Experiment (BOMEX)
was part of the Global Atmospheric Research Program (GARP). It wasa
sea-air interaction program designed for intensive observation of charac-
teristic properties over a 500-km square during four periods of two to
three weeks each in 1969. BOMEX was a joint project of seven U.S. de-
partments and agencies, staffed by members of government agencies, uni-
versities, and private companies, with headquarters at NOA A’s Office of
World Weather Systems. Although smaller than many of the space proj-
ects, BOMEX was unprecedented in complexity in atmospheric sciences
and involved 1500 participants, 12 ships, and 28 airplanes.

The plans for BOMEX were developed largely by B. Davidson of NOAA
following a recommendation of a panel of the National Academy of Sci-
ences and were based on an earlier expedition in the Indian Ocean.

Although the experiment was conducted in 1969, its success is still
being evaluated. It is clear that the logistics of such a complex series of
observations can be managed; that extensive valuable data can be ob-
tained economically ($20 million to $25 million); that the quality, scale,
and resolution of the data have surpassed those of previous efforts and
will set a pattern for the future; and that significant scientific results have
been produced and many more will result from further analysis of the
data. ’ :

-The radio facility at Arecibo (see Figure 1X.10) came into being with
the support of the Advanced Research Projects Agency (ARPA) in re-
-sponse to a need for an especially sensitive instrument to observe the
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FIGURE IX.10 The 1000-ft radio telescope and Thompson scatter facility at
Arecibo, Puerto Rico. [Photograph courtesy of National Astronomy and Ionosphere
Center.]

upper atmosphere. The idea for the facility came from an individual; the
design for it was produced by a team of Cornell University engineers sup-
ported by private companies; and the scientific support was developed at
Cornell but has now spread across this country and throughout the world.
The facility was placed in the tropics so that its capabilities could also be
exploited in astronomy. It was built and is operated by a single institution,
Cornell University. The new sponsor, the National Science Foundation
(NSF) is developing it as a national center, with visiting committees to as-
sure its continued availability to the scientific community. The scientific
advances resulting from research at this facility are in the physics of the
upper atmosphere, lunar and planetary mapping and ranging, and radio
astronomy, particularly pulsars. ,

The largest and most important center in the earth sciences, now cele-
brating its tenth anniversary, is the National Center for Atmospheric Re-
search (NCAR), sponsored by the NSF (see Figure IX.11). The NCAR
was established in response to a clear need, recognized and described by a
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FIGURE IX.11 The National Center for Atmospheric Research at Boulder, Colorado.
[Photograph courtesy of NCAR.]
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distinguished group of scientists, to raise the level and quality of activity
in the atmospheric sciences. It is managed by a consortium of some 30 uni-
versities under strong leadership. The goals and the evaluation of the op-
eration have been established by a continuing series of internal commit-
tees reporting to the consortium.

Because of NCAR’s maturity and size, it is important to determine how
successful this Center has been. (Similar evaluations of other centers and
programs also are required to ensure quality and effectiveness.) This Panel
believes that such an evaluation should be undertaken by a group not di-
rectly connected with the management of the Center. This group should
examine the quality of the personnel, nature of tenure review, quality of
the research output, dollar value of the facilities as opposed to alternative
uses of the funds, extent to which large, integrated research programs
have succeeded in NCAR, and desirable future directions for the Center.

We note that NCAR has been extremely successful in building up its
physical facilities, plant, and management capability. It is now a large and
highly valued part of the NSF effort. It has a large research staff and able
scientists in top positions.

Despite their more obvious successes, the existence of NCAR, and of
centers and facilities in general, cannot be accepted as beneficial to the
earth sciences without careful assessment and evaluation of their contribu-
tions. Certain invisible features of federal support suggest that a deliberate
balance has to be maintained between protected, single-source support of
large projects and more flexible, small-scale support of (principally) uni-
versity programs. In times of retrenchment, there is a strong tendency to
maintain the large projects, even at the expense of the smaller programs;
when funds are more readily available, it is easier to expand the large proj-
ects, in the hope that they will stimulate and assist the smaller programs.
If not carefully controlled, the process could lead to a dangerous imbal-
ance in funding of fundamental research programs, with overconcentra-
tion on the larger efforts.

The NSF’s program in deep-sea drilling, the Joint Oceanographic Insti-
tute for Deep Earth Sampling (JOIDES), is a prototype of the kind of
concerted, cooperative, national program needed in the geological and
marine sciences. (See Figure 1X.12.) Directors of a number of major in-
stitutes cooperate in drilling the ocean floor for scientific purposes. Al-
though the program has a single sponsor and an administrative center
(Scripps), it is genuinely national and cooperative. The principal objective
was to avoid the creation of new special laboratories by having the member
institutions undertake various aspects of the program on behalf of the en-
tire community.

The program for detection of underground explosions introduced a
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FIGURE IX.12 Deep Sea Explorer: A port-side view of the deep sea drilling project
drilling vessel, Glomar Challenger, which is drilling and coring for ocean sediment in
all the oceans of the world. The Glomar Challenger displaces 10,400 tons, is 400 ft
long, and its drilling derrick, with a million-pound hook-load capacity, stands 194 ft
above the waterline. A re-entry capability was established on June 14, 1970, which
makes possible the changing of drill bits and re-entry of the same bore-hole in the
deep ocean. [Photograph courtesy of the Scripps Institution of Oceanography.]

number of ARPA-financed seismic networks and data centers (see Ap-
pendix 1X.B for information on these and other data centers). Reduction
of support for such research threatens both the flow of new data and the
future availability of existing data. Some centralized civilian program for
the collection and distribution of data from worldwide networks is an ob-
vious need in the next decade.

Fundamental studies in field geophysics tend to be limited by the cost
of the field equipment, instruments, and logistic support. Typically, in-
strumentation in this field lags years behind the state of the art. This situa-
tion developed because most laboratories depended on their own resources
for design, development, production, and deployment. A national center
could well be the best way to provide expert support for the design and
development of field instruments.
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In the study of the region of transition from the atmosphere to space, a
committee of the National Academy of Sciences has made a strong case
for a major new observatory on or near the U.S.-Canadian border, with
the participation of the two countries. The location provides a unique
opportunity to observe those portions of the atmosphere subject to con-
trol by solar radiation and solar particles and would supplement existing
observatories at Jicamarca, Arecibo, and Nancay.

For those problems requiring in situ observations of the upper atmo-
sphere and nearby space, NASA has been providing the launch facilities
and vehicles for scientific payloads on satellites at Cape Kennedy and on -
rockets at Wallops Island. Until recently, NASA, in cooperation with the
Canadians, also provided rocket facilities at Fort Churchill. The planning,
preparation of experiments, and data reduction from such payloads have
involved a wide segment of the scientific community. Although the ser-
vices provided are expensive, the organization of the efforts generally has
been highly successful.

The most complicated and difficult unmanned planetary mission yet
undertaken by the U.S. space program will be Viking, which will be
launched in 1975 and, using orbiters and soft landers, will seek answers
to the question of life on Mars. The mission has been discussed by a num-
ber of discipline-oriented committees at NASA and the National Academy
of Sciences. The financial commitment, $850 million, substantially greater
than earlier estimates, was secured by NASA, the Office of Management
and Budget, and Congress.

The management of Viking was assigned by NASA to its Langley
Center, with support from the Jet Propulsion Laboratory and other NASA
centers. Industrial resources are channeled through these centers.

The scientific objectives were discussed by a NASA advisory board and
led to the formation of experimental teams on various aspects of the mis-
sion. The definition of the experiments ted to invitations for proposals
from the scientific community and to a scientific package. In 1969, de-
cisions were made about the experiments to be conducted in 1975.

In spite of the long lead times, the great and rising costs, and the com-
plexity of the logistics, there are those who believe that this may be the
most significant program yet proposed in the exploration of space.

5.4 IMPLICATIONS AND TRENDS IN THE 1960’s

In the 1960’s, expenditures increased in almost every budget category of
the earth sciences, including large national programs, facilities, and cen-
ters. Difficult choices among varied activities were not required because
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competent work generally could be supported wherever it occurred and
the scientific community was satisfied with the result.

During this period, there was a tendency to emphasize large, highly
visible projects; virtually every facility or program listed in Appendix [X.A
was created then. Convincing arguments suggest that the increases in sup-
port caused by the large projects brought into effect new, higher budget
levels, from which the small but equally valuable individual programs
profited. It clearly is easier to obtain support for large projects and to
maintain them. They have definable objectives that appeal to legislators
and the general public, and their budgets, once established, are less vul-
nerable than year-by-year grants or contracts. Possibly, however, the ex-
perience in the 1970’s will be different.

This Panel does not anticipate that the importance of large projects
will decrease in this decade. In every case of which we are aware, the
scientific justification for the project is sound and it contributes to one or
all of the values mentioned earlier in this chapter—that is, level and quality
of activity and shared use of facilities. Once a facility or center has been
established, it assumes its own identity. If it has a strong director and an
active board, it becomes a major power in the development of scientific
policy for the relevant discipline. The most likely trend in the 1970’s is
not a decrease in the number of facilities and centers or in their level of
support but increasing difficulty in establishing new enterprises.

In regard to two specific topics, the Panel has recommendations for fu-
ture procedures; these are the balance of activities in NSF programs and
the coexistence of large and small science projects within a single budget
of NASA.

The NSF is the most important single source of support for academic
research and is also strongly committed to the concept of national cen-
ters. Besides NCAR and Arecibo in the atmospheric sciences, it supports
Kitt Peak National Observatory and the National Radio Astronomy Ob-
servatory in astronomy (Figure IX.13). All have been successful, and the
pressure for new centers or the expansion of existing centers continues.
Current proposals for new centers include the new U.S.-Canadian aeron-
omy facility and the less-well-defined concept of a facility for geophysics.

National centers have expensive plants to maintain, tenured and non-
tenured staff, and continuing research programs, all of which involve a
long-term commitment of support from the NSF. Since the NSF is gen-
erally their sole source of funds, it has a direct responsibility that has no
parallel in university research and other activities supported under NSF
discipline-oriented programs. In these other activities, the NSF acts as a
partner, often providing most of the funds but without direct responsibil-
ity for tenure or-the long-term-health of the-programs: The important
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FIGURE IX.13 The 140-ft antenna at the National Radio Astronomy Observatory, Green Bank,
West Virginia, the largest equatorially mounted radio telescope in the world, has been operated
successfully down to a wavelength of 1 cm. [Courtsey of Associated Universities, Inc.]

problem that could develop in the 1970’s concerns the possible effects of
supporting two programs of such different character during periods when
agency budget allocations are lower than in the 1960’s or decreasing.

When agencies have a dual responsibility to in-house and extramural re-
search, the predictable response to budgetary restrictions is to withdraw
first from the extramural activities. Nevertheless, it may not be the best
response in terms of the overall national science capability. The effect of
current withdrawal of support for the universities by the Department of
Defense, the Atomic Energy Commission, and other agencies is serious,
and it would be more serious but for the steady and now increasing sup-
port provided by the NSF. If budgetary constraints were to force the NSF
to react as other agencies have, irreparable harm could result. Therefore,
we believe that caution must be exercised in the expansion of existing
programs or the creation of new programs for which the NSF has direct
managerial responsibility. A balance must be sought that makes some al-
lowance for the future possibility of fiscal stringencies.
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It cannot be assumed that, faced with fiscal restrictions, the NSF could
act differently from other agencies. A mild precursor is the expenditure
ceiling imposed on the universities since fiscal years 1969 and 1970. This
example is complicated to analyze because it did not result in an overall
reduction in university expenditure. However, in specific cases, it did re-
sult, without warning, in retroactive cuts amounting to as much as 40 per-
cent and thus to substantial decreases in research activity. Possibly some
relief could have been afforded to atmospheric sciences programs by de-
creases in in-house activity in NCAR . However, as Chapter 8 indicates, the
operation and program equipment budget of NCAR rose during this
period (from $9.8 million in 1968 to $10.4 million in 1969 and to $11.0
million in 1970).

In the creation of new centers, the NSF acts mainly in response to the
expressed wishes of the science community, generally voiced through the
NAS. We recommend to the Physics Survey Committee that the National
Academy of Sciences devote increased attention to the review of panel,
committee, and board recommendations for new centers, programs, and
Jacilities, particularly to the long-term implications of these proposals
with respect to the balance of science activities supported by the Na-
tional Science Foundation. :

Effective reviews concerning national centers, whether undertaken in
the NAS or the NSF, require objective external assessments of the success
with which centers have been able to achieve their objectives. Such infor-
mation does not exist, at least not in available or satisfactory form. We

therefore recommend that the Physics Survey Committee transmit to the
National Science Foundation our recommendation for a continued exter- ..
nal review of the work of its centers. This review should have the same
depth and quality as that used for individual research grants, and the pro-
cedure should aim at maximum comparability.

The NASA Space Science and Applications program contains a mixture
of very large projects, the character and time schedule of which cannot be
easily modified (for example, Mars Viking, Outer Planets, High Energy
Astronomical Observatory), smaller projects that, although costly, are
relatively flexible (for example, Planetary Explorers, Small Astronomical
Satellites, Pioneers, and small earth satellites), and low-cost items (labora-
tory and theoretical research, rockets, balloons, and aircraft). Problems
arising from this mixture of different types of programs within a single
budget have some analogy to those encountered with national centers.
The large project is much easier to maintain, and, once started, the bud-
getary stability provided is important for all involved in the NASA pro-
grams. The large project is also easier to justify to a nonscientific audience,
for it often will have clear-cut objectives and will offer major technologi-
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cal challenges. The NASA managers, therefore, tend to look favorably on
large missions and projects.

Large missions require definite sums of money on a definite time sched-
ule and they cannot be readily delayed or decreased in size. Thus, in the
event of fiscal problems, there is a strong tendency to reduce other parts
of the program first; this policy will often mean cuts, delays, or elimina-
tion of the flexible programs of lower cost.

There is no single opinion in the scientific community as to the relative
merits of such small and large programs as the Large Space Telescope and
the Small Astronomical Satellite, or Viking and Planetary Explorer. How-
ever, successive NA S studies, which are discussed in Chapter 8, have em-
phasized the value of the smaller programs and have insisted that they
must not be sacrificed to support more expensive missions. The most
recent study emphasizing this point was Priorities for Space Research
1971-1980,'" which placed Planetary Explorer and increased rocket and
balloon astronomy before Grand Tour. NASA’s response in the 1972 bud-
get was to request Grand Tour but not the two lower-cost items. Grand
Tour, however, was subsequently replaced by a less expensive program.

In this Panel’s opinion, the secure future of the space science program
- demands a close and effective working partnership between NAS A and
the scientific community. The conflict between managerial and scientific
requirements in the initiation of new missions could prevent such a de-
velopment. We therefore recommend to the Physics Survey Committee
that the Space Programs Advisory Committee of the National Aeronautics
and Space Administration and the Space Science Board of the National
Academy of Sciences initiate and maintain a discussion with the National
Aeronautics and Space Administration management on the problems and
priorities of small and large missions, with the aim of achieving a common
policy in this important area.

6 The Role of Computers

6.1 GENERAL CONSIDERATIONS

The development of high-speed, large-storage-capacity computers has bene-
fited all physics. It has made possible the solution of complex equations
and thus the quantitative description of more realistic models of physical
systems. In addition, it has permitted on-line analysis of experimental data
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and the automatic and remote programming of experiments in accordance
with the analysis in real time of the results of an experiment. However, in
geophysics, planetary physics, and space physics, the computer has an even
more important role to play. The environments described usually involve
many variables and interrelated equations. To determine the behavior of
the system, it is necessary to acquire and organize large amounts of data;
physical models of the systems also are exceedingly complex. In this chap-
ter, we are particularly concerned with these special aspects of the role of
the computer.

Knowtedge of the interior of the earth has been obtained largely from
seismological observations. The prime tools are the earthquake-generated
elastic waves that propagate through the interior and as surface waves. Net-
works of high-frequency instruments (about one cycle per second) make it
possible to determine travel times of various types of geometrical rays to
within one or two seconds. Instruments of intermediate period [20-200
cycles per hour (c/h)] are used to record the wave groups of surface waves,
from which one determines the dispersion of the surface waveguide. From
broadband instruments (0.5-60 c/h), it is possible to resolve the frequencies
of many of the free oscillations of the earth when excited by very large
earthquakes. In addition, the mass and moment of inertia of the earth are
ascertained from astronomical measurements and provide additional con-
straints on the possible internal structures of the earth.

For each of the types of seismic data, a theoretical formulation exists
that permits the calculation of synthetic results if the earth model is speci-
fied. Since the earth model is nearly always considered to be spherically
symmetric, or slightly perturbed from spherical symmetry, these calcula-
tions require the solution of systems of ordinary differential equations by
numerical integration in the radial variable. Generation of synthetic data
for one earth model—about 500 synthetic measurements—takes about 45
minutes on a CDC 3600. Determination of an earth model that matches
actual data requires the use of a converging iteration in model parameter
space and can be made quickly if the starting model is linearly close to the -
true one. Computation of the resolving power and uniqueness of an earth
model, as determined by a set of data, requires further calculations of an
eigenfunction, involving the inversion of large matrices; the procedure can
consume more than an hour of computer time. The extension of these
methods to cover structural perturbations in the geographical coordinates
involves an increase of a factor of 10 in computing requirements for even
the more restrictive models. Such investigations are anticipated in the next
few years. ) .

Another task for which computers are heavily used in seismology is the
reduction-of data. There are now several two-dimensional receiver arrays,
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designed to operate with the same directional capability as a comparable
microwave antenna, to resolve the directional spectrum of incoming signals.
In the largest of these, 625 sensors are digitally recorded, and the data re-
duction system must synthesize various beam outputs both in real time and
later. The requirements of this work challenge both the speed and the mass-
storage capabilities of modern computing machines. In addition, the pres-
ent lack of suitable interactive graphic facilities has hampered practical
access to large data libraries.

The atmosphere and the oceans form a coupled system of geophysical
fluids that presents an enormous challenge to the computer. The economic
benefits that would result from the reliable prediction of the behavior of
the atmosphere for as much as two weeks in advance would be great. In a
typical massive program designed to simulate the atmosphere, grid points
some 200 to 300 km apart in the atmosphere can be selected. At every grid
point, the model will include the properties at several heights in the atmo-
sphere. The basic problem, given an initial set of conditions at every grid
point, is to determine the future behavior of the atmosphere by integrat-
ing the equations of fluid dynamics, beginning with these initial conditions.
The accuracy of these integrations necessarily becomes degraded with time,
since the atmosphere contains a considerable amount of energy in turbulent
length scales that are comparable to and smaller than the grid spacing. Pres-
ent estimates are that a major degradation will occur in the prediction
after a characteristic time interval. (The next section of this chapter de-
scribes the progress and prospects in the development of numerical models
of the atmosphere.)

The potential of the computer for handling the large amount of compu-
tation needed in numerical prediction stimulated development of the .
Global Atmospheric Research Program (GARP). One objective of this
program is to measure weather conditions at the necessary grid points, thus
providing sufficient initial data for a realistic numerical prediction. This re-
search program will make use of observations from satellites and various
ground and atmospheric sensors and will provide a continuing flow of infor-
mation that must be fed into the calculation of the behavior of the atmo-
sphere as a series of corrections. The GA RP research program eventually
will require the use of computers having speeds two orders of magnitude
greater than those of the highest-speed commercial computers currently
available. The design and construction of such computers are under way.

In several areas in atmospheric physics, understanding of phenomena has
not yet approached the level that will be required for reliable prediction of
the future state of the atmosphere. The scientific problems that necessitate
further study include energy and momentum transfer in the lower bound-
ary layer of the atmosphere (the lowest 1000 m), cloud convection, clear-
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air turbulence, tropical cloud clusters, internal boundaries or “fronts,” and
various kinds of gravity waves related to them. Thus computers play an
essential role in meteorology ; they are needed not only for weather predic-
tion but for creation of a worldwide system of observations in which data
can be fed continuously into them. It is hoped that a better understanding
of some of the fundamental mechanisms in the atmosphere, for which the
physics has not yet been clarified, will result.

The air-ocean interface is still little understood. Conditions at this inter-
face play an important role in the global atmospheric prediction problem
through the transfers of sensible heat and water vapor between ocean and
atmosphere and through shear stresses and wave generation. Large amounts
of the incoming solar energy are transported by ocean currents; therefore,
these oceanic processes are coupled to the behavior of the atmosphere and
must be understood at the same time that the behavior of the atmosphere
is being calculated. Computers also will be important in future research in
oceanography, since the ocean is a fluid that is subject to a wide variety of
motions, including turbulent motions on various scales. Here, too, there is’
a major problem of prediction. Scientists are now investigating much of
the physics of the ocean with the help of computers. Numerical techniques,
similar to those used in meteorology, are important in understanding the
response time of the ocean to varying energy inputs. Spectral analysis of
long-time series of waves, currents, turbulence, and the like is beginning to
yield clues to the energy distribution and the transfer of energy up and
down the space scales of motion.

The role of the computer is crucial in data reduction for space experi-
ments. Spacecraft investigate a wide variety of phenomena—the magneto-
sphere, interplanetary plasma, solar radiations, cosmic rays, earth, and stars.
Satellites and space probes generate a continuous flow of information that
must be received on the ground and stored on magnetic tapes. Almost with-
out exception, experimenters with packages on board spacecraft have been
inadequately prepared to handle the large flow of data telemetered back to
them. They have given insufficient attention to writing the computer pro-
grams necessary to use the data in the most efficient way and to extract the
relevant physical information from them. As a result, data processing for
most of the information obtained from spacecraft often is delayed for two
or three years. This situation is not entirely the fault of the experimenters,
for the necessary computer time frequently is limited, unavailable, or pro-
hibitively expensive.

The pictures of the surface of Mars returned from the Mariner VI, VII,
and VIII spacecraft provide examples of extremely complex data handling.
These pictures are coded, picture element by picture element, in compact
form. The brightness of each picture element affects the brightness of -
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neighboring elements, since, to obtain the greatest return of scientific data,
the engineering system was designed to minimize the large-scale contrast of
the surface. Therefore, reconstruction of these pictures to a normal appear-
ance presented a major problem in data processing. Final pictures of the
surface of Mars are not ready until about one year after the acquisition of
the data. While this delay might seem unfortunate, one should consider that
the data stream from the Mariner spacecraft contains a great deal more
scientific information than would have been available had the pictures been
sent in a more conventional television mode.

In the case of many spacecraft measurements on particles and fields,
much preliminary data handling is now done by computer, on line, before
the raw data are delivered to the experimenters. These preliminary steps
can include the preparation of computer-generated graphs of the data or, in
more sophisticated cases, the generation of motion pictures or color photo-
graphs.

Field stations frequently are not conveniently located. Even when oper-
ated by a university, a field station may be far from the campus. Students
and staff formerly lost much time in commuting to field stations for ex-
perimental runs. Now such trips are largely unnecessary. By means of com-
puters, remote terminals, and land lines (or microwave links), most work
that one might wish to do at a field station can be accomplished directly
from the campus, including rotation of antennas, adjustment of instru-
ments, and recording and processing of observations. At the University of
California, San Diego, a solar-wind observatory has been set up in this way.
Antennas and auxiliary equipment as much as 100 km from the campus
can be directly controlled from the laboratory. An hour of observations
can bé conducted with no more difficulty than that involved in going to a
seminar or the library. Of course, it is necessary to have technicians visit
the site occasionally; responsible scientists also must be present when new
experimental equipment is installed. However, much of the travel to and
from field stations for purely scientific reasons has been eliminated. This
technique of remote control of field stations could well be extended;
national observatories can and should be so organized that experiments at
these facilities can be conducted from almost any campus with the relevant
equipment and interests.

6.2 NUMERICAL MODELS OF THE ATMOSPHERE

Fundamentally, the atmosphere is a turbulent fluid, and its study during
the last two decades is an unusually clear example of a revolutionary change
produced by the development of computers. It has no simple regularities
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that would make possible the prediction of its motion as the tides are pre-
dicted. Richardson, in his pioneering book on numerical weather predic-
tion,3 remarked that “the Nautical Almanac, that marvel of accurate fore-
casting, is not based on the principle that astronomical history repeats it-
self in the aggregate. . . . Why then,” he asked, ““should we expect a present
weather map to be exactly represented in the catalogue of past weather?”
He proposed instead to predict the weather by integrating the nonlinear
partial differential equations governing atmospheric motion numerically,
just as the Almanac is produced by solving the ordinary differential equa-
tions of celestial mechanics. After estimating that 64,000 human comput-
ers equipped with slide rules and desk calculators would be needed to trace
the weather for the entire globe, he indulged in a fantasy in which he
visualized this army of computers as an orchestra conducted by a master
computer in a hall surrounded by “playing fields, houses, mountains and
lakes, for it was thought that those who compute the weather should
breathe of it freely.”

" For reasons not then apparent, Richardson’s hand calculations were wide
of the mark, and, because his proposal was considered quixotic, it lay dor-
mant for 24 years. His book had gone out of print when, in 1946, John von
Neumann renewed the attempt to integrate numerically the gas dynamical
equations for the atmosphere, this time with the aid of a high-speed elec-
tronic computing machine and the additional empirical and theoretical
knowledge of atmospheric mechanics developed during the past 25 years.
The work of C. G. Rossby was useful in this effort.

Von Neumann assembled a group of theoretical meteorologists at the
Institute for Advanced Study at Princeton University under the leadership
of J. Charney, who had devised a method of overcoming the numerical dif-
ficulties that led to the errors in Richardson’s effort. A compressible, strati-
fied fluid, held gravitationally to a rotating earth, can support a variety of
motions, including acoustic- and inertial-gravity waves, which are of little
meteorological importance but which greatly complicate the solution of -
the gas dynamical equations. Chamney filtered out these unwanted “noise”
motions by mathematically incorporating the principle that stow, large-
scale motions in a rotating system are close to equilibrium in the sense that
the accelerations due to pressure, gravity, and Coriolis forces dominate
purely inertial effects. A hierarchy of mathematical models of increasing
complexity was constructed to embody more of the physical properties of
the atmosphere. The first integrations were performed on the ENIAC* in

*Electronic Numerical Integrater and Computer, the first fully electronic computer,
designed primarily for ballistic calculations by Eckert and Mauchly at the University of
Pennsylvania and later equipped, under the guidance of von Neumann, with a logical
control that converted it to a general-purpose computer.
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1950, with what was essentially Rossby’s model, in which the flow of the
atmosphere at a midlevel is idealized as two-dimensional and incompres-
sible. These calculations sufficiently resembled real conditions to encour-
age further experimentation. After the completion, in 1952 at the Institute
for Advanced Study, of a new electronic computer that had been designed
by von Neumann and J. Bigelow, it was possible to model the vertical struc-
ture of the atmosphere and to deal with potential-kinetic energy conversion
as well as the horizontal shear instability and dissipative properties of the
atmosphere. In 1953, the first prediction of cyclogenesis, regarded then as
the principal problem of meteorology, was obtained with a model that per-
mitted conversion of potential to Kinetic energy but contained no sources
or sinks of energy. This result had two consequences: it tended to confirm
Charney’s earlier explanation of cyclogenesis as due to horizontal tempera-
ture gradients'in midatmosphere, and it interested the U.S. Government in
the possibilities of an operational numerical prediction system. A numeri-
cal weather prediction unit was established in 1954 and began operations
in 1955. Since then, many other countries have established similar units.

Following the numerical prediction of cyclogenesis, it was natural to
study the interactions of the cyclone wave with the zonal flow. H. Jeffreys,
V. Starr, and others had shown that the wave disturbances acted as turbu-
lent eddy elements transferring angular momentum (against the gradient)
to the mean zonal flow. In seeking a mechanism for this phenomenon, -
Charney proposed the hypothesis that the cyclone waves, while deriving
their energy from the unstable zonal flow through release of the potential
energy associated with the poleward temperature gradient, are also required
by the stabilizing effect of horizontal shear to return energy in kinetic form
to the flow and thus maintain it against dissipation by friction. This hypoth-
esis was strikingly confirmed in a numerical experiment conducted at the
Institute for Advanced Study by his associate, N. Phillips. Phillips intro-
duced into the simplest of the three-dimensional models a heating function
varying uniformly with latitude and frictional mechanism. As a result, a
broad westerly current with a uniform poleward temperature gradient was
generated. As predicted, this current became unstable and developed wave
perturbations that transferred kinetic energy back to the current and
caused it to become narrow and intense, as in the observed westerlies. For
the first time, the principal dynamical elements of the general circulation
of the atmosphere were combined into a single mathematical model, which
opened the way for a numerical attack on the problems of long-range pre-
diction and a dynamical theory of climate.

With increased understanding of the mechanism of interaction between
inertial-gravity waves and the low-frequency, energy-bearing flow of the
atmosphere, it was possible to return to Richardson’s work on the primitive
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gas dynamical equations with new ihsights. After preliminary experimenta-
tion, the first simple model for this purpose was constructed at the Insti-
tute for Advanced Study, and integrations were developed under the direc-
tion of J. Smagorinsky in a new unit of the U.S. Weather Bureau in
Washington, D.C. The appearance of a strange nonlinear computational
instability at first prevented long-term integrations. The purely mathemati-
cal source of this instability was located by Phillips, and a finite-difference
algorithm was designed by Arakawa to overcome it. Smagorinsky’s group
at the Weather Bureau and Mintz and Arakawa at the University of Cali-
fornia at Los Angeles then performed the first long-term integrations for
periods of a month or more. As more of the physical properties of the
atmosphere and the earth’s surface were incorporated—cloud, condensation,
radiative heat transfer, frictional boundary layers, mountains, oceans—the
outlines of observed climate began to emerge. Currently, the gross features
of the earth’s climate, although not its climatic variations, are understood.
Bryan and Manabe of Smagorinsky’s group have attempted to construct
numerical models of the coupled atmosphere-ocean circulation. Although
these integrations have yielded a modicum of success, many problems re-
main. Foremost among them is the lack of knowledge of the mechanism of
turbulent heat flow in the main ocean thermocline and the nature of tur-
bulent diffusion in the ocean in general. In addition, even though the char-
acteristic time scales of the atmospheric motions are far less than those of
the oceans, the atmosphere cannot be regarded as in statistical equilibrium
with the underlying ocean surface on the time scale of significant changes

. in ocean circulation. The nature of such interacting systems is not under-

_ stood. Their study will challenge computational capabilities and require

computers of extremely high speed and capacity.

As the models grow in verisimilitude, and therefore in complexity, they
impose greater and greater demands on computing facilities. That the con-
ventional methods of obtaining data—primarily by balloon soundings of
temperatures, winds, and moisture from land-based stations and weather
ships—are inadequate is increasingly apparent. Less than 20 percent of the
atmosphere is adequately observed. Influences propagating from uncharted
regions of the atmosphere affect predictions for all points on the earth with-
in two or three days. Fortunately, development of the meteorological satel-
lite occurred at the time when the requirements of numerical prediction be-
gan to create the need for the increased data coverage. Spectroscopic mea-
surement of the temperature-dependent thermal emission of CO, and
water vapor in various spectral intervals, with varying photon mean free
paths, makes possible the inversion of the equations of radiative transfer to
obtain the temperature as a function of pressure, and thus of height, in the
atmosphere. Although clouds of any appreciable thickness are opaque in
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the infrared, high-resolution infrared spectrometry permits the sensing of
temperature through broken clouds, and microwave spectrometry makes
possible the sensing of temperatures through all but the heaviest rain
clouds. The United States currently is participating with other countries in
the United Nations-sponsored GA RP, a program whose principal objective
is to devise a satellite-based global observational system for measuring the
large-scale field of motion of the atmosphere. Present plans call for a mixed
observational system, consisting of remote sensors, carried by satellites, and
immediate sensors, carried by balloons and buoys but located and interro-
gated by satellites. Charney, Halem, and Jastrow have shown that, in prin-
ciple, it is possible to infer winds and pressures from measurements of tem-
perature and moisture alone; whether this can be done with the required
accuracy is still uncertain.

Whatever the ultimate global observational system, the task of real-time
reduction of the data will be enormous and will require new, highly sophis-
ticated processing techniques as well as large, fast computers. Existing me-
teorological satellite information-processing requirements emphasize this
need. Geosynchronous satellites permit high time resolutions; they are
therefore suited to sensing the smaller-scale motion field for both detailed
local forecasting and scientific investigation of mesoscale atmospheric phe-
nomena. The quantity of information involved again is exceedingly large
and will challenge computer capabilities and capacities.

The growing knowledge of the constitution and energetics of the atmo-
spheres of the inner planets, resulting from space probes and earth-based
measurements, has stimulated attempts at numerical simulation of their
circulations. Loevy and Mintz have presented numerical integrations for
Mars, and attempts, inspired by Goody’s and Robinson’s suggestion that
the high surface temperatures on Venus may be produced by a deep circu-
lation, are now under way to calculate the Venus circulation. Similar at-
tempts undoubtedly will be made for the atmospheres of the outer planets,
Jupiter, Saturn, and Uranus, as soon as their constitutions can be reason-
ably inferred. The photosphere of the sun is another probable candidate
for numerical simulation.

Scientists continue to encounter problems at the earth’s surface, all of
which are associated with turbulence. What are the statistical properties of
the gross turbulent structure of the atmosphere? What can be said about
the natural variability of climate? To what extent is this variability an
intrinsic property of an atmosphere with fixed boundary conditions and
fixed constitution, and to what extent is it determined by changes in bound-
ary conditions and constitution? The transfer of mass, energy, and momen-
tum in the atmosphere results from anisotropic turbulence in the surface
boundary layer and also in midatmosphere, especially at the base of the
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stratosphere in the so-called planetary jet stream. Cumulus convection
(gravitational instability produced by release of latent heat in upward-
moving currents of air) is an important energy-supply mechanism for the
atmosphere, especially in the tropics. Each turbulent phenomenon re-
quires separate study before it can be successfully incorporated, through
parametric equation, into a mathematical model of the atmospheric circu-
lation. Each is amenable to numerical computation and, to a first approxi-
mation, requires the same amount of computer time, independent of scale.
Thus, estimates suggest that the times for the calculation of the general cir-
culation or for a cumulus cloud complex are about equal. A major part of
GARP will be devoted to the field study of small-scale atmospheric turbu-
lence of various sorts, with emphasis on the organization of tropical con-
vection, one of the weakest links in present understanding. The findings
will contribute directly to the design of numerical models for the tropics.

" The possibility of incorporating turbulent fluxes parametrically in nu-
merical models of the large-scale circulation depends on the distinctness of
the scale separation between the turbulence and the large-scale motions.
Probably, the energy in the atmosphere, inserted mainly at large scales,
does not flow in appreciable amounts to smaller scales by nonlinear inter-
action; as postulated by Kolmogorov for homogeneous, isotropic turbu-
lence; rather, the large-scale energy is dissipated in surface or internal
boundary layers. As a consequence, the energy per unit horizontal wave
number decreases with wave number at a much higher rate than that pre-
dicted by the Kolmogorov theory, at least until high wave numbers are
reached. ' )

Lorenz, Kraichnan, and Leith have shown in separate studies that the
degree of predictability of the atmosphere as a deterministic mechanical
system depends heavily on the spectral structure of its velocity fluctuations
and consequently on the mechanism of dissipation. Therefore, the rate at
which uncertainties in initial conditions due to small-scale turbulence prop-
agate toward large scales depends on the mean spectrum of the atmo-
spheric energy. In addition, observational error influences the large-scale
instabilities directly. The best estimates of the rate of growth of error have
been obtained from numerical experiments with a variety of computer
models. These place the limit of determinacy for the largest-scale motions
at between one and two weeks. Not yet known is the extent to which pre-
dictions of averages or distributions are possible for longer times, taking into
account variations of surface boundary conditions, especially of ocean
temperatures and snow and ice cover. The statistical effects of modifica-
tions in the atmospheric circulation produced by small changes in bound-
ary conditions or constitution, for example, by small changes in ocean sur-
face temperatures or CO; content, cannot be ascertained until the statisti-
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cal behavior of the undisturbed system is known. Such calculations will re-
quire computers of the highest speeds and greatest capacities.

Improved knowledge of small-scale atmospheric processes, especially of
turbulence, together with better observations, should result in improved
weather prediction for intervals up to two weeks. The extent to which
seasonal variations of space and time means and distributions will remain
predictable is not yet known. A suitable theory of climate and climatic
change will require that the atmosphere and oceans be treated as a coupled
system. The investigation of the combined ocean-atmosphere circulation
has barely begun; much work lies ahead. -

7 International Cooperation

Of all the sciences, those concerned with the physical environment have
had the longest history of explicit and extensive international cooperation.
These sciences are planetary and interplanetary in nature, linked to solar
radiations, particles, and fields. Early in their history, there developed a
need for synoptic data observed at many points on or above the surface of
the earth over significant periods of time. There also was need for coordi-

~ nated multidisciplinary observations at the time of discrete, short-lived
phenomena, such as solar flares or magnetic storms, and of their varied
effects on the earth’s environment.

Gauss recognized the need for geomagnetic data from observatories -
other than his own and, with Humboldt, created the Magnetische Verein
in 1836, which brought about cooperation among scientists in several
European nations in making simultaneous measurements of the earth’s
surface field. Some 25 years later, the Mitteleuropiische Gradmessung of
1862 led to the establishment of the International Union of Geodesy and
Geophysics (1IUGG), now one of the 15 unions making up the International
Council of Scientific Unions (ICSU).

Man’s ancient concern with weather stimulated cooperation in mete-
orology in the last century. In 1853 a group of seafaring nations formulated
an oceanic weather observation program in the interest of safety at sea.
The International Meteorological Organization was established in 1873 to
extend such observations to land areas, and a scheme for exchange of
-‘weather information among nations was devised. Crucial to the usefulness
of such exchange, if timely forecasts were to be made, was the invention of
the telegraph and later the wireless. Commercial aviation imposed new de-
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mands for weather information and provided an important stimulus to
meteorological studies. Such social and economic interests in weather led,
in 1951, to the formalization of cooperation by the establishment of the
World Meteorological Organization (WMO) as a specialized agency of the
United Nations (UN). The WM O now consists of 133 member nations
and territories; it has been active in promoting worldwide networks

of surface and upper-air observations, standardization of instruments and
methods of observation, intercomparisons, and other procedures.

Historically, the international exchange of synoptic meteorological
information has been a model of open and free access. Weather observa-
tions are transmitted and made available to member and nonmember
nations alike. Data are freely exchanged between the eastern and western
European countries. In Asia, meteorological information from mainland
China has long been available. '

Seismology provides a third historical thread of interest. As with mete-
orology, the motivation had its roots in catastrophes. Scholarly enquiry
within the Society of Jesus led to observations of earthquakes in many
parts of the world and a tradition of exchange that continues to the pres-
ent. In this century, the establishment of the International Association of
Seismology and Physics of the Earth’s Interior—a part of the IUGG —owes
much to the Jesuits in the recording of earthquake observations at scattered
sites and in the exchange of data. These activities in seismology led in the
1960’s to the establishment of the International Seismological Centre in
Edinburgh, which prepares catalogues of earthquakes based on observa-
tions from stations all over the world. In the same decade, under U S.
auspices, a World-Wide Network of Standard Seismic Stations was estab-
lished; it consists of some 115 stations well distributed around the world.

7.1 MECHANISMS FOR COOPERATION

A variety of mechanisms exists for furthering international cooperation in
the earth sciences. These range from relationships established personally
and informally by individual scientists or groups of scientists through more
- formal nongovernmental mechanisms, particularly those embraced by the
International Council of Scientific Unions, to formal governmental ar-
rangements within the UN and its specialized agencies, such as the WMO,
the World Health Organization, the International Atomic Energy Agency,
UNESCO, and the UN Committee on Peaceful Uses of Outer Space. Nor
do the preceding institutions exhaust the available mechanisms. Many
bilateral programs are undertaken~—for example, those of NASA with
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Japan and a number of European countries—while the National Academy
of Sciences not only works with ICSU and its unions but has active ties to
sister academies in many parts of the world.

Some distinction may be drawn between the governmental framework
of the UN and its agencies and the complex represented by ICSU, its
subject-matter-oriented unions, and various committees and commissions.
The UN agencies have a political character, for their members are govern-
ments. The ICSU organizations are essentially organizations of scientists;
their functions are to serve the interests of science as perceived by scien-
tists. However, there is significant cooperation between these governmental
and nongovernmental groups: for example, the UN Committee on
Peaceful Uses of Outer Space turns to ICSU’s Committee on Space Re-
search (COSPAR) for advice on scientific matters; UNESCO provides sub-
ventions to ICSU and uses its counsel in many ways; both UNESCO and
WMO were active in the International Geophysical Year (IGY) and succes-
sor programs developed within ICSU; and WMO and ICSU jointly are.
engaged in the planning of the Global Atmospheric Research Program
(GARP).

Within ICSU, there are several organizations dedicated to international
cooperation in the space and earth sciences, particularly (among the
unions), the International Union of Geodesy and Geophysics (IUGG), the
International Union of Radio Science (IURS), the International Astronom-
ical Union (1A U), the International Union of Pure and Applied Physics
(IUPAP), and the International Union of Geological Sciences (1UGS), and
(among ICSU’s specialized committees and commissions) the Committee
" on Space Research, the Scientific Committee on Antarctic Research, the
Scientific Committee on Oceanic Research, the Upper Mantle Committee,
the Inter-Union Commission on Geodynamics, and the Inter-Union Com-
mission on Solar-Terrestrial Physics. Here again, an admittedly oversimpli-
fied distinction can be made between unions and committees. The primary
functions of the unions are to provide (a) a forum for communication
among the world’s scientists within the same or closely related disciplines,
through scientific sessions at general assemblies and symposia sponsored by
subgroups of the unions; (b) a mechanism for planning cooperative pro-
grams; (¢) a mechanism for the establishment of international standards in
fundamental units, measurements, and calibration as well as in nomencla-
ture and publication; and (d) a means for issuing some types of publica-
tions—for example, astronomical and geomagnetic indices, proceedings of
symposia, and international journals (such as Acta Crystallographica). The
special committees are specifically concerned with fields that combine two
features: (a) an interdisciplinary element involving two or more unions and
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(b) the actual or prospective existence of an active, declared international
effort such as the IGY, the International Year of the Quiet Sun (1QSY),
or the Upper Mantle Project (UMP).

7.2 THE INTERNATIONAL GEOPHYSICAL YEAR

The 1GY was a remarkable collaborative international endeavor, not only
because it accomplished much scientifically and engaged some thousands
of individuals in a rewarding venture, but also because it gave rise to several
major international programs of continuing interest. The IGY was possible
because the earth sciences were prepared for a major advance and new tech-
nical capability was combined with the enthusiasm of active research
scientists.

Two antecedents of the IGY demonstrated the value of cooperation
among nations in geophysics and the organizational feasibility of conduct-
ing such efforts. Compared with the IGY, both were small and restricted
in scope. In the First International Polar Year of 1882-1883, a dozen
nations worked together almost solely in the high northern latitudes to
study surface meteorology, geomagnetism, and auroral physics. Perhaps
the most significant result of this modest endeavor was Fritz’s charts of
the aurora, which delineated the auroral configuration around the north
geomagnetic pole. The experience of 1882-1883 led to the Second Polar
Year of 1932-1933, in which the relatively new field of ionospheric phys-
ics was added to the scientific agenda. A score of nations worked together,
again with considerable emphasis on the high northern latitudes but with
a sprinkling of stations at middle and southern latitudes. The promise of
this venture was not fully realized because it was plagued by the depression
of the 1930’s and had almost negligible support, but the ongoing activities
of such organizations as weather bureaus in various countries, consider-
ably stronger than in the 1880’s, permitted the conduct of significant in-
vestigations. Again, if a single example can suggest the character of the
results, such an example might be the linking of disturbances in the iono-
spheric layers to geomagnetic and auroral activity. Only a few years before,
Breit and Tuve had invented the radar technique of probing the ionosphere
by pulsed emissions of radio energy. In the Second Polar Year, use of this
technique provided insight into the nature of the ionospheric layers and
thus into problems in radiowave propagation and communications.

The background of the two polar years—there had been proposals that
similar ventures might be fruitful at 50-year intervals—was well known to
the initiators of the 1IGY, who felt that the time was ripe 25 years after
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the Second Polar Year to conduct a far more critical and intensive study
in the planetary and space sciences. The rationale behind this conviction
rested on a number of historical and contemporary events, of which the
following appeared most relevant. In many of the fields, decades and even
“centuries of observations had led to some understanding of at least gross
features and, in some disciplines, to useful hypotheses and theories. A
worldwide gathering of synoptic data was feasible because of the capabili-
ties of several nations; in short, the collection of data on a global basis
seemed feasible in terms of manpower and costs, given the cooperation of
40 to 60 nations. The development of high-speed computers made it pos-
sible to handle the anticipated data. Electronics, relatively new in the
1930°s, had developed enormously during the war years, providing sensi-
tive devices, small and reliable, for measuring with precision a wide va-
riety of parameters, while such new tools as rockets seemed certain to
open new fields. It appeared probable that creative investigators would
commit themselves to the prospective international effort. In fact, leading
geophysicists did enter into the 1GY program from its planning period
(1951-1957), through its operational interval (1957~1958, and its one-
year extension through 1959), to the years following, when data were ana-
lyzed. The scientific rewards, as perceived by these active scientists, includ-
ing younger ones who became attracted to the IGY effort, then led to the
development of successor programs in more specialized areas (for example,
the IQSY and the UMP).

The IGY embraced 13 areas of activity: aurorae and airglow, ionospheric
physics, geomagnetism, cosmic rays, solar activity, meteorology, oceanog-
raphy, glaciology, gravity, longitude and latitude determinations, and seis-
mology; rockets and satellite programs concerned with the upper atmo-
sphere and near space were added as special areas of activity. The emphasis
was first on those fields now associated with the term solar-terrestrial phys-
ics (disciplines concerned with the upper atmosphere, the medium beyond,
the driving solar forces); second, on interface phenomena associated with
the earth’s heat and water store; and, third, on solid-earth geophysics.

Thus, seismology and gravity entered into the program largely because
IGY expeditions would go to regions not ordinarily frequented by man
(especially Antarctica), and these opportunities should be made available
to seismologists and geodesists, whose interests for somewhat differing
reasons did not, strictly speaking, demand the IGY type of measurements
and experiments in concert. Nonetheless, this exposure to the IGY ap-
proach was to bear fruit in both IGY results and the subsequent UMP,
which stimulated the present cooperative program on the dynamics of the
solid earth.
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7.3 SOLID-EARTH GEOPHYSICS

The UMP was proposed in 1960. It began'in 1962 and ended in 1970 and
included a wide range of geophysical, geochemical, and geological studies
related to problems of the earth’s interior. Special attention was devoted
to continental margins and island arcs; the world rift system; and the vis-
cosity and mechanical behavior of the mantle. At the beginning of the
UMP, these subjects had received little attention. By the end of the UMP,
it was evident that they were, indeed, the critical scientific areas related to
fundamental problems of the earth’s interior.

One of the more ambitious aspirations of the Upper Mantle Committee
was to determine whether continental drift had really occurred. The sub-
ject of intense debate in the 1920, continental drift had fallen into dis-
repute for apparent lack of a mechanism. Paleomagnetic evidence in the
1950°s revived the subject, but the theory won few converts, for there was
still no convincing mechanism. In 1960, the year in which the UMP was
proposed, Harry Hess put forward the concept subsequently called sea-
floor spreading. It suggested a mechanism and rationale for the lateral
motion and opened the way to a theory of global tectonics. However, at
the time of its introduction, evidence to support the concept was extremely
scant.

The wide range of research connected with the UMP led to a remarkable
accumulation of evidence that supported the concept of sea-floor spread-
ing. For example, new bathymetric data showed that the continental
margins of the Atlantic constitute a better fit even than the well-known
fit of the shorelines; geochronological studies showed the fit of isochrons
across the South Atlantic; paleomagnetic reconstruction could be made of
ancient continental positions; regularity and symmetry of magnetic linea-
tions. were found around most of the midocean ridges; the earth’s surface
was shown to be divided into a small number of plates that move relative
to one another; and high heat flow was measured at the midocean ridges
(consonant with uprising convection currents).

By the end of the UMP, sea-floor spreading had been transformed from
an imaginative insight by Hess to a hypothesis, then to a theory, and, in the
minds of most solid-earth scientists, to an established fact. This develop-
ment constitutes a revolution in earth sciences comparable to the revolu-
tion that took place in physics in the early part of this century.

The ability of the new concepts of global tectonics to explain an enor-
mous range of geological and geophysical information, including practical
questions about mineral and petroleum deposits, gave impetus to a new
international program, the Geodynamics Project. This is an international
program of research on the dynamics and dynamic history of the earth, co-
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ordinated by the Inter-Union Commission on Geodynamics (ICG), which
was established by ICSU at the request of IUGG and 1UGS.

The Geodynamics Project deals principally with movements at the sur-
face and within the upper portions of the earth’s interior. If one considers
that the outer shell consists of a number of lithospheric blocks, then the
program can logically be divided into four major parts: movement.of these
blocks relative to each other; movements beneath the blocks that have an
effect on them; movements, primarily vertical, within the blocks; and past
movements of blocks (not necessarily of the present configuration) as re-
flected in the geological record. Each of these parts will serve as a focus for
special working groups.

7.4 OCEANOGRAPHY

The IGY was the beginning of worldwide international cooperation in
oceanographic research at sea, although exchange of ideas and results from -
research had existed for many years. Much was accomplished in both physi-
cal and chemical oceanography and in studies of the sea floor and the sub-
oceanic crust. Definitive velocity measurements were made of two major
currents in the tropical Pacific. The Cromwell Current, or Equatorial Under-
current, was found to be a thin ribbon of water flowing at high and nearly
constant speeds due east beneath the surface for thousands of miles along
the Equator. The Equatorial Countercurrent, north of the Equator, was
shown on one occasion to extend from the surface down to depths of the
order of 1000 m and to fluctuate rather widely at any one location in

both speed and direction. In the Atlantic, the existence of a counter-
current under the Gulf Stream was demonstrated by direct velocity mea-
surements from U.S. and British ships.

Wave-recording instruments and tide gauges were set up in remote loca-
tions in order to study worldwide seasonal changes in sea level and long-
period waves on the surface of the sea.

The shape of the East Pacific Rise, the Pacnflc counterpart of the Mid-
Atlantic Ridge, was defined by detailed echo-sounding profiles across
its axis. The data showed that this great spine, which extends from Ant-
arctica to Lower California, is intersected by transverse ridges, reaching
out from South America and extending into the central Pacific, which
may be older than the Rise itself. Near the axis of the Rise, measurements
of the heat flow from the interior of the earth gave values four to eight
times higher than the average for the oceans as a whole, while extremely
low values were obtained near the Peru-Chile Trench and in a broad area
west of the Rise. This pattern of heat flow is one of the underlying lines
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of evidence for the hypothesis that the mantle of the earth is slowly turn-
ing over in giant convection cells that drag the plates of the earth’s crust
with them.

Continuous measurements of atmospheric and oceanic carbon dioxide

.on a worldwide basis were begun during the IGY in an attempt to deter-
mine the earth’s carbon dioxide budget and especially to find what is
happening to the carbon dioxide produced by the burning of fossil fuels.
This program has continued, and it is now clear that carbon dioxide in
the atmosphere is increasing by about 0.7 part per million per year—0.25
percent of the present atmospheric content. One third to one halif the
carbon dioxide produced by fossil fuel combustion becomes dissolved in
the oceans.

A Special Committee of the International Council of Scientific Unions,
the Scientific Committee on Oceanic Research (SCOR), was formed in
1958 to continue the cooperation begun during the IGY . The SCOR’s
most important early accomplishment in fostering international coopera-
tive research was the initiation and planning of the International Indian
Ocean Expedition, in which some 20 countries and 40 ships participated.
Measurements made during this expedition established the shape, struc-
ture, and compartmentation of the ocean basin, delineating the topog-
raphy of the complex midocean ridge system and establishing its contin-
uity with similar seismically active rises in the central Atlantic and the
southeastern Pacific. One branch was shown to run aground in the Gulf of
Aden-Red Sea-African Rift region. Magnetic profiles in the northwest
Indian Ocean provided early and convincing support for the idea of spread-
ing of the sea floor and creation of new crust at midoceanic ridge crests.

In contrast to the awesome trenches of the Pacific or the classical mid-
ocean ridge of the Atlantic, the Indian Ocean seems best characterized by
the extensive aseismic submarine plateaus or rises of intermediate depths
and intermediate crustal structure, neither truly continental nor truly
oceanic. Such “microcontinents” may be litter abandoned, or flotsam
carried along, in the breakup and drift of large continental masses, or per-
haps the tracks or scars along which displacement has occurred. One such
block, containing the granitic Seychelles Islands, is of truly continental
character and is 600 million years old while nearby, perhaps in fault con-
tact, is sea floor less than a sixth as old.

Measurements of the equatorial currents showed striking differences
from those of the Pacific, largely because of the monsoonal wind system.
Although an equatorial undercurrent is present, it is dependent on the
phase of the monsoon, being found only at the end of the winter monsoon.
During the summer monsoon, subsurface currents along the equator are
weak and variable. At the same time, along the western boundary of the
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Arabian Sea, the Somali Current flows northward at speeds exceeding 6
knots. The strong poleward winds lead to intense upwelling on the Somali
and Arabian coasts, bringing food to the surface layers and providing the
basis for a rich fishery resource. Only a few months later, with onset of
the winter monsoon, flow along the Somali coast is reversed and replaced
by a weak drift toward the south.

An extension of cooperation in oceanography is being developed by the
Intergovernmental Oceanographic Commission, together with SCOR and
other scientific groups. An international network of measuring buoys and
bottom-mounted devices throughout the world ocean is being planned to
monitor changes in ocean conditions and to help in predicting such
changes. The organization, coordination, and operation of such a system,
together with its associated satellites, ships, and aircraft, will require a
greater and more effective effort on the part of international scientific
institutions, both governmental and nongovernmental, than ever before.

7.5 METEOROLOGY

During the IGY, ICSU and WM O worked to increase the coverage of mete-
orological soundings, including extensions in altitude to 100,000 ft; to
establish three meridional chains to study transport from pole to pole; and
to conduct studies of such atmospheric constituents as CO,.

The joint effort of many nations has made possible meteorological work
that would otherwise have been impossible. For instance, for many years,
the concept of a direct and purely gravity-driven atmospheric circulation
over the great ice domes of Antarctica and Greenland—that is, the idea of
the ““glacial anticyclone”’—had dominated meteorological thinking. How-
ever, IGY observations at stations and during traverses on the high plateau
of the southern continent yielded a different picture. The surface winds are
directly related not only to the configuration of the terrain but also to the
strength of the temperature inversion in the lowest few hundred meters of
the atmosphere. Over the perennial ice fields, this inversion persists during
most of the year, with a vertical increase of temperature by 15 to 30°C
from February through November. Above the surface inversion, cyclonic
circulation of upward increasing intensity prevails in the entire troposphere
all year long.

Polar studies, IGY rocket soundings, the pioneering infrared and cloud-
cover satellites of the IGY, and the general pattern of cooperation provided
methods and tools that bore fruit after the IGY. They led, for example, to
the TIROS, TOS, and Nimbus series of experimental and research satellites
and to the operational satellites that followed. They now make possible, in
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conjunction with the numerical modeling and computer innovations of von
Neumann and his colleagues, the formulation of an attack on global atmo-
spheric processes, GARP, which is discussed also in Chapter 5.

7.6 POLAR RESEARCH

Problems of logistics in the Arctic regions had been largely solved before
the IGY . The Soviets in particular, because of obvious geographical inter-
ests, had conducted sea and air operations along their coast and far into the
Arctic Basin to study sea ice and water as well as the lower and upper
atmospheres, and they had established observatories on ice floes. In the
United States, the Air Force Cambridge Research Laboratories had
pioneered in ice-flow work, notably in the discovery and use of Fletcher’s
Ice Island, which served as a scientific station for many years. Studies in
the Arctic were intensified during the IGY and have continued to the
present, albeit at a lower level on the part of the United Sattes.

The Antarctic, however, was another matter. It was far more remote, in-
accessible, and uncongenial; nor was there national interest linked to sover-
eign lands, coasts, and coastal waters. Yet the planners of the IGY con-
sidered both polar regions of appreciable scientific interest, for these
were vast zones replete with unique regional problems, and, in any case, a
global view of the earth required their investigation. Distinctive features
of unique scientific interest are present: The magnetic poles control the
configuration of the aurora and the geometry of processes in the magneto-
sphere; and these cold regions influence the dynamics of flow in the
oceans and the atmosphere. Because some 70 percent of the earth’s fresh
water is in the form of Antarctic ice, better measurement of this ice is
pertinent to an understanding of the earth’s heat and water budget.

Largely because of logistical difficulties encountered by early explorers
and investigators, scientific knowledge of Antarctica and the surrounding
waters was scanty at the advent of the IGY. During the IGY, however,
these difficulties were overcome by the use of ski-equipped air transports,
helicopters, snow tractors, and icebreakers, which enabled 12 nations to
maintain 54 winter stations and many more summer stations. Data gath-
ered at these stations and the hundreds of ship stations in Antarctic waters
revolutionized the knowledge of Antarctica in several disciplines.

Representatives of six nations worked together on synoptic weather
analysis and research programs at the IGY Antarctic Weather Center at
Little America. They provided regular analyses for routine operational
purposes and supported other scientific disciplines in which meteorological
information was needed. They also developed programs of research into the
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basic synoptic processes of Antarctica and the Southern Hemisphere. An-
other element of international cooperation was the vigorous program in
which scientists of several nations spent periods of time ranging from a sum-
mer to a year or more working at the scientific bases of other nations.

These exchanges covered meteorology, biology, geology, upper—atmosphere
studies, and the like and are still being conducted.

Two of the general consequences of the IGY Antarctic program were the
political agreement on Antarctica and the creation of an ICSU mechanism
for post-IGY cooperation in Antaractic research. The first of these took
the form of the Antarctic Treaty, ratified in 1961, which put aside national
claims, dedicated Antarctica to peaceful scientific uses, and provided for
inspection of any station by representatives of any signatory nation. A
Treaty Organization was established, meeting biennially, which relies on
the ICSU committee mentioned below for scientific counsel. It is generally
acknowledged that the Treaty—the first in history to devote a region, ad-
mittedly barren and forbidding, to peaceful purposes—was possible only
because the IGY had established a suitable amity among national partici-
pants.

The second consequence of such cooperatlve investigations was the
establishment by ICSU of the Special Committee for Antarctic Research*
(SCAR), which has continued to foster cooperative studies in the Ant-
arctic regions. The number of fixed stations has decreased from the peak
of the IGY, but the number of disciplines and the degree of mobility have
increased. Although some solid-earth and biological studies were included
in the IGY, these were not its primary subjects. The SCAR has encouraged
substantial efforts in marine biology (as well as physical oceanography) in
Antarctic waters and has devoted markedly increased attention to studies
of flora and fauna and of geology, while continuing the investigations of
interface and atmospheric sciences.

7.7 SPACE PHYSICS

Interests in the conduct of in situ measurements had led the organizers of
the IGY to advocate the use of instrumented rockets and satellites. Sig-
nificant results accrued—for example, the discovery of the Van Allen
radiation belt, precursor to the present knowledge of the magnetosphere.
Interest in this area led to the formation of the Committee for the Inter-
national Year of the Quiet Sun (IQSY).

The IQSY was an international cooperative program of observations in

* Now the Scientific Committee for Antarctic Research.
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solar-terrestrial physics. The 1QSY was designed to complement, during
the solar minimum of 1964-1965, the 1GY programs in sun-controlled
disciplines that had been carried out during the solar maximum of 1957-
1958. A Special Committee* of ICSU was established in 1962, with rep-
resentatives of the four unions with interests in this field (IAU, ITUPAP,
IUGG, and URSI), two representatives from COSPAR, with which it
worked very closely, and delegates from the 71 participating nations.
Agreements were made about the establishment or continuation of nets
of observing stations, the collection and distribution of synoptic data, the
geographical and time distribution of work, and coordination with exist-
ing programs (such as space programs). The Special Committee for the
IQSY continued in existence until the end of 1967, to bring the results of
the 1964-1965 observing program to an orderly conclusion by, for ex-
ample, publishing the seven-volume Annals of the IQSY.'? Some national
committees (including the U.S. National Committee on 1QSY) also pub-
lished reports.

During the IGY, an international network of strategically located cos-
mic ray neutron monitors was set up that, on a large scale, made use of
the earth’s magnetic field as a magnetic spectrometer to study energy de-
pendence, directional dependence, and time dependence of energetic solar
and galactic particles. These techniques yielded the first understanding of
particle propagation in interplanetary space and thereby of the physical
processes taking place in the interplanetary medium. It became clear that
diffusion processes govern this propagation; the existence of the solar wind
was postulated, and the structure of interplanetary magnetic fields was
deduced. These ideas were confirmed by the first earth satellites and deep-
space probes. The time dependence of the cosmic ray intensity does not
depend on the presence of the earth; the responsible mechanism is helio-
centric in character. Direct measurements of the stream of solar plasma
confirmed the existence of a solar wind, and the interplanetary magnetic
fields were found to be consistent with those predicted. Within the few
years covered by IGY and IQSY, the physics of interplanetary space devel-
oped from an almost unknown field to a well-established one.

Illustrative of work fostered by the 1QSY are satellite studies of the sun.
During the interval covered by the 1QSY, several SOLRA D’s recorded solar .
x-ray emissions in several wavelength bands. They transmitted a continuous
telemetry signal, which could be received and decoded by anyone with ade-
quate equipment. As a result, atmospheric scientists and aeronomers in
many countries built inexpensive receivers and obtained data in real time

* A “Special Committee” of ICSU is one on which national scientific groups, as well
as unions, are officially represented.
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on solar x-ray emission, which they could then use to correlate with their
own ground-based measurements. Solar radiation data from other space-
craft (such as the NASA Orbiting Solar Observatory, or 0S0, series) and
terrestrial observatories were also (and still are) distributed so that correla-
tions of this same kind can be performed after the fact.

The understanding of the emission and propagation of energetic particles,
typically produced in solar flares, was fragmentary in the pre-IGY years
but gained enormously through synoptic observations from many disci-
plines. Solar patrol and observations by a worldwide net of solar observa-
tories in the optical region and in various bands of radio emission continu-
ously covered the solar disk. These observations were combined with the
detection of solar x rays and with measurements of particle fluxes and
spectra by a variety of means. Satellite detectors, balloon-borne detectors,
neutron monitors, and polar-cap radio absorption and forward-scattering
measurements provided data on measurable aspects of the phenomenon. As
a result, there exists today a detailed picture of particle propagation be-
tween sun and earth and of the relative roles played by anisotropic diffu-
sion, convection, and acceleration in particle transport.

The Proton Flare Project, proposed by 1AU Commission 10 and en-
dorsed by the 1QSY Committee, was organized at the end of the 1QSY.

At that time, the level of solar activity was beginning to increase, improv-
ing the chances of occurrence of a proton flare. Many types of observation
were involved: time histories and radio-frequency spectra of the entire
range of electromagnetic radiation, from radio frequencies to x rays; parti-
cle emissions in all accessible energy ranges, from both spacecraft and
ground observatories; and time series of maps of the active region’s mag-
netic fields. The effects of the proton flare on the ionosphere and the geo-
magnetic field also were included. A system for issuing quick warnings of
imminent or occurring solar flares was established, and July 1966 was
selected as one of the alert periods. As a consequence, a large body of ob-
servational material was obtained on the event of July 7, 1966, and on
other lesser flares occurring during the following several days. It was possible
to deduce (with some disagreement over details) the mechanism by which
the complex magnetic fields in the flare region broke down, with the re-
lease of energy in the form of high-energy particles (up to several GeV)
and intense x rays, and to trace the effects of these emissions in the inter-
planetary medium and their interaction with the earth’s magnetosphere
and atmosphere right down to the ground. This was the first occasion on
which such a complete history of the interlocking phenomena related to a
single solar proton flare had been assembled and interpreted. (The collected
results are published in Volume 3 of the IQSY Annals.)

Both the IGY and 1QSY showed the value of the international inter-
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disciplinary approach, and, as a consequence, considerable momentum -
built up in solar-terrestrial physics. With the close of the 1QSY, it seemed
desirable to establish new machinery at the international and interunion
level to provide for continued planning, coordination, and information and
data exchange. The Inter-Union Commission on Solar-Terrestrial Physics
was established in 1966 for these purposes, with representatives from the
same international organizations as the IQSY Committee, although its
contacts with national bodies are more informal.

7.8 COMMITTEE ON SPACE RESEARCH

Before the close of the IGY, it was clear that a mechanism for interna-
tional cooperation in space research would be useful; thus it was that
ICSU organized the Committee on Space Research. Space research involves
many different disciplines$ in the life and physical sciences; therefore, the
Council of COSPAR consists of representatives of 11 unions as well as 35
nations. Working groups in relevant areas afford opportunities for discus-
sion of important space research problems; symposia and publications pro-
vide for the discussion and dissemination of results; some data interchange
has come about through the World Data Center System (see below); and

" cooperative programs have been realized—for example, COSPAR coordi-
nated the space aspects of the IQSY and later programs in solar-terrestrial
physics. NASA first offered bilateral international collaboration through
COSPAR, and its subsequent program has involved several scores of na-
tions in cooperative rocket investigations, the flight of experiments on
U.S. space systems, and a variety of training and educational relationships.

A necessary, if small, role of COSPAR is that of maintaining an inter-
national roster of objects launched into space, just as the IAU keeps track
of comets and asteroids. This information, together with the particulars of
space experiments suited to international cooperation (for example, satel-
lites with radio beacons that can be used for ionospheric studies and real-
time telemetry from satellites monitoring solar x rays), allowed nations
that did not have satellite-launching capabilities to participate in space
research.

Another COSPAR project that has contributed significantly to both
physical science and constructive international collaboration is the Inter-
national Reference Atmosphere, a set of tables modeling the high atmo-
sphere on the basis of in situ information from rockets and satellites.

The annual COSPAR meetings and symposia have provided an oppor-
tunity for space scientists from all nations to intermingle, to become ac-
quainted personally as well as through the scientific literature. In such a
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fast-moving field, the pace of publication through normal channels is too
slow, and personal communications influence future experiments long be-
fore the earlier results appear in print. COSPAR has also provided an in-
valuable scientific link between east and west, short-circuiting the addi-
tional delays of translation of journal articles.

7.9 EXCHANGE OF DATA

Early in the planning of the IGY, its organizers recognized that, however
successful its planning and execution might be, the program would remain
incomplete without an exchange of original data and of calibrated, sum-
mary tables. The exchange of summary tabular data was realized in the
publication of the Annals of the IGY (48 volumes). The exchange of origi-
nal data was achieved through the World Data Center system of three -
international centers: WDC-A in the United States, WDC-B in the Soviet
Union, and wDC-C, distributed by discipline among several nations in
Europe, Australia, and Japan.

The contents of the centers vary with the discipline. Under WMO
auspices, complete meteorological data of the standard parameters is aug-
mented by special studies begun during the IGY . Samples taken at agreed
intervals are stored for other fields, such as idonospheric physics. Complete
interchange of all magnetograms takes place. These centers, by interna-
tional agreement, are maintained under the auspices of ICSU to handle
data gathered since the IGY. Details of the types of data to-be exchanged are
considered periodically by groups of specialists, such as COSPAR, the
Upper Mantle Committee, or the Inter-Union Commission on Solar-Ter-
restrial Physics. Groups that interpret the needs.of the scientific commu-
nity and the growing areas of practical applications oversee the data-ex-
change programs.

Data frequently requested, such as solar-wind measurements and geo-
magnetic indices, are published. Detailed data, such as hourly average in-
tensities of the neutron component of cosmic rays, are stored on magnetic
tape. Other data, such as photographs of comet tails, are held at the origi-
nating observatory, but the Data Centers serve as guides to what data exist
and where they are. The data-exchange mechanism takes a heavy burden
of correspondence off institutions and individual scientists and assures
ready and rapid access to needed data.



8 Characteristics of Earth and Planetary Physics and
Priorities in This Subfield

A discussion of the role of physicists, their funding, and their productivity
in the earth and space sciences presents a number of aspects that are not
encountered in the traditional core fields of physics. Consequently, the
data appearing in this chapter must be viewed in the proper context.

There are two major sources of difficulty. First, earth and planetary
physics is not a separate, clear-cut field. Physics is only one of the disci-
plines involved in the earth and space sciences. Manpower requirements
and funding, priority, and planning decisions relate to major science
activities; rarely, if ever, do they pertain specifically to the role of the phys-
icist. To be effective, the physicist working in earth and space sciences
must combine his efforts with those of engineers, chemists, life scientists,
meteorologists, geologists, and others. In doing so, his view of himself and
the research process can change significantly from that engendered by his
training and experience as a physicist. Possibly, he will cease to identify
himself as a physicist, and, as the statistics will show, he probably will not
publish in recognized physics journals or in any journal covered by Physics
Abstracts.

" There are others who, in the broadest sense of the word, are physicists
but probably have never considered themselves as such. For example, a
typical pattern that could well be found in a department of physics is an
undergraduate major in applied mathematics, followed by graduate studies
that include many advanced courses in physics and mathematics and thesis
research in dynamical meteorology. However, a student following this pro-
gram would not be considered part of the physics community.

The second difficulty relates to the inhomogeneity of the earth sciences.
Although all have a similarity in approach, the differences are such that
mobility among the different areas of specialization generally is not great
and statements that cover the entire field are likely to be heavily weighted
by the unique characteristics of one particular component. Thus the geo-
logical sciences employ by far the largest number of scientists and differ
from other earth and space sciences in having a big industrial segment and a
high proportion of teachers. The geological sciences constitute a mature
field, transfers to and from which are slow. Meteorology also is a relatively
mature field with low turnover of personnel, but industrial involvement is
small and that in government-supported activities, high. In meteorology
a significant component of research and development tends to be conducted
by non-PhD’s, On the other hand, both aeronomy and interplanetary re-
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search have always been populated largely by physicists. Data on earth and
space scientists in the societies belonging to the American Institute of
Physics (A1P) tend to be weighted toward the characteristics of this group.
Oceanography has only recently emerged as an important field for physi-
cists. It has a large interface with the life sciences. Indirect costs, in the
form of ship time, for oceanographic research tend to be disproportion-
ately large compared to those in the geosciences and atmospheric sciences.
Both oceanographic and space sciences employ small numbers of scientists
compared to the atmospheric sciences, which, in turn, are dwarfed in com-
parison with the geological sciences.

An additional difficulty is that research supported by the National Aero-
nautics and Space Administration (NASA) has unique characteristics, and,
since these expenditures are very large, they distort the fiscal statistics for
research in the earth and space sciences. Since NASA activity is recent in
inception and is subject to rapid change, it is probably responsible for much
of the mobility that now occurs in earth and space sciences. Aeronomy and
interplanetary physics have been strongly supported by NASA, and these
fields display characteristics peculiar to the NASA mission. Finally, NASA
has large in-house research activities and also has supported institute-type
research on university campuses. Many of those working in such institutes
can be identified as physicists; therefore, statistics on the nature of employ-
ment at universities in the earth and space sciences tend to show a relatively
large proportion of nonteaching appointments.

8.1 MANPOWER
8.1.1 The Interface with Physics

This section presents manpower data culled from a variety of sources that
employ classifications sometimes differing from those adopted in this re-
port. This Panel’s major concern is the relationship between the discipline
of physics on the one hand and the earth sciences and related space sciences
on the other. The interface defines the earth and planetary physics subfield.
The relationship to physics usually is established by (a) the nature of the
highest academic degree, (b) AIP membership, and (c¢) self-identification.
All three methods of identification are fallible; in particular, all can fail to
identify a man whose research methods are those of physics but whose -
graduate department was not physics.

Other disciplines also can be identified by means of society membership:
geosciences by the American Geological Institute (AGI), and atmospheric
sciences by the American Meteorological Society (AMS). Oceanography
and space sciences have no universally accepted national scientific societies;
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all the earth and space sciences are represented in the American Geophysi-
cal Union (AGU). In each of these societies, some members identify them-
selves as physicists. It is probable that such people also are represented in
the AIP and respond to its questionnaires. Thus, one finds physicists classi-
fied in the earth and space sciences and earth and space scientists classified
as physicists.

Degree patterns from studies'® of the 1967 annual meetings of the AGU
and the.AMS provide data on the overlap between physics and the earth
and space sciences. In a sample of 183 authors of presentations made at the
48th Annual Meeting of the AGU in April 1967, the field of highest aca-
demic degree indicated by 33 percent was physics; 1 percent indicated
astronomy. Of a random sample of 416 from all of the attendants at this
meeting, 27 percent also indicated physics as the field of highest academic
degree, with 2 percent reporting their highest degrees in astronomy. The
principal work activity indicated by those in both samples was basic re-
search; four fifths of the authors and about two thirds of the attendant
group ranked this activity first or second in terms of demand on their time.

A similar study conducted at the 47th Annual Meeting of the AMS in
January 1967 and at the meteorological sessions of the April 1967 Annual
Meeting of the AGU showed that 17 percent of the sample of 130 authors
had received their highest academic degrees in physics and 1.5 percent in
astronomy. Physics was the field of highest academic degree of 11 percent
of the 281 meeting attendants sampled, and astronomy that of 7 percent.
Basic and applied research were the most time-demanding work activities
in both these groups, with the meeting-attendant sample also reporting sub-
stantial allocations of time to administrative work.

These studies collected information only on highest academic degree and
provided no data on those with terminal degrees in geophysics or meteorol-
ogy who held undergraduate or master’s degrees in physics.

Another view of the interface between earth and planetary physics and
physics is afforded by the Section membership of the National Academy of
Sciences (NAS). Sections are chosen by members to correspond to their
primary field of interest. The Geophysics Section (39 members) currently
includes all the areas subsumed under earth and planetary physics, although
a few active members in the subfield have chosen the Sections of Physics
(109 members), Geology (41 members), Astronomy (36 members), and
Applied Sciences (28 members). These data are difficult to interpret, but
they suggest that a significant proportion of those NAS members who re-
gard themselves as being within the broad discipline of physics are primar-
ily concerned with the subfield of earth and planetary physics.

The most recent edition (1968) of the National Science Foundation



Characteristics of Earth and Planetary Physics 943

(NSF) publication American Science Manpower provides data on those por-
tions of the National Register of Scientific and Technical Personnel con-
cerned with members of the AMS and the AGI. These data, together with
1968 and 1970 data on physicists identified with earth and planetary phys-
ics in the National Register survey, afford a partial description of the char-
acteristics of scientists working in the subfield.

American Science Manpower 1968 (NSF 69-38) shows that approximately
10 percent of the 298,000 participants in the 1968 National Register Sur-
vey were identified with atmospheric, geological, and oceanographic activ-
ities and that about 11 percent were identified with physics. (If it is as-
sumed that some 85 percent of the PhD and non-PhD populations taken to-
gether respond to the Register Survey, then in 1968 the total U.S. scientific
manpower—Register respondents plus nonrespondents—in the atmospheric,
geological, and oceanographic disciplines was about 34,000, and the total in
physics, about 38,000.) About 1600 of the physicists work in atmospheric,
. geological, or oceanographic disciplines; however, very few of those in the
earth and space science groups work in physics. Table IX.5 presents data
from American Science Manpower and the National Register Survey for
1968 on earth and space sciences manpower. The table gives some indica-
tion of the involvement of physicists in earth and space sciences (see the
column showing the number identified with the AIP). A higher percentage
of PhD’s, composed largely of physicists, is found in the space sciences than
in atmospheric, geological, and oceanographic disciplines taken together. In
the space sciences, the percentage of PhD’s (49 percent) is, as might be an-
ticipated, close to that for physics (44 percent). Only 16 percent of the .
23,160 scientists identified with atmospheric, earth, and ocean sciences in
the 1968 Register Survey held PhD’s.

Table 1X.5 also illustrates the imbalance among the different fields that
comprise the earth and space sciences. Geological sciences dominate nu-
merically. Atmospheric sciences also account for a large part of the scien-.
tific manpower. Space and oceanographic sciences are relatively smaller.
However, these smaller areas have a large fraction of PhD’s.

8.1.2 EmploymentPatterns

Table I1X.6 compares the employment patterns of earth and planetary phys-
icists with patterns for all physicists. Earth and planetary physicists were
less involved-in teaching than physicists in general and more involved in
government research. As subsequent discussion will show, the teaching in-
volvement of university-based earth and planetary physicists is low, and the
contrast with physics is stronger than the figures in Table I1X.6 indicate.
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TABLE 1X.6 Employment Patterns of Earth and Planetary Physics PhD’s and Non-
PhD’s Compared with Those for the Total Physics Population®

Earth and Plane- Earth and Plane-  All Physics
Employing tary PhD’s, All Physics PhD’s, tary Non-PhD’s,  Non-PhD’s,
Institution N=712 (%) N =16,631 (%) N=673(%) N =19,705 (%)
College and
university 38 51 33 28
Industry 23 23 20 33
Government 22 9 31 15
Research center 13 12 4 6
_ Other 4 5 12 i8

2 Data are from the 1970 NSF National Register of Scientific and Technical Personnel.

8.1.3 Work Activities .

Table IX.7 summarizes the primary work activities of earth scientists and
earth and planetary physicists. The differences in work pattemns are striking.
A high proportion of PhD’s and non-PhD’s in earth and planetary physics
are engaged in research (67 percent and 64 percent, respectively). The com-
parable figures for research for all physics are 55 percent for PhD’s and 47
percent for non-PhD’s. In the earth sciences as a whole, the figures are 32
percent (PhD) and 18 percent (non-PhD). This finding reinforces the con-
clusion, derived from almost all types of data on these fields, that patterns
of activity and employment in earth and planetary physics differ from
those for both the earth sciences as a whole and physics.

This is true also of the roles and responsibilities of PhD physicists and
earth scientists in universities. In the earth sciences as a whole, some four
fifths (82 percent) of those employed in universities hold faculty appoint-
ments. Only half (51 percent) of the earth and planetary physicists have
faculty appointments. The percentage for physics falls between these
extremes.

8.1.4 Mobility

A comparison of the data from the 1968 and 1970 National Register sur-
veys shows changes in the earth and planetary subfield during this two-year
interval. The PhD population of the subfield increased by 25 percent, from
567in 1968 to 712 in 1970. (The number of PhD’s in earth and planetary
physics in 1964 was 309.) The nondoctorate population increased from
599 in 1968 to 673 in 1970, a 12 percent growth. About 71 percent of the
net growth in the subfield resulted from new PhD’s. The median age of the
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TABLE IX.7 Primary Work Activities of Earth Scientists?

Work Activities (%)
Degree and Field Research? Teaching R & D Management Other®
PhD’s
Earth and planetary ’

N=107) 67 13 15 N
AGI scientists (VW = 4689) 30 42 9 19
AMS scientists

(V =493) 50 23 16 10

Non-PhD’s
Earth and planetary

W =657) 64 7 11 18
AGI scientists

N = 21,746) 17 18 6 59
AMS scientists
(VW =5413) 20 5 7 - 67

2 Data for the American Geological Institute and the American Meteorological Society respondents
are based on American Science Manpower 1968; those on earth and planetary physics are based on
the 1970 National Register survey.

b Research includes basic and applied as well as the design and development category, which has a
negligible effect in these groups.

€ The “other’ category includes exploration and forecasting, which are major activities of many
scientists in the geological and meteorological groups.

earth and planetary physicists changed from 37.8 years in 1968 to 37.4
years in 1970. The median age of new PhD’s was (surprisingly) 31.5 years.

In addition to an influx of new PhD’s, there was a large turnover of man-
power in earth and planetary physics between 1968 and 1970. Only 55.6
percent of those working in this subfield in 1970 reported working in it in
1968. One third (33.6 percent) of the 1968 subfield population apparently
left. The age distribution of those moving from the subfield does not differ
greatly from that of those remaining in it. :

Other aspects of mobility are movements between employers and geo-
graphical movements. In 1970, in contrast to 1968, 20 percent of earth
and planetary physics PhD’s were new PhD’s, 13 percent had changed em-
ployer, 28 percent were new to the subject but had kept the same employer,
while 39 percent had continued in the subject with the same employer.

" Geographic mobility provides only a lower bound for the various kinds
of movement. Earth and planetary physicists remained in the same location
more frequently than did other physicists. Although 33 percent of the 1968
PhD’s shifted from the subfield, only 6.7 percent moved to another geo-
graphic location.

Personal experience of members of the Panel on Earth and Planetary
Physics suggests that the findings on mobility may not be typical of cur-
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rent conditions. A major group in earth and planetary physicé has been sup-
ported by NASA . This group accounts for a disproportionate number of
research workers in universities who do not have faculty appointments. Re-
trenchment in federal programs probably will influence this group of phys-
icists, and future statistics will no doubt reflect the impact of government
policy.

Another change in mobility patterns could result from the change in
attitude of young physicists. There is an increasing desire to apply the skills
of physics to the solution of national and social problems. Earth and plane-
tary physics exercises an attraction in this context, evidence for which is an
upsurge in applications for postdoctoral positions in this subfield. Obviously,
this trend is amplified by decreasing research opportunities in the traditional
subfields of physics.

Earth and planetary physics has not been able to respond to this surge
of interest. As subsequent sections show, the subfield has been character-
ized by, at best, level budgeting in spite of increasing numbers of em-
ployees, the rapid growth of knowledge, and the exciting prospects for its
exploitation. Moreover, the subfield is relatively mature; manpower levels
and employment pattems cannot be changed rapidly to meet new

~ opportunities.

These statements can be illustrated by an example—applications for post-
doctoral fellowships at the National Center for Atmospheric Research
(NCAR). Table IX.8 shows the total number of applications and awards,
with the'number of physicists who had never before been connected with
atmospheric research (“‘physics applicants™ and “‘physics awards’”) shown
separately. The response that the Center has been able to make to the pres-
sure from outside is small. Of the six physicists awarded fellowships in
1971-1972, four have been sent to the University of Chicago to gain ex-
perience in atmospheric problems.

Possibly, this situation is transitory. The emotional climate toward en- -
vironmental issues could change, and universities may modify their policies

TABLE IX.8 Postdoctoral Applications and Awards at the National Center for
Atmospheric Research

Applicants and

Awards 1968-1969 1969-1970 1970~-1971 1971-1972
Total applicants 26 46 129 123
Physics applicants 9 17 43 40

Total awards . 10 13 11 18

Physics awards 1 2 0 6
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toward graduate education in physics. However, there is at present a rare
opportunity, perhaps of short duration, to obtain a transfusion of new
skills into earth and planetary physics.

8.2 PRODUCTIVITY

Perhaps the least satisfactory comparison with other subfields is provided
by the publication data obtained from a study of 13 issues of Physics Ab-
stracts (numbers 856, 860, 861, and 869-878). Members of the Panel on
Earth and Planetary Physics often cannot find their own publications in the
Abstracts because the editors do not classify them as physics. Moreover,
the subfield is characterized by a regrettably large “‘gray” literature of ob-
servatory and project reports, which are known and available to those who
work in the field. Although the Panel does not necessarily endorse such a
manner of disseminating research findings, its significance as a means of
publication cannot be overlooked.

The total sample of articles from U.S. institutions in all subﬁelds of
physics taken together was 1183, of which 637 were experimental in na-
ture and 546 theoretical. About 10 percent of the papers dealt with the sub-
ject matter of earth and planetary physics. Of these 117 papers, slightly
more than half (53 percent) were experimental. Table 1X.9 shows the types
of institutions in which the reported work was conducted. Most of the re-
search, both experimental and theoretical, took place in universities, with
important contributions from government laboratories and industry.

An additional survey of physics theses abstracted in Dissertation Abstracts
during the first six months of 1970 showed that 5.5 percent (33) of the
597 theses listed in the physics section were concerned with the subject
matter of earth and planetary physics. Theses that appeared in the engj-
neering section of Dissertation Abstracts also were examined, and 870
were identified that dealt with material that might legitimately have ap-

TABLE IX.9 Institutions in Which Published Research in Earth and Planetary Physics
Was Conducted

Institutions

Nature of

Work University Government Industry Research Center
Experimental 35 15 7 5

Theoretical 26 12 11 6

" TOTAL 61 Y ’ N £ 11
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peared in the physics section. Of these 870 physics-oriented engineering
theses, 55 (6 percent) treated subjects within the scope of earth and plane-
tary physics. '

According to this last statistic, more activity in earth and planetary phys-
ics may take place under the aegis of engineering than under that of phys-
ics. This conclusion is not entirely surprising. In Chapter 4, we drew paral-
lels between the relationship of physics to the earth sciences in education
and the relationship of physics to other fields such as engineering and engi-
neering physics. In many cases, the simplest solution to problems created
by the rigid departmental structure of universities has been to develop
branches of the earth sciences in, or in combination with, engineering
schools.

This factor emphasizes the difficulty of collecting adequate data on
physics and the earth sciences and interpreting such data as are available.
The data used throughout this section in manpower pertain to the recog-
nizable core area of physics.

8.3 FUNDING

Under the heading Environmental Sciences, federal documents identify
expenditures as Atmospheric, Oceanographic, and Earth Sciences; how-
ever, there is no subdivision into earth and planetary physics. As a result,
the Panel had to rely on general experience with the subfield to arrive at
rough estimates of expenditures.

The discussion of manpower suggests that a large proportion of those
engaged in research in environmental sciences are identified with earth
and planetary physics. In addition, an unusually high proportion of the
earth and planetary physicists, as compared to other physicists and to
other scientists working in the environmental sciences, were engaged in
research. It seems evident that there are few areas of basic or applied re-
search in the environmental sciences in which education in physics is not
profitable. Consequently, in one sense, the entire research expenditure
in the environmental sciences is potentially related to earth and plane-
tary physics and we shall not distinguish sharply between them in this
discussion. (The following section of this chapter on “Activities in Individ-
ual Disciplines’” offers a more detailed discussion.)

Table IX.10 presents an overview of federal expenditures on research
and development by department for fiscal year 1970. The figures are
further broken down into physics and environmental sciences, showing
that these two fields account for more than 50 percent of the basic re-
search expenditure in NASA , the NSF, the AEC, and the Departments
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Basic Research Obligations in Environmental Sciences, 1969

:] Applied Research Obligations in Environmental Sciences, 1969

Atmospheric

ENVIRONMENTAL SCIENCES

FIGURE IX.14 Federal obligations (in millions of dollars) for basic and applied re-
search in environmental sciences in 1969 (not including NASA obligations). [ Source:
Federal Funds for Research, Development, and Other Scientific Activities. Fiscal Years
.1969, 1970, and 1971, Volume XIX (NSF 70-38).1

of Transportation and Commerce. The breakdown also indicates that
total expenditures in the environmental sciences do not lag far behind
those for physics. A comparison of research expenditures in physics, as-
tronomy, and the environmental sciences appears in Figure IX.14. The
data in this figure do not include NASA expenditures.*

Table IX.11 shows the breakdown of funds for basic research in the
atmospheric, geological, and oceanographic components of the environ-

* NASA expenditures on Space Science and Applications (OSSA budget) are treated
in a subsequent section. Unless these data are examined in detail, they distort the total
support picture; for example, NASA research obligations in the environmental sciences
were $474 million in 1966, as compared to $291 million in all other agencies, and
$258 million in 1969, as compared to $293 million in other agencies. .

To judge by the breakdown in Table IX.10, NASA budgets should have a similar ef-
fect on physics expenditures. However, it is not clear that this is the case. The NASA
expenditure on ‘‘space physics” amounted to about $50 million in 1969, and most of
this expenditure is properly considered under earth and planetary physics. Thus it is
difficult to understand how 45 percent of NASA’s expenditure could be attributed to
physics. The fiscal situation becomes clearer if NASA expenditures are separated from
those of other agencies.
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TABLE IX.11 Support of Basic Research in the Environmental Sciences in 19694

Percent of

Total Basic Support ($millions)
Agency or Research
Department Support Atmospheric Geological Oceanographic Total
NSF 323 24.0 9.5 15.1 48.7
Interior 16.1 - 23.1 1.2 24.3
Army 40 4.5 1.0 0.5 6.0
Navy 204 5.6 1.7 23.5 30.8
Air Force 11.2 15.4 1.5 - 16.9
Commerce 6.5 7.2 1.5 1.1 9.8

% Data are based on Federal Funds for Research, Development, and Other Scientific Activities.
Fiscal Years 1969, 1970, and 1971, Volume XIX (NSF 70-38).

mental sciences in some of the federal agencies (excluding NASA) that
allocate substantial support to such work. Not unexpectedly, the Navy
is heavily engaged in the support of basic research in oceanography, and
the Department of the Interior (that is, the U.S. Geological Survey) sup-
ports much basic research in geology. It is surprising to note how little
the Environmental Science Services Administration (ESSA), now ab-
sorbed into the National Oceanic and Atmospheric Administration, of
the Department of Commerce, invests in research. Basic research in the
atmospheric sciences is supported principally by the NSF and the Air
Force.

The most significant fact about the federal support of basic research
in the environmental sciences is that it has been relatively level during
recent years, despite a steady increase in the number of scientists in-
volved. Table [X.12 presents these data, beginning with 1966. (Prior to
that date, NASA expenditures were not separately identified in the NSF
tabulations.) The 1971 estimates included in the table predated congres-
sional hearings on appropriations for that fiscal year and are typically
high. The data show that, in spite of pressures from Congress and the
public for more effort in relation to environmental problems, there has
been no increase of expenditure in the past five years. Since inflation has
been continuous during this interval, the actual level of effort must have
declined. A more detailed examination of work in various fields of the
environmental sciences in the following section of this chapter reflects
this same level pattern. '

One might expect that industry would support a substantial amount
of research in geophysics, but this does not seem to be the case. The NSF
publication Research and Development in Industry, 1967 (NSF 69-28)
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TABLE IX.12 Federal Basic Research Expenditures in the Environmental Sciences
($millions)?

Basic Research Expenditures by Fiscal Year

Science 1966 1967 1968 1969 1970 (est.) 1971 (est.)
Atmospheric 573 59.8 58.1 58.1 59.7 66.7
Geological 32.6 37.6 40.2 40.7 43.1 43.7
Oceanographic 60.3 39.2 51.7 51.6 53.6 60.7
TOTAL 150.2 136.6 150.0 150.4 156.4 171.1

2 Data in the table do not include NASA expenditures. Data are based on Federal Funds for
Research, Development, and Other Scientific Activities. Fiscal Years 1969, 1970, and 1971, Volume
XIX (NSF 70-38).

indicates a total of $20 million for support of basic research in “geology,
geophysics, and other earth sciences” in 1967 in a table that includes
both federal and industrial funds. The amount supplied by industry from
its own resources appears to be small. Although no specific data are avail-
able for oceanographic and atmospheric sciences, industrial expenditures
in these sciences also are probably small.

8.4 ACTIVITIES IN INDIVIDUAL DISCIPLINES

8.4.1 Atmospheric Sciences

During the 1960’s, the atmospheric sciences in the United States under-
went major changes both in research expenditures, which rapidly in-
creased, and in outlook. Prior to 1960, meteorological research was
poorly supported, with emphasis on short-term projects and with rela-
tively little input from the physics and mathematics communities.
Aeronomy, which had separated almost completely from meteorology
in the early 1950’s, had relatively close connections with physics, par-
ticularly in countries other than the United States.

The interests of a small group, including J. von Neuman, E. Teller, L.
Berkner, and C. Rossby, led to a new appraisal of the status of meteorol-
ogy. In the National Academy of Sciences—National Research Council
report, Research and Education in Meteorology: An Interim Report,'*
the Committee on Meteorology emphasized that the subject offered far
greater opportunities than had been exploited, particularly in regard to
the use of physical research. It was proposed that the basic research bud-
get be doubled from $5 million to $10 million and that a National Cen-
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ter for Atmospheric Research be created. The former suggestion led to
an Atmospheric Sciences Program in the NSF, with the National Center
for Atmospheric Research at Boulder, Colorado, becoming the largest
single expenditure of this program.

Further projections appeared in The Atmospheric Sciences 196 1-
1971.%5 This report recommended a total federal research budget of
'$605 million and a production rate of 180 PhD’s per year in 1971. Data
presented in Figure 13 indicate a total 1969 basic and applied research
expenditure in atmospheric sciences of about $118 million; there has
probably been no significant increase since 1969. The PhD production
is difficult to evaluate; however, some 80 new PhD’s in the atmospheric
sciences now apply for NCAR postdoctoral fellowships. According to
some estimates, the total production of PhD’s in the atmospheric sci-
ences is about 120 per year.

Since the creation of the NSF program and the founding of NCAR,
there have been three major thrusts in research: the World Weather Pro-
gram, weather and climate modification, and environmental quality.

The Global Atmospheric Research Program (GARP) and the World
Weather Watch (WwW) together constitute the World Weather Program,
to which the United States has a strong national commitment. In 1961,
President Kennedy proposed to the United Nations “further cooperative
efforts between all nations in weather prediction and eventually in
weather control.” In May 1968, the 90th Congress approved a resolution
stating that “‘it is the sense of Congress that the United States should
participate in and give full support to the world weather program.”

International activity, including U.S. participation, in meteorological
operations has always been at a high level (see Chapter 7). The reasons -
for currently increased activity are the new opportunities that have
emerged as a result of the availability of satellites and large computers.

The objectives of GARP, as stated by the World Meteorological Or-
ganization-International Council of Scientific Unions Joint Organizing
Committee are as follows:

The Global Atmospheric Research Prografme is a programme for studying those
physical processes in the troposphere and stratosphere that are essential for an under-
standing of:

(a) The transient behaviour of the atmosphere as manifested in the large-scale
fluctuations which control changes of the weather; this would lead to increasing the
accuracy of forecasting over periods from one day to several weeks.

(b) The factors that determine the statistical properties of the general circula-
tion of the atmosphere which would lead to better understanding of the physical
basis of climate. L . - : .
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This programme consists of two distinct parts, which are, however, closely inter-
related:

(i) The design and testing by computational methods of a series of theoretical
models of relevant aspects of the atmosphere’s behavior to permit increasingly pre-
cise description of the significant physical processes and their interactions

(ii) Observational and experimental studies of the atmosphere to provide the
data required for the design of such theoretical models and the testing of their:
validity.

According to the plan for U.S. participation in G ARP,

Three requirements have been identified which are essential to meeting the objec-
tives of GARP:

(1) The development of a global observing capability

(2) The availability of electronic computers with speeds at least 100 times faster
than the speeds of the most powerful computers in use today

(3) The conduct of regional field programmes and computer modelling experiments
to improve the physical and mathematical basis of long-range prediction.

The G ARP is a research program of limited duration. To the extent
that it is successful, its results will be used to update the entire interna-
tional meteorological effort. The second phase is the WWww, a WMO pro-
gram. The following reports offer discussions of the feasibility of GARP
and WWW from the scientific, technical, and manpower points of view:

Atmospheric Exploration by Remote Probes (NAS-NRC, 1969)

The Feasibility of a Global Observation and Analysis Experiment
(NAS-NRC Publ. 1290, 1966)

Educational Implications of the Global Atmospheric Research Pro-
gram (NAS-NRC, 1969)

The Global Atmospheric Research Programme (G ARP) (Report of the
Study Conference held in Stockholm, 28 June to 11 July, 1967. Inter-
national Council of Scientific Unions—International Union of Geodesy
and Geophysics—Committee on Space Research—World Meteorological
Organization)

These reports show that major technical and scientific problems must
be solved if a 10- to 14-day forecast capability is to be achieved. The
solution will be difficult, even in an extensive and strongly motivated
research effort. Active debate over some aspects of these problems could
continue until the end of this century.

These reports do not include cost estimates, but it is probable that the
directly identifiable cost of GARP, allocated over a number of years,
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will be about $200 million. NASA has a growing interest in this program.
Because of its long-term character and close relationship to human needs,
it could have an important stabilizing influence on NASA science
budgets.

To assess accurately the extent of NASA’s involvement in meteorol-
ogy is difficult. Planned programs include TIROS and improved TIROS
satellites together with Nimbus E-G and follow-up efforts. The results
from these satellites are needed to plan for G ARP, which is a separate
commitment. A Synchronous Meteorology Satellite also is planned. All
of these satellites form part of the Earth Environmental Sciences pro-
gram of NASA, which is scheduled to increase from $133 million in
1971 to a high level of $393 million in 1977. From 25 percent to 50 per-
cent of this expenditure could be for meteorological programs. Thus the
directly identified expenditures on G ARP are likely to be supplemented
with large-scale support by NASA if GARP and WWW are to achieve
their goals.

The costs of WWW are undetermined at the present time. If GARP
achieves its objectives, it could lead to a relatively firm assessment of re-
turns in relation to expenditure in meteorology. Caution in planning
probably is advisable. With computer and satellite hardware available,
it is relatively easy to initiate programs of massive cost. Very little work
has been done on the problem of cost effectiveness. The most widely
quoted work on this problem is The Value of Weather, by Maunder.!”
This book is an ambitious effort by a single author, but the information
available to him is fragmentary. Benefit-cost ratios from 10 to 100 are
claimed with existing systems, and the author concludes ‘““that increased
expenditure for weather forecasting services is an investment that will
reap rich dividends.” This conclusion cannot be seriously questioned.
Nevertheless, in the light of the human tendency to exaggerate benefits
and minimize costs, at least when data allow different interpretations,
and considering the step-function increase in expenditure that could re-
sult for www, it would be advisable to subject this view to closer
scrutiny.

Modification and contro! of climate and weather are two of the ulti-
mate goals of meteorological research. Progress toward these goals is dis-
cussed in Weather and Climate Modification: Problems and Prospects.”
This report describes the many different attempts to modify weather
phenomena and reports some positive results. It also discusses accidental
modification; this problem currently is receiving widespread attention as
part of the atmospheric pollution problem. The need for a single agency
to exercise overall control in this complex area is suggested.

Perhaps the major conclusion of the report is that one cannot with
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impunity tamper with such a complex system as the lower atmosphere
without a complete understanding of the fundamental physical and
chemical processes involved. This depth of knowledge is still lacking.
Therefore, the report strongly urges increased effort in fundamental in-
vestigations. Larger computers are needed, and, for this purpose alone,
an increase of funds from $5 million (1965) to $30 million (1970) was
recommended. Rapid advance in control and modification of weather
may not take place until the objectives of G ARP have been achieved.

In the 1970’s, an increased effort in meteorology will be required to
deal effectively with air pollution problems. To the extent that sources
of pollution are known, the most direct approach is political and legal,
with the goal of modifying effluent in quantity or quality. Meteorology
can play a part in the solution of problems of ventilation, smokestack
design, and the like. The solution of more difficult problems through
meteorological research is apt to be a long-term effort requiring increased
knowledge of many aspects of atmospheric behavior. As is true of prob-
lems of modification and control of weather, the completion of the
G ARP effort is prerequisite to rapid advance.

The response of funding agencies to the great changes in scientific ac-
tivity in the atmospheric sciences was discussed earlier in this chapter;
another representation appears in Figure 1X.15. The upper two sections
of this figure depict NASA activity, which will be discussed in a separate
section. The cost of aeronomy is small in these programs. Most planetary
work to date has been concerned with atmospheres and is related to
meteorology and aeronomy, but again it is best to separate NASA ex-
penditures from those of other agencies.

If meteorology and meteorological satellites are considered together,

a rapid rise in support between 1960 and 1963 is apparent, followed by
almost level funding (that is to say, decreasing capability) from 1964 to -
1970. Table IX.13 presents the same picture in regard to the NSF budget
(the chief source of support for basic research outside NASA). In mete-
orology, only G ARP shows increasing support, rising perhaps to $1.5
million in 1970. Aeronomy (that is, the program as a whole) declines.
The increase in facilities is needed to take care of budget items that were
dropped by Defense agencies, for example, the Arecibo and Jicamarca
observatories; there is a net loss on a national basis.

The optimism in regard to NCAR is indicated by the budget projec-
tions to 1976 that appear in Figure IX.16. This trend contrasts strongly
with the support to universities from the federal government. Recent
figures on university support issued by the Interdepartmental Committee
for Atmospheric Science make possible a comparison of averages over
the three years 1965, 1966, and 1967 with those for 1969, 1970, and
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TABLE 1X.13 The NSF Atmospheric Sciences Program, 1966-1971 ($Millions)?

Program 1966 1967 1968 1969 1970 19712
Meteorology. .
Weather modification 20 3.0 3.0 25 30 3.0
Meteorology . 34 38 4.0 4.1 4.0 4.5
GARP 0 0 0.2 0.5 1.5 1.9
TOTAL . 54 6.8 7.2 7.1 8.5 9.4
Aeronomy
Aeronomy 1.5 1.9 1.9 1.5 1.7 2.1
Solar-Terrestrial ' 1.6 14 1.8 1.9 2.3 24
1QSY 1.7 0.7 0 0 0 0
TOTAL 48 4.0 7 34 4.0 .5

Facilities and ) :
Miscellaneous 1.1 1.0 0.8 0.3 0.2 2.5

NCAR€ 9.2 12.6 114 10.2 10.2 13.6
TOTAL 20.5 244 231 21.0 229 30.0

2 A fraction of the expenditure of the Office of Polar Programs (approximately $10 million per
annum) is used for atmospheric sciences. Breakdowns of this program are not available, but the
expenditure on atmospheric work seems to be level.

b 1971 figures are estimates.

€ Other NSF figures show NCAR costs up to $1 million higher per year. NCAR also receives some
contract support from NASA, which is not shown in the table.

1971 (not yet realized and perhaps too high). During these few years,
total expenditures fell from $40.5 million to $35.2 million, while infla-
tion additionally decreased the effectiveness of the investment by 20
percent to 40 percent.* The NSF investment in the universities increased
during this interval, but the AEC,DOD, and NASA decreased their
budgets. The resulting picture is one of withdrawal of support for atmo-
spheric science by large agencies, while the NSF does not obtain the
increase needed to assume the entire university support. (See also Appen-
dix IX.C.) '

A curious paradox in the NSF funding in atmospheric sciences exists,

* Clearly, inflation is a crucial factor in judging the support of this and other programs
in earth and space sciences. The Panel is indebted to Harvey Brooks for the following
opinion: “The general GNP deflator considerably underestimates the inflation prob-
lem, particularly in a field like earth and planetary physics, with a recent injection of
very young people. The existence of a nonsteady-state age distribution creates an infla-
tion of professional salaries which is at least twice the rate of inflation of salaries in
general. I would be very much surprised if the rate of inflation in aeronomy and plane-
tary physics is less than eight percent per year, [it was] probably more like 10 percent
to 12 percent during the last two years.”
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FIGURE IX.16 NCAR appropriations, fiscal years 1965-1970, with projections to
fiscal year 1976.

one that is repeated in other earth sciences. A subject, with steadily in-
creasing opportunities and research personnel, has received decreasing
support in the universities in terms of fixed dollars during the years
1965-1970. Under the circumstances, one might anticipate a steady in-
crease in proposal pressure on the NSF, but the data in Table IX.14
suggest the opposite. The dollar requests by individuals have decreased
with time, while the amount awarded has increased. We must conclude
that during this five-year period either university investigators deliber-
ately restrained their requests for support or that the figures reflect ad-
ministrative and bookkeeping changes within the foundation. Founda-
tion officials have no simple explanation for the paradox.

The first footnote in Table IX.14 indicates radical change in funding
patterns; during the first six months of fiscal year 1971, requests for
support increased 100 percent in dollar amount over 1970. There were
no funds available to meet-this influx of good proposals. According to
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TABLE IX.14 Individual Proposals Submitted and Supported under the NSF Pro-
gram in the Atmospheric Sciences for Fiscal Year 1965 through Fiscal Year 19704

Proposals Received

and Granted 1965 1966 1967 1968 1969 1970
Total new proposals

received ($millions/yr) 12.5 19.1 19.1 170 179 169
Total proposals

granted® ($millions/yr) 4.2 6.5 7.2 7.1 79 7.9
Percent of total

dollars granted 34 34 37 45 44 47

? During the first six months of fiscal year 1971, the number of proposals received was 60 percent
greater than for the same period in fiscal year 1970, and 100 percent more money was requested.

b Figures do not include weather modification, facilities, or NCAR.

the NSF program directors, there is no difference in quality between the
new applications and those previously submitted. The new applications
came from people of the highest competence who had recently lost sup-
port from DOD, NASA, and other agencies. The trends in support con-
sidered in this section have not yet reflected this development, which
suggests that past data will be misleading as a basis for future projections.:

Research priorities in the atmospheric sciences were proposed by a
recent (1971) report of the NAS-NRC Committee on the Atmospheric
. Sciences entitled The Atmospheric Sciences and Man’s Needs: Priorities

for the Future. The objective of the study was to identify feasible re-

search programs that could contribute most to important human needs
within the next five to ten years and to propose an ordering of research
priorities to meet these needs. The report enumerated four major objec-
tives, each supported by recommendations of programs to achieve the
objectives. The recommended priorities represent a moderate but signifi-
cant shift in research emphasis and in patterns of federal support in the
atmospheric sciences.

The four major objectives proposed for the next decade were

1. To extend the capability for useful prediction of weather and
atmospheric processes .

2. To contribute to the capability to manage and control the concen-
trations of air pollutants

3. To establish mechanisms for the rational examination of deliber-
ate and inadvertent means for modifying weather and climate

4. To reduce substantially human casualties, economic losses, and
social dislocations caused by weather.
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Recommendations under Objective 1 considered phenomena of all time
and space scales. Global prediction was given highest priority, followed
by a proposed pilot project to determine the practical usefulness of
modern technology in providing local weather information. Research on
mechanisms of climate change came next, followed by research on meso-
scale weather (periods of 2 to 12 hours). Recommendations under Ob-
jective 2 supported model development and measurement programs for
urban pollution, establishment of a simple global monitoring system, and
study of the chemistry of precipitation and dry fallout. Recommenda-
tions under Objective 3 addressed particularly the administrative and
public policy problems that are emerging as critical in this field. A need
was identified for continuing attention at the level of the Executive Of-
fice to the public policy aspects of weather modification, the National
Oceanic and Atmospheric Administration was proposed as best equipped
for the principal administrative responsibility in this field, and a resolu-
tion to the United Nations General Assembly was urged that would dedi-
cate all deliberate weather and climate modification efforts to peaceful
purposes. Other recommendations were addressed to research activities.
Objective 4 was the focal point of the report and was supported by all
prior recommendations. _

Estimates of research expenditures required to implement these rec-
ommendations appear in Table 1X.15. The figures are totals for the de-
cade and are incremental to existing expenditures. A total increase of
$453 million, or $45.3 million per year on the average, is proposed. This
represents an average annual increase for the decade of about 7 percent
in meteorology and meteorological satellites. '

The Atmospheric Sciences and Man’s Needs: Priorities for the Future
did not attempt to review priorities in aeronomy or planetary atmo-
spheres; however, aeronomy has been treated in two reports of the Geo-
physics Research Board: Physics of the Earth in Space: The Role of
Ground-Based Research'® and Upper Atmosphere Observatory, Criteria
and Capability.'® The second of these reports is an amplification of one
proposal made in the first for a new incoherent backscatter facility at
L =4 on the Canadian border for the investigation of ionospheric and
magnetospheric dynamics. The cost is estimated at between $12 million
and $15 million.

The report on the role of ground-based research is concerned with

* continuing support for a field of high scientific achievement and interest
and relatively low cost. Although no branch of earth and planetary phys-
ics is divorced from or even distant from application, the report does
not discuss human needs and the influence of these considerations on
priorities. However, it states that the low cost of research and the inter-
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TABLE IX.15 Implications of the NAS Committee on Atmospheric Sciences (CAS)
Recommendations for New Research Funding in the Atmospheric Sciences during

1970-1979
New Money ($millions)
NAS-CAS
Atmospheric NAS-CAS Priority For Research  For Research
Sciences Program Recommendations Ranking Operations Facilities
Weather Full implementation of  1-1 75 Computer facilities*
prediction GARP
Local weather watch 1-2 4 8
Dynamics and modelling 1-3; 3-3 25 Computer facilities*
of climate
Mesoscale research 14 15 10
Air quality Urban models and experi- 2-1 30 Computer facilities*
ments
Remote sensing and 2-1;3-5 25 13
research
Global air quality 2-2 20 Computer facilities*
Regional modeis and 23 16 Computer facilities*
measurements
Weather and cli-  Assignment of direction  3-1; 3-2; - -
" mate modifica- and administration of and 3-6
tion program
Weather modification 34;14 35 8
laboratory
Cloud dynamics and 3:5; 14 25 Computer facilities*
physics models and 4
measurements
*Consolidated In support of 1-1, 1-3, - - 140
computer re- 2-1,2-2,2-3,3-3,and
quirements 35 .
TOTALS - - 270 183

esting phenomena involved have made this field an important point of
contact between conventional physics and the earth and space sciences.
The recommendations include new permanent facilities, greater use
of existing facilities or approaches, modernization of facilities or tech-
niques, new types of instrumentation, and new mobile stations. Unfor-
tunately, it is not likely that new support will become available. NASA,
DOD, and NOAA are steadily decreasing their support in this field. The
NSF budgets generally have held firm, but the competitive demands on
them increase, particularly in the form of requests to sustain large facil-
ities from which other agencies have withdrawn support. The report
draws particular attention to the value of joint use of ground-based and
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space techniques. NASA support for this branch of space physics will be
considered in a later section of this chapter.

8.4.2 Geological Sciences

The geological sciences (geology and geophysics) are by far the largest
component of the earth and space sciences. Figure IX.17 gives present
and projected data on manpower in these sciences. The figure does not
include a category of “other earth scientists” consisting of oceanog-
raphers, hydrologists, geochemists, and other unidentified groups. The
total number of geologists and geophysicists in 1970 was nearly 28 000
with “other earth scientists,” this total would rise to 37,000.

Figure IX.18 shows distribution of geologists and geophysxcists by
academic degree and employment, based on data collected by the AGI.
The high percentages employed in the petroleum industry are apparent.

The aspirations of the geophysical sciences community are discussed

-in the NAS-NRC report Solid-Earth Geophysics.: Survey and Outlook. 20
A more recent survey appears in the report of an ad hoc committee of

GEOLOGISTS

GEOPHYSICISTS

Thousands Thousands
24 -
‘| Total -8
8 | e
12 |+ 4
Bachelors Bachelors
Masters
6 (- Doctors 2+
Masters
Doctors
0 I ! ] 1 ! 0 1 11 l
70 71 72 73 74 75 70 71 72 73 74 75

FIGURE IX.17 Projected employment in geology and geophysics. [ Source: Com-
mittee on Manpower, Manpower Supply and Demand in Earth Science (American
Geological Institute, Washington, D.C., 1971).]
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FIGURE IX.18 Distribution of geologists and geophysicists by degree and employ-
ment. (Based on data collected by the American Geological Institute, 1970.)

the International Union of Geodesy and Geophysics-International Union
of Geological Sciences on Long-Range Program of Solid Earth Studies.**
These reports refer infrequently to applied problems, although applica-
tions are important considerations even for the most fundamental re-
search. _

On the other hand, Earthquake Engineering Research® deals with
short-term and highly practical questions, and Seismology: Responsi--
bilities and Requirements of a Growing Science®® is concerned with the
entire range of research in one branch of geophysics.

The impact of NASA in this field is likely to be large, as this agency
seeks long-term programs, such as G ARP, with direct applications to
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man’s needs. A report describing the possibilities for NAS A and assigning
priorities is The Terrestrial Environment: Solid-Earth and Ocean Phys-
ics.?* The emphasis of this document is on geodesy.

The early review, Solid-Earth Geophysics.: Survey and Outlook, was
written at about the time of inception of the International Upper Mantle
Project and the AEC VELA-Uniform Program. Its recommendations
for a ten-year science program at a level of about $50 million per year
do not take account of the recent rapid advances in the knowledge of
earthquakes and motions of the mantle.

~ Both, Earthquake Engineering Research and Seismology: Responsi--
bilities and Requirements of a Growing Science pose specific questions.
The former suggests an investment of $38 million per year over a ten-
year period for engineering purposes alone and points out that the con-
struction industry investment rate in highly seismic areas of the United
States is $10 billion per year. The proposed research investment is trivial
in financial terms, even without consideration of the lives that could be
saved, ' '

The report on seismology estimates a somewhat similar level of expen-
diture for all aspects of the subject: $503 million over a ten-year period.
This report is concerned with aspects of seismology other than construc-
tion and the protection of human life, that is to say, oil and mineral

prospecting and nuclear test detection. It identifies the need to convert
" the World-Wide Network of Standardized Seismographic Stations into a
national facility of greater general availability.

As in meteorology, the effect of NASA spending on solid-earth geo-
physics will be great if the projected expansion of applications programs
comes about, Under earth physics, the proposed NASA program lists
multidisciplinary earth observatories, precision position satellite, mag-
netic survey, GEOS, ATS, and a number of DRAGSAT and SEASAT
satellites. Details are not defined, but it appears that 25 percent of the
earth environmental sciences budget (3133 million in 1971, rising to
$393 million in 1977) could be connected with solid-earth geophysics
in some degree.

In general, federal support has not responded to the existing proposals
by the science and engineering communities, and these have not yet been
updated to reflect the excitement that now pervades the geophysical
community as a result of the extraordinary advance in the knowledge of
the basic processes shaping this planet: sea-floor spreading, plate tec-
tonics, and global tectonics. A quotation from Geodynamics Project: De-
velopment of a U.S. Program®3 conveys some of this feeling:

‘Five years ago no one would have predicted that micropaleontologists, geomag-
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netists, marine geomorphologists and seismologists would be working together to
supply the crucial test of a concept comparable to that of the Bohr atom in its sim-
plicity, elegance, and ability to explain a wide range of diverse observations. . . .

[T] he result has been a revitalization of the earth sciences comparable to that which
swept physics at the beginning of the century.

The research expenditures shown in Table IX.12 give little indication
of these momentous developments. Geological sciences receive somewhat
less federal research support than atmospheric or oceanic sciences and are
essentially level or decreasing in capability. Federal support is illustrated
by the development of the NSF geological sciences program. Prior to
1958, there was virtually no NSF funding. The level of support rose to
$2.28 million in 1961. An increase to $5.217 million in 1963 was asso-
ciated with the inception of the Upper Mantle Project. From 1963 to
1966, the program grew at a modest rate, but from 1966 to 1970, the
budget [excluding the Joint Oceanographic Institutions Deep Explora-
tory Survey (JOIDES)] did not change (see Table 1X.16) and the extent
of the scientific effort in individual programs'has been sharply decreased
by inflation. )

Table 1X.17 compares geophysics proposals received with proposals
granted. The trends in the support of geophysics are almost identical to
the pattern in the atmospheric sciences (see Table 1X.14).

The footnote to Table IX.16 shows that a substantial part of the ac-
tivity in geophysics has been supported by other sections of the NSF
budget. This is a possible explanation of the lack of unusual pressure in
the form of new proposals in the main geophysics program. The 60 per-

TABLE 1X.16 The NSF Geological Sciencés Program 1966-1971 ($millions)?

Program Allocations

Fiscal

Year Geology Geochemistry Geophysics Total JOIDES Total
1966 1.86 . 294 2.73 7.53 5.40 12.93
1967 1.27 3.18 3.49 7.94 0.0 7.94
1968 1.46 297 3.28 7.81 4.10 11.91
1969 1.34 3.36 3.22 : 7.92 2.50 10.42
1970 142 3.07 3.36 7.85 6.60 14.45
1971 - - — 7.80 7.2 15.00

2 In addition to these figures, $1.08 million and $3.25 million for geology and geophysics, respec- -
tively, are assigned under the oceanography program as parts of the International Decade of Ocean

Exploration expenditure for 1971. Geological projects are also supported under the Office of Polar
Programs. In addition to IDOE expenditures, a substantial part of the NSF Oceanography Program

is devoted to geological projects ($3.18 million in 1969 and 1970) (see Table 1X.18).

°
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TABLE IX.17 Proposals Received and Supported by the NSF Geophysics Program
for Fiscal Year 1965 through Fiscal Year 1970¢

Propo sals Received

and Granted 1965 1966 1967 1968 1969 1970
Total new proposals

received ($millions) 49 7.4 7.3 8.6 7.3 6.9
Total proposals

granted ($millions) 26 2.8 35 3.3 3.3 35
Percent of total

dollars granted 54 38 48 38 46 50

@ Estimates for FY 1971 indicate a 60 percent increase in proposal load, which is almost an ex-
act parallel to the atmospheric sciences program.

cent increase in proposal pressure noted in the first six months of fiscal
1971 also occurred in the atmospheric sciences program. (In fact, the
phenomenon occurred in almost every NSF program.) However, the geo-
physics program differs from the atmospheric sciences in that the 1971
budget shows no increase over 1970 (see Table I1X.13). Therefore, the
geophysics program must redistribute existing resources to meet new
demands.

On the whole, the geological sciences have fared slightly worse than
atmospheric sciences and oceanography. The reason might be traced in
part to certain historical characteristics of the field. Formerly, and tra-
ditionally, it required only a small “entrance fee” to do research in geo-
physics. The field is populated by scientists who are used to total inde-
pendence and to undertaking relatively small projects. The atmospheric
and oceanic sciences, on the other hand, have long been accustomed to
the idea that large cooperative efforts are needed, and they have devel-
oped a mix of small projects and large programs, each of which supports
the other.

Geophysics suddenly has been presented with a new situation as a re-
sult of the recent developments in plate and global tectonics. However,
the solution is not as simple as devising a single large project. Typically,
the cost of key research projects connected with recent developments
tends to be between $0.2 million and $2.0 million—too small for a large
program but too large for a small project.

The objective of the Geodynamics Project, sponsored by ICSU, is to
devise programs that will resolve this dilemma and permit progress com-
mensurate with the extraordinary scientific opportunities. The concept
of the U.S. National Committee is to synthesize a program from existing
elements by identifying major omissions, for example, a high-pressure
facility for large samples. Many intermediate-sized programs thus can



Characteristics of Earth and Planetary Physics 969

come together to form what constitutes a national enterprise without
concentrating the effort in a few institutions. The climate of cooperation
between members of the profession is advancing to the point at which
such a communal enterprise could be effective.

8.4.3 Ocean Sciences

Several recent reports indicate that a substantial effort in oceanography
is timely. Four reports on this subject are

President’s Science Advisory Committee, Effective Use of the Sea
(U.S. Government Printing Office, Washington, D.C., 1966).

Committee on Oceanography, Oceanography, 1966: Achievements -
and Opportunities, Publ. 1492 (National Academy of Sciences-National
Research Council, Washington, D.C.; 1967).

Committee on Oceanography and Committee on Ocean Engineering,
An Oceanic Quest: The International Decade of Ocean Exploration,
Publ. 1709 (National Academy of Sciences-National Academy of En-
gineering-National Research Council, Washington, D.C., 1969).

Commission on Marine Science, Engineering, and Resources, Our Na-
tion and the Sea: A Plan for National Action (U.S. Government Printing
Office, Washington, D.C., 1969).

These reports suggest that oceanography in the United States lags in al-
most all respects, particularly in requirements for new ships and facilities.
An Oceanic Quest discusses these shortages in the context of the In-
ternational Decade of Ocean Exploration (IDOE), a program to which
the United States was committed by the President on March 8, 1969.

The decade is intended to extend throughout the 1970%.

There is a wide range in estimates of costs for this international pro-
gram—from $1 billion to $5 billion over the decade. Much of this expen-
diture is for systematic studies of the ocean bottom, including deep-drilling
operations; the physical, chemical, and dynamical properties of the ocean
at levels from the surface to the abyss; the interactions between air and
ocean; and living organisms in the sea. These surveys, like most investiga-
tions in the earth sciences, are of value as strictly empirical compilations
of data. However, they also will shed light on existing physical theories
and direct attention to new phenomena for which physical explanations
are required. As much as half the U.S. contributions to IDOE could be
concerned with physical oceanography.

Our Nation and the Sea is a broad analysis of a total national program
that resulted from two years of work by the Commission on Marine Sci-
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ence, Engineering, and Resources. Although its proposals are based on
marine requirements, they also advocate the linking of meteorology and
oceanography in a single two-fluid system. The central proposal was for
the creation of a new agency, the National Oceanic and Atmospheric
Administration (NOA A), reporting directly to the President. The report
recommended that this agency be created by combining four existing
agencies, five existing programs (three from the NSF, including NCAR),
and six new programs. Its objective was to strengthen the national capa-
bility in a wide variety of different ways, using industry, universities, and
private and state research programs as well as in-house activities. The pro-
posals include the programs of the IDOE but are much more extensive.

At the time Qur Nation and the Sea was issued, it was estimated that
the agencies and programs to be included in NOA A would represent an
expenditure of roughly $800 million annually and that this expenditure
should gradually increase to $2 billion per year by 1980. This amount
would not represent the total federal expenditure for oceanic and atmo-
spheric work since other agencies, such as the NSF, the Army Corps of
Engineers, the Navy, and the Department of the Interior, would continue
to bear major fiscal responsibilities.

It is difficult to estimate the proportion of the proposed budget for
NOA A that could be associated with physical research. Ih the report a
breakdown for incremental cost over the decade 1971-1980 ($8.0 bil-
lion) is given. About 23 percent of this amount is allocated to research
and education, and 21 percent to national projects. Both items are
likely to be concerned with physical oceanography. A rough estimate is
that between $100 million and $300 million per year of NOA A’s incre-
mental expenditure (that is, in addition to that which is now being
spent) could be related in some way to physical research in the oceans.

The response of the federal government to this proposal has been the .
creation of NOA A as a subdivision of the Department of Commerce,
rather than as an independent agency, with a 1971 budget of $310 mil-

lion, rather than the recommended figure.
The largest element of NOAA is the Environmental Science Services

Administration, which was formed in 1965 from the Weather Bureau,
the Coast and Geodetic Survey, and the Central Radio Propagation Lab-
oratory of the National Bureau of Standards. Also included in NOAA
were a number of oceanographic programs from the Department of
Transportation, the N SF, the Bureaus of Commercial Fisheries and Sport
Fisheries and Wildlife, the Corps of Engineers, and the Navy.

There are some notable omissions from NOA A, as compared to the
proposals of Our Nation and.the Sea. NCAR remains in the NSF, and -
responsibility for IDOE has been assigned to-this agency rather than



Characteristics of Earth and Planetary Physics 971

NOA A. Furthermore, NSF and the Navy continue to be the major
sources of funds for four large oceanographic laboratories, which have
some characteristics of national centers (Woods Hole, Scripps, Lamont-
Doherty, and Miami). The original report had proposed that these labo-
ratories be funded by NOAA. -

It is too early to comment on the success of this reorganization.
According to the data presented in Table IX.12, there has been no posi-
tive response by the federal government from 1966 to 1970 to the views
expressed by successive Presidents, Congresses, and the news media that
research in oceanography should be expanded. The data from the NSF
program, which appear in Table IX.18, reflect the same trend. If the spe-
cial program for ship support, now completed, is removed, funds for the
oceanography program have decreased between 1966 and 1970.

Patterns of expenditure in oceanographic research differ greatly from
both the atmospheric sciences and the geological sciences. According to
Table IX.5, the 1968 manpower in each of these fields was 730 (ocean-
ography), 5232 (atmospheric sciences), and 17,198 (earth sciences).
However, according to Figure IX.14, research expenditures (excluding
NASA, which has programs in these three fields) for 1970 are $87.0 mil-
lion (oceanography), $118.1 million (atmospheric sciences), and $78.3
million (geological sciences). The cost of ship operations presumably is
responsible for the disproportionate costs per man of oceanographic re-
search. Also, there is a relatively large military involvement; for example,
in 1969, the Navy spent $58.5 million on basic and applied oceano-
graphic research. The applied research included some expensive items such
as the Alvin program at Woods Hole.

TABLE IX.18 The NSF Oceanography Program, 1966-1971 ($miltionsy’

Pxogfam Allocations

Fiscal Biolog- Geolog- . Marine Ship

Year ical ical - Physical Biology Total Support Total
1966 6.56 - 3.70 - 10.26  6.97 17.23
1967 6.85 1.94 2.97 - 11.76  6.38 18.14
1968 6.05 291 1.94 - 1090 6.88 17.78
1969 339 2.55 2.16 2.90 11.00 8.64 19.64
1970 3.67 3.18 2.07 - 8.92 - 8.92
19712 : 10.00

9 In addition, the International Decade of Ocean Exploration was funded at $15 million for fiscal
year 1971. The Office of Polar Programs supports two ships (the Eltanin and the Hero), both of
which are partly engaged in oceanographic measurements.

b Estimated.



972 EARTH AND PLANETARY PHYSICS

Oceanography also differs from the other earth sciences in that con-
tact between physical and life sciences is particularly close, with the life
science component exceeding the physical science component in both
number of scientists involved and amount of research activity. The field
has had a curious recent history in terms of the enthusiasm generated
among students and young scientists and the attention received from
news media and from congressional hearings and governmental commis-
sions. University faculty members are made aware of a very strong in-
terest in oceanography among undergraduate and graduate students. The
impression exists that oceanography offers large and rapidly expanding
opportunities for young scientists. In fact, however, it is the smallest of
the earth sciences in numbers of scientists and support, which has been
constant or decreasing from 1965 to 1970.

The danger of an oversupply of scientists is obvious and may be re-
flected in A G1 data for “other earth scientists” (in Manpower Supply
and Demand in Earth Science), which include oceanography in an un-
known proportion. This category shows that new employment will be
fairly level, between 4000 and 5000 per year for 1970-1975, while de-
grees of all kinds will increase in number from 10,000 to 15,000 per
year. Only in the category of PhD degrees does the forecast of produc-
tion fall slightly below new employment in 1975.

8.4.4 Space Sciences

A degree of familiarity with NASA programs is necessary to understand
in context the large expenditures in earth and planetary sciences. Three
offices are directly involved: Manned Space Flight (OMSF), Space Sci-
ences and Applications (0SSA),* and University Affairs (OUA). The
OMSF budgets include manned spacecraft and associated boosters and
development programs. These costs do not usually appear in science
budgets, at least not in the data submitted to the NSF. However, a frac-.
tion of OMSF expenditure is assigned directly to science experiments
and operations; an indirect charge to science also can appear through the
ubiquitous budget category, “other,” which includes, for example, Civil
Service salaries.

The OU A made a substantial contribution to education in space sci-
ences. Since 1965, however, the university program has decreased, and it
will be phased out in fiscal year 1971.

* Since this report was written, OSSA has been split into two offices, one for space
science and one for applications. The probable intention is to focus more effort on
applications. '



Characteristics of Earth and Planetary Physics 973

In this discussion, we are chiefly concerned with 0SS A, whose pro-
grams include astronomy, communications, and life sciences, in addition
to those of more direct interest to earth and planetary physicists, such
as lunar and planetary programs, space physics, and parts of the environ-
mental sciences program.

An important factor in assessing the cost of NASA programs is the
cost of launch vehicles and “other’ costs that include tracking, data ac-
quisition, and administrative operations such as Civil Service salaries and
costs of Center operations. These are classified as indirect costs and are
not necessarily included in tabulated data. Between 1967 and 1972 (pro-
jected), launch vehicles accounted for 21 to 25 percent of the 0SSA pro-
gram, not including “other” costs. “Other’’ costs attributed to physics
and astronomy programs accounted for 50 percent and 39 percent, re~
spectively, of the total program costs in these fields. Table 1X.19 presents
a model of a “typical” 0SSA program, and Table IX.20 shows the break-
down of the 0SS A budget from 1967 to 1972 (projected). The propor-
tion assigned to lunar and planetary science, space physics, and earth en-
vironmental sciences varies from 50 percent to 57 percent.

NASA works to a considerable degree in terms of specific missions,
with tight time schedules, involving huge expenditures in certain peak
years. Setting up such missions is a complicated process involving the
views of Congress and the executive branch, the scientific and technical
opinion of NASA headquarters staff and staff members of appropriate
research centers, the preparedness of industry, and, last, the views of the
science community, for science is the reason for the OSSA program, and
outside scientific capability must be harnessed to achieve a satisfactory
result.

The success of the collaboration between NASA and the scientific pro-
fession has varied greatly according to whether initiation or execution
of a mission is at issue. With regard to execution, the collaboration has
been fruitful and the achievements spectacular, but there are differences

TABLE IX.19 A “Typical” 0SSA Science Program

Ttem Cost (% of Total Program)
Science, spacecraft, etc. 4045
Launch vehicles ) 10-15

Tracking, data acquisition, and administrative operations 4045
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TABLE 1X.20 0sSA Annual Budget, Percentage Distribution by Program
Categories (“Other” Costs Not Included)

Percent per Fiscal Year

Program 1967 1968 1969 1970 1971 1972 (projected)
Lunar ) 20 8 2 2 1 <1
Planetary 13 18 18 27 24 - 374
Astronomy? 11 15 18 15 14 1
Space physics 12 12 11 7 8 5
Life sciences 7 7 8 4 2 2
(biology)
Space applications 12 18 22 24 29 24
Communications® (6) (6) () (8) (@) (§11)]
Earth environ- 6) (12) (13) (16) (22) 14)
mental sciences®
Launch vehicles 25 22 21 21 22 21
100 © 100 100 100 100 100
Total cost $576 $553 $453 $520 $566 $880
($millions) :

% Includes Viking, Outer Planets, Planetary Explorer, HEAO-A and -B, Phase B for HEAQ-C and
-D, ground-based astronomy, Large Space Telescope Phase B study.

b Does not include Apollo telescope mount.
¢ Not included in percentage calculation.

of opinion about the role of the scientific community in the initiation
of space missions.

The science advisory structure is divided into in-house experiment
selection and advisory groups; the NAS Space Science Board (SSB); and
the President’s Science Advisory Committee (PSAC). Key committees
in the advisory structure are the Space Science and Applications Steering
Committee (SSASC) and the Space Programs Advisory Council (SPAC).
The SSASC reports to the Program Associate Administrator for 0SSA
and helps him to determine OSSA policy. It consists exclusively of
NASA employees, but it has an infrastructure of subcommittees in as-
tronomy, biosciences, ionospheres and radio physics, particles and fields,
planetary atmospheres, planetology, and solar physics. These subcommit-
tees are chaired by NASA program chiefs and typically draw half their
membership from outside NASA. The main task -of the subcommittees
has been selection of experimenters for established missions; this has
been one of NASA’ most successful collaborative activities. Subcom-
mittees have rarely been asked to discuss policy questions, however, and
the SSASC does not necessarily respond to advice unless specifically re-
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quested. Nevertheless, these subcommittees have enabled a group of
outside scientists to gain some understanding of the extraordinary com-
plexities of the NASA organization and decision-making machinery. It is
only with such experience that outside scientists can offer effective ad-
vice to NASA through any of the available channels. Therefore, it is un-
fortunate that a trend toward a few missions embracing a range of dis-
ciplines has led the SSASC to abandon standing subcommlttees replacing
them with ad hoc subcommittees.

Five years ago, NASA created the Lunar and Planetary Missions Board
and the Astronomy Missions Board to advise on future missions. A Physics
Committee, with functions somewhat parallel to those of the Missions
Boards, had a less important role in mission planning.

NASA appears to have been disappointed in the functioning of the Mis-
sions Boards, partly because they did not include a sufficient number of
NASA employees (they were chaired by non-NASA scientists) and partly
because their advice appeared, at times, to be inconsistent. Consequently,
when Congress reduced the use of consultants in the 1971 budget, the
Missions Boards were dissolved and replaced by SPAC, which is chaired by
a non-NASA scientist, with NASA employees constituting no more than
25 percent of the membership. There are four advisory committees, on
applications, physical sciences, life sciences, and space systems.

The outside advisory committees are PSAC, reporting to the President,
and the NA S boards, in particular the SSB,* whose principal contact is
with the Associate Administrator for Long-Range Planning and the Pro-
gram Associate Administrator. The most important function of these
bodies is the preparation of reports on different aspects of the NASA op-
eration, such as space physics, lunar and planetary research, and space
applications. ‘

Space physics includes aeronomy ; energetic particles, magnetic fields,
and the interplanetary plasma; and relativity investigations. Aeronomy has
already been discussed in Section 8.4.1. It was the only subject of space
research in the 1950’s before the advent of satellites. During the 1960’s,
after the discovery of the Van Allen belts, the interplanetary plasma be-
came the foremost topic in the U.S. space program. This pre-eminence has
now been so eroded that space physics as a whole is in jeopardy. Although
. relativity is frequently discussed, it has yet to be accorded special missions.

The status of space physics and its future requirements were reviewed
in the following three reports:

Space Science Board, Space Research: Directions for the Future, Publ.

* While this report was in its final stages, the NAS and NAE responded to the reorgani-
zation of OSSA by creating an NAE Space Applications Board.
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1403 (National Academy of Sciences-National Reseatch Council, Washing-
ton, D.C., 1966).

Space Science Board, Physics of the Earth in Space. A Program of Re-
search: 1968-1975 (National Academy of Sciences-National Research
Council, Washington, D.C., 1968).

Space Science Board, Sounding Rockets: Their Role in Space Research
(National Academy of Sciences-National Research Council, Washington,
D.C., 1969).

The second of these reports states the goals of the science community
at a time when NASA was decreasing its activity in this subject area and
planning still further reductions. The following excerpt from the report
summarizes its purpose and content:

The study defines a program of satellite, space probe, and sounding rockets missions
for a concentrated attack on questions of fundamental physical mechanisms of the
Sun-Earth system, in contrast with the exploratory survey that characterized the past
decade. We place particular emphasis on coordinated investigations and on the develop-
ment and utilization of new experimental techniques. We also stress the importance of
organizing a major observational effort during the 1974-1975 period of low solar
activity.

There follows a recommended program involving relatively low-cost satel-
lites, sounding rockets, solar observatories, and ‘‘piggyback” instrumenta-
tion on planetary probes, particularly to the outer solar system. General
recommendations concern the coordination of balloon, aircraft, and
ground-based observations, the development of instrumentation, the need
for coordinated research, the problems of data handling and analysis, and
the need for NASA predoctoral traineeships to encourage growth of this
important interface between physics and space sciences. The study does
not deal specifically with the problem of priorities.

The fortunes of the NASA space physics program are illustrated by a
letter dated May 21, 1970, from Homer Newell, NASA Associate Admin-
istrator, to the Physics Survey Committee. He points out that space phys-
ics was one of the strongest and most successful scientific programs in
NASA but that it now has to be deliberately de-emphasized to encourage
other programs. Even opportunities to fly small, inexpensive packages on
Orbiting Geophysical Observatories (0G0) or Interplanetary Monitoring
Platforms (IMP) are now few. The letter requested the Physics Survey
Committee to treat this subject explicitly.

The funding history of space physics, projected to 1976, is depicted in
Figure IX.19. The fiscal background for Newell’s statement is forcefully
* illustrated. From 1970 on, the substantial elements in the program are
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FIGURE IX.19 NASA support for space physics. The costs of launch vehicles, data
acquisition, and administration operations are not included (see Table IX.19), nor is
the cost of missions not flown principally for space physics.

rocket research, data analysis, and the variable-orbit Earth Explorer series.
Of these three items, the rocket research and data analysis are continually
in jeopardy because they do not represent a long-term commitment iso-
lated from the rest of the NASA budget. They represent a flexible small
program, highly valued by the scientific community but always vulnerable
in NASA’s continually changing fiscal situation.

Lunar and planetary research is largely dependent on NASA funding,
although a small amount of ground-based work is sponsored by other
agencies. The early years of NASA operation were characterized by ex-
traordinary efforts to solve the engineering problems of space flight—not
only for the manned programs but also for unmanned vehicles: the earth
satellites, the IMP’s, Surveyors, Explorers, and Mariners. During this pe-
riod, engineering had overriding priority; science was supported when pos-
sible but was rarely the main purpose of a mission.

By 1965, it was clear that Apollo would succeed, that the space pro-
.gram would continue to appeal to Congress only if new programs replaced
Apollo, that the engineering problems of unmanned flight were essentially
solved, and that unmanned missions could be justified only on scientific
grounds.

It was in this context that Space Research: Directions for the Future
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was prepared. In retrospect, this study had less influence on subsequent
programs than was anticipated. Two problems were that the successor to
Apollo had not been determined and that a successful working partnership
between NA SA management and the science community had not de-
veloped.

A number of studies have been issued since 1965: Planetary Astronomy:
An Appraisal of Ground-Based Opportunities*® deals with ground-based
measurements; Planetary Exploration 1968-1975%" discusses primarily
the inner planets; Lunar Exploration: Strategy for Research 1969-1975%8
is concerned with lunar research; The Outer Solar System®® treats the
outer planets; and two general studies that include lunar and planetary
exploration as essential parts of the overall space program, The Next De-
cade in Space®® and A Long-Range Program in Space Astronomy.3'

These reports have the same general theme. Great enthusiasm exists in
the science community to explore the solar system and thus to learn more
about its origin, the origin of life, and the processes on this planet. Un-
manned missions are capable of performing the needed investigations, al-
though the unique opportunities of Apollo should be used. Priorities can
be established; however, continuous consultation between scientists and
management is necessary to ensure that these priorities remain valid as
new discoveries change the picture.

Current NASA plans for lunar and planetary exploration are ambitious.
In addition to present plans for a Venus-Mercury flyby, a Mars Mariner
orbiter, and the Viking Mars lander, there also are plans for Grand Tours*
to the outer planets and low-cost Planetary Explorers to Venus. A Mariner
Comet mission also has been suggested. Planned support for planetary in-
vestigations increases from $154 million in 1971 to $461 million in 1973.
In addition, lunar exploration, which does not include the costs of manned
space flights, is budgeted at $8 million in 1971 and is scheduled to increase
to $21 million by 1975. _

We will briefly examine the relationship between NASA and the scien-
tific community with respect to lunar programs. Apollo could not be
justified in purely scientific terms; it was a national adventure in the spirit
of the journeys to the Poles and the ascent of Everest. Once the goal was
achieved, there was no longer a strong appeal to the imagination of the
general public or, in particular, of members of Congress. The inherent
dangers of the mission and the need to develop a successorT in the field of

* While this report was in preparation, Grand Tour was canceled in favor of a Mariner -
Jupiter-Saturn mission.

+ The Space Shuttle has now emerged as the Apollo successor. The repercussions for
space science will be great if this program is funded, but it is too early to predict the
total effect.
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manned spaceflight have become prime considerations in NASA as the
Apollo program is curtailed and terminated. At the same time, analysis of
lunar samples has rapidly increased scientists’ knowledge of the origin and
history of the moon-earth system, and revolutionary new data are antici-
pated from every future Apollo flight. The scientific community has been
insistent in its demands that Apollo be flown out, but NASA has met
only part of these demands.

This conflict between management and smentlflc interests dominates
the present relationship between the lunar scientific community and
NASA. As the Soviet Union demonstrates the feasibility of unmanned
sample returns, the question often raised is whether an unmanned program

_could have avoided some of the conflicts of purpose and thus have pro-
duced a healthier long-range program.

The NAS study Space Research: Directions for the Future was under-
taken against the background of the euphoria created by maximum NASA
budgets and the imminent success of Apollo. At that time, the planetary
program favored by NASA was the Voyager lander. This mission, to cost
about $2 billion, was to place a complex biological laboratory on the sur-

face of Mars to investigate the possible existence of life on that planet.
The mission was never fully defined, and, despite a great deal of work, it
proved too ambitious for the existing capability. It would be useful to
study this project and the lessons it provides in regard to the complexities
of management decisions and relationships with Congress and the scien-
tific community, for it is increasingly clear that the strength of NASA lies
in its ability to implement a program, once a strong national commitment
has emerged, but that the more subtle processes needed to develop a pro-
gram with satisfactory long-term support are less well understood.

Planetary Exploration 1968-1975 was written after the cancellation of
Voyager. The scientific objectives were the same as those in the 1965
study: to understand the origin and evolution of the solar system, the
origin and evolution of life, and the dynamic processes that shape man’s
terrestrial environment. The principal general recommendations of this
study were, first, that the planetary exploration program should be pre-
sented as a contribution that exploration could make to a broad range of
scientific disciplines rather than as a single goal, and second, that the use

- of small, relatively inexpensive spacecraft should be an essential element

of the planetary program. Pioneers were suggested for the outer planets,

and what is now called the Planetary-Explorer, for the inner planets.
The mission recommendations of this study were in order:

1. Small spinning spacecraft to all-'planets at all opportunities (Pioneer,
Explorer)
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2. A 1971 Mars orbiter followed by a Mariner-class Mars lander for
biological purposes

3. Venus-Mercury flyby

4. Multiprobe mission to Venus

5. A major lander on Mars

The significance of the words “Mariner-class” (in 2) and “major lander”
(in 5) for Mars is important. The intention was to give lower priority to
an expensive, Voyager-type mission. Cost estimates for the Mariner-class
mission were $350 million. »

Venus: Strategy for Exploration* deals with developments in the
Planetary Explorer; this report shows that orbiters, probes, and landers
for Venus are all compatible with small spinning spacecraft of minimum
cost. Thus, item 4 is shown to be part of item 1. The report repeated the
underlying reasons for the science community’s continued assignment of
higher priority to many minimum-cost programs than to single, large
projects. The Venus-Mercury flyby is approved and funded. Pioneers F/G
for Jupiter are also funded. The Mars 1971 orbiters are launched. Funds
for the Viking lander have been provided for 1975. This program is a half-
way step between the recommended Mariner program and the low-priority
Voyager; it is currently estimated to cost $750 million, which has created
a funding problem in the planetary program.

This funding pattern was made more difficult by the addition of a
Grand Tour program using TOPS spacecraft, from which NASA had to
back off to Jupiter-Saturn missions based on Mariner spacecraft.

The considerations behind this change of program are contained in two
NAS reports, The Outer Solar System®® and Quter Planets Exploration,
1972-1985.33 Two issues are involved. The first is the general need to ex-
plore the outer solar system, beyond Jupiter and Saturn. To do so requires
new long-life technology and, for direct flights, low-thrust ion propulsion.
To avoid ion thrust, use must be made of the gravitational boost available
at Jupiter. Saturn is frequently accessible by this means, but reaching
Uranus and beyond depends upon planetary concatenations that are rare.

Much emphasis has been placed on the fact that the planetary lineup in
-the 1970’s and 1980’s occurs only once in 180 years and permits us to
visit three or four planets with one spacecraft. This is the Grand Tour con-
cept, and it is the second major issue included in the reports under dis-
cussion. In fact, the extre..:e rarity of the five-planet lineup may not be
the most important issue: the fact that even Uranus may not be accessible
again until the next millenium is of great concern to some planetary
physicists. o

The Outer Solar System and Quter Planets Exploration, 1972-1985
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both recognize a duality in strategy for the outer planets. The first point
of view emphasizes exploration of as much of the planetary system as
possible, even if quantitative results are difficult to obtain. This point of
view favors the Grand Tour concept, the TOPS spacecraft, and imaging
techniques. The alternative view stresses the diagnostic approach and a de-
sire for investigations to answer specific questions about the physical pro-
cesses taking place in the planets. For this, probes and orbiters are the
ideal tools, and Jupiter and Saturn are the prime targets. Long-life tech-
nology and Jupiter gravitational assistance are not essential and lower-cost
spacecraft, such as Pioneer or Mariner, are useful vehicles. The change to
Mariner Jupiter-Saturn missions thus emphasizes the diagnostic approach.

NASA has, in general, followed the recommendations of the NAS in the
planetary program. The most significant differences are that Pioneer or
Explorer missions to the inner planets (specif