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Particle and Nuclear Astrophysics and Cosmology
in the Next Millennium — Snowmass 1994

J. W. Cronin, Wick C. Haxton, Edward W. Kolb,
Roberto D. Peccei, Bernard Sadoulet, Paul J. Steinhardt, and Kip S. Thorne

Organizers and conveners of the 1994 Snowmass Summer Study

From June 29 to Ji/JIy 14, 1994, nearly 450 astronomers, astrophysicists, cosmologists, high-
energy physicists, nuclear physicists, and gravitation physicists met in the mountains of Colorado
to define and develop a vision for the future of an emerging interdisciplinary field. This book is
the permanent record of their deliberations. The purpose of this introduction is to express some

unifying themes, and provide an overview of the Snowmass summer study.

§1 Introduction

Snowmass 1994 brought together for the first time a very
disparate, yet interconnected, group of astrophysicists,
cosmologists, particle physicists, nuclear physicists, grav-
itation physicists, and astronomers for an intensive two-
week Summer Study to discuss the gamut of problems
that link them intellectually. The range of topics dis-
cussed was vast, but clear connections could be easily
discerned. Thus, even though the Summer Study was
organized in terms of five topical “supergroups” (Neutri-
nos, Cosmic Rays, Low-Background Experiments, Grav-
itational Ph , and C logy), there were clear
overlaps. For instance, short-baseline neutrino oscillation
experiments probe neutrino masses which are cosmologi-
cal significant. Results in this area may well impact other
gearches for dark matter in low-background experiments.
Similarly, searches for gravitational waves produced by vi-
olent events in the universe may illuminate other myste-
rious phenomena, like intense rapidly varying gamma-ray
bursts.

"The remarkable high attendance at Snowmass 1994
(nearly 450 participants) signalled a field -coming of age.
Although it is still difficult to draw a clear boundary
around this emerging discipline of Particle and Nuclear
Astrophysics and Cosmology, two facts are contributing
to its vitality. First, there is a strong symbiotic synergy
resulting from the joining of disparate disciplines. Thus,
for example, the organizational and computational tal-
ents of particle physicists have eniboldened astrononiers
to scan millions of stars for the Macho searches. Con-
versely, remarkable astrophysical phenomena like super
energetic air showers have enticed physicists away from
their laboratories to construct extensive open-air detec-
tor arrays to better understand these phenomena. Sec-
ond, the development of new instruments, telescopes, and
detectors has been most crucial. Indeed, it is this fact that

drives the field. Fromi COBE to Gallex and Kamiokande,
to the new Bm telescopes and the. instruments on CGRO
and the Hubble observatory, data in profuse quantities
haa been flowing. These data is the lifeblood of this new
field. What is particularly exciting is that this flow of new
information is just beginning, with a ber of second
generation projects underway and many new initiatives
already well advanced.

In this overview, we want to describe briefly some of the
accomplishinents of this field and the intellectual goals
that gnide it. At the samme time we want to delineate
some of the areas where one can expect progress in the
future, outlining some of the proposed new initiatives. In
keeping with the organization of the Summer Study this
overview is structured in a shmilar fashion, except that
we have incorporated the discussion of low-background
experiments into that of the other areas.

§2 Neutrinos

Neutrinos are playing an increasingly crucial role in tests
of the standard model of electroweak interactions, in cos-
mology, and in probing the nuclear and particle astro-
physies of stars and supernovae. In particle physics neu-
trino properties may provide us with a window on new
physics phenomena at energies scales well beyond the
direct reach of accelerators. Measurements of neutrino
masses and mixing could provide the experiinental foun-
dations for building a new and more general standard
model. In cosmology, neutrinos are a leading candidate
for the “missing mass” that appears to govetn the clus-
tering of galaxies on very large scales, Measureinents by
COBE and other groups of the angular variations of the
temnperature of cosmic microwave photous suggest that
such “hot dark matter” is present. In nuclear and parti-
cle astrophysics, neutrinos provide a probe of the interiors



of our sun and supernovae; higher energy neutrinos could
allow us to look into the centers of active galactic nuclei.

There is also no small measure of serendipity in the rela-
tionship between these neutrino astrophysics subfields. In
the past decade it was discovered that the eflects of neu-
trino mass and flavor mixing are marvelously enhanced as
solar neutrinos traverse the sun. It also appears that the
tau neutrino masses favored by cosmologists could ]lelp

plain how sup plode, and thus how our galaxy
has become enriched in the heavy elements responsible for
life. Such connections have greatly stimulated the field,
allowing us to look at neutrino physics from new angles.

It also has meant that we have added to our “toolbox” of '

laboratory neutrino experiments powerful new cosmolog-
ical and astrophysical probes of neutrino properties.

As we enter the new millennium, neutrino physics
stands at an important threshold, one driven by the re-
markable technological revolution taking place in astro-
physics. In the past decade detectors have been developed
to see solar neutrinos event-by-event. Neutrinos from a
supernova were detected for the first time, beginning an
era where we can monitor our galaxy, and perhaps be-
yond, for stars in gravitational collapse. Detectors using
the oceans, lakes, and antarctic ice have begun a new
era of high-energy neutrino astronomy. Indirect probes,
such as COBE and gravitational lensing measurements,
have provided evidence of neutrino mass. In parallel with
these astrophysical advances, laboratory experimenters
have strived for and achieved unprecedented precision in
measurements of the beta decay spectrum, double beta
decay, and neutrino oscillations,

One of the driving forces behind this field is the ex-
pectation that new physics lies very close to our present
experimental horizons. Almost all extensions of the stan-
dard model predict neutrino masses. ln many of these the
smaliness of the neutrino mass - many orders of magnitude
below the masses of othier fermions - has a natural expla-
nation in terms of the seesaw mechanism: m, = m /mp
where mp is a typical quark or charged lepton mass and
mp is the scale of new physics. Values of mg ~ 10'? GeV
produce neutrino masses relevant to the dark matter and
solar neutrino problems, thus demonstrating the power
of such experiments to probe beyond the scales of present
colliders. The seesaw miechanism beautifully explains why
neutrino masses are so different from the natural mass
scale mp of other standard model fermions: the small pa-
rameter mp /mp arises as a ratio of a familiar Dirac mass
of the standard model and a new mass scale. Demonstra-
tion that neutrino masses follow a seesaw pattern might
be the first step in understanding the puzzling pattern of

masses throughout the standard model.

This possibility has motivated heroic efforts 1o detect
neutrino masses. In the past decade direct searches for
mass effects in the shape of the # decay spectrum of tri-

tium have reduced the limits on the electron antineutrino
mass to about § eV. Double beta decay experiments us-
ing isotopically enriched detectors have set limits on the
Majorana mass of the electron neutrino of about leV.
Majorana masses are associated with the identity of the
neutrino and its antiparticle, a possibility that does not
arise for other standard model fermions. This question
is intimately connected with the seesaw mechanisin and
with the conservation of total lepton number.

While no evidence for nentrino masses has arisen from
these experiments, others do suggest nonzero masses. The
cosmological evidence for neutrino mass has often led to
the conjecture that the third-generation neutrino, v, , has
a mnass near 10 eV. Masses of this scale can be probed
in short-bascline neutrino oscillation experiments. In-
deed, one current experiment claims evidence for neutrino
masses of a few eV.

But perhaps the most tantalizing suggestion for neu-
trino masses comes from efforts to detect solar neutrinos.
The combined results of the 3C], Kamiokande I1/Il1, and
SAGE/GALLEX experiments reveal a pattern of fluxes
that is very difficult to reconcile with plausible variations
in the standard solar model, but quite compatible with
neutrino oscillations occurring in matter. The preferred
solution corresponds to a mass difference between neu-
trino mass eigenstates of ém? = m3 — m} ~ 10~% eV2.
I the seesaw mechanism is correct, this suggests that the
heavier neutrino involved in the oscillation has a mass ~
few x 1073 eV. This would be a natural value for the mase
of the v, if the vy is the source of hot dark matter. Fla-
vor oscillations in matter (the MSW mechanism) produce
distinctive experimental signals: there is a characteristic
distortion of the v, spectrum and an appearance of v, (or
vr) neutrinos. Thus there is great excitement in the com-
munity about uew experiments, such as the Sudbury Neu-
trino Observatory (SNO) and Super Kamiokande, that
can be mounted to detect such signals.

Several underground neutrino detectors indicate that
there may be a deficit in the ratio of v, to v, in neutrino
interactions following cosmic ray interactions. If neutrino
oacillations are responsible for the anomalies, the deficit
is consistent with an m; of about 0.1 eV and requires
large mixing angles. As these p can be explored
in accelerator neutrino oscillation experiments employing
long baselines, they have stimulated efforts to mount new
experiments at Fermnilab, CERN, BNL, and KEK.

It is likely that soine of these hints for neutrino mass
are false: all of the evidence is difficult to incorporate into
a simple theory, given the Z width constraint of three
light active neutrinos and the big-bang nucleosynthesis
constraint on sterile neutrinos. But many believe that
certain results, such as the solar neutrino problem, may
hold up: four experiments are consistent and indicate a
neutrino mass in a range favored by theory. Thus great

hope exists that neutrino physics may lead us beyond the
standard electroweak model.

Because neutrinos are so weakly interacting, they play
a special role in energy transport within dense stars. The
central helium cores of red giants are cooled by neutrino
emission. Because the onset of helium burning depends
delicately on this cooling, red giant observations can be
used to constrain neutrino properties such as magnetic
monients. The astrophysical linits exceed the sensitivity
of laboratory limits by about two orders of magnitude.
Similarly, almost the entire binding energy of core-collapse
supernovae (10% ergs!) is carried off by neutrinos. One
of the great challenges for the coming years is to measure
the temperatures of the v,, &4, and heavy-flavor supernova
neutrinos. Hecause of the MSW mechanisin, a distinctive
teinperature inversion between v, and vy should signal the
existence of a cosmological interesting v, mass. This phe-
nomenon makes supernova neutrino physics enormously
important to cosmology. If such an MSW crossing occurs,
it would also lead to a more robust explosion by enhancing
the energy neutrinos deposit in the star’s mantle.

The nuclei synthesized in the big bang and during the
evolution of our galaxy provide fossil evidence of past neu-
trino reactions.- Big bang constraints on the production
of helium suggested there were only 3-4 light neutrino
species well before measurements of the Z width. Super-
novae are the factories that produce, and then eject into
the interstellar medium, most of the heavy nuclei found
in second-generation stars like our sun. Many of these are
made by rapid neutron capture in the hot plasima blown
off the star by a neutrino wind. The MSW mechanism
mentioned above frequently destroys the conditions nec-

essary to this synthesis. Thus the issue of a massive v, ties
h

§3 Cosmic Rays

The array of astrophysical subjects gathered in the cat-
egory of cosmic rays was deliberately chosen to be very
broad, ranging from hard X-rays to protons and atomic
nuclei with energies beyond 10?° eV. This grouping is re-
lated to the fact that there is no natural break in this vast
energy range which covers sixteen orders of magnitude.
‘There may be natural divisions marked by differences of
instruinentation but in mnost cases these are bridged by
natural scientific links. Examples abound. The spuce
based gamma-ray astronomy as exemplified by the resnits
of the Compton Gamma-Ray Observatory {CGRO) is
linked with ground based observations which, when fully
developed, can extend the energy range beyond the npper
limit of the CGRO (20 GeV). ‘I'he ground based tech-
niques for gamua-ray astronoiny tnerge into techuiques
of more traditional cosmic ray physics when the energies
surpass 10 TeV. There are strong scientific links as well
between phenomena at greatly different scales of energy.
The synchrotron emission of low energy gamma-rays from
the Crab nebula can be related to higher energy gamma-
rays produced by inverse Compton scattering of the high
energy electrous responsible for that synchrotron emis-
sion. Gamma-rays, unlike the charged cosmic ray par-
ticles, are unaflected by magnetic fields and can reveal
sources of the charged cosmic ray particles. Thus, the
study of all kiuds of radiation incident on the earth pro-
vide insight into a broad range of astrophysical problems
and mysteries.

3.1 Space-based gamma-ray astronomy

The exist of the earth’s atinosphere dictates the

together cosmology, the supernova explosion ism,
and the associated nucleosynthesis. An improvement in
our understanding of one of these problems will limit the
possibilities for the others.

This short introduction to the presentations at Snow-
mass is meant to provide a snapshot of a field in great
flux. Driven by new experiments and by theories, such as
supersymmetric grand unification, that predict new phe-
nomenon within the reach of these experiments, interest
in this field has exploded. The path for the next decade,
not to mention the next millennium, is both exciting and
unclear. It is possible, with SNO and Super Kamiokande
nearing completion, that definitive proof of massive neu-
trinos and neutrino mixing could be in hand well before
the 1990’s end. If this occurs, neutrino physics will have
provided the experimental foundations for the next stan-
dard model of particle physics, one having profound impli-
cations for cosmology and astrophysics. If nosuch “smok-
ing gun” is found, we will continue to seek the pattern that
accounts for dark matter, the absence of solar neutrinos,
and the origin of the elements.

choice of detection techuiques to observe astrophysical ob-
jects in various ranges of the electromagnetic spectrum.
From the ultra-violet to gainma-rays of energy ~ 20 GeV
the atmosphere is opaque. Thus, observations must be
made from instruments on satellites or on high altitude
balloons. It is a general rule that the intensity of electro-
magnetic radiation from an astrophysical source decreases
with increasing photon energy. Fortunately the typical in-
tensities are sufficient so that the acceptance of detectors
placed above the atmosphere is reasonably matched to the
aforementioned range. Interest at Snowmass was primar-
ily devoted to the future of observations in three ranges:
0.01-1 MeV, 1-30 MeV, and 30 Mev to 10 GeV; with im-
provemnents suggested in both spatial and energy resolu-
tion. Most physicists and ast are aware of discov-
eries made by the CGRO, in particular of the gamma-ray
bursts (GRB) made by the BATSE detector. These in-
tense bursts of gamma-rays are isotropically distributed
in the sky and do not correlate with bursts in other parts
of the electromagnetic spectruin. The EGRET detector




sboard the CGRO has discovered many active galactic
nuclei (AGN’s), which are very bright as seen in GeV
gamma-rays. This is a discovery which was coinpletely
unexpected.

A number of new concepts for a space-based instrument
to follow the CGRO are under consideration. These in-
clude new survey instruments to explore the entire sky
with a wide field, good spatial and energy resolution, and
increased sensitivity in the the hard X-ray region. These
instruments require the large field of view because most
of the activity in this ares is strongly time varying. They
will be dedicated to the exploration of & range of phenom-
ena involving pulsars, AGN's, and black holes—all objects
that are poorly understood.

8.2 Ground-based gamma-ray astronomy

For gamma-ray enetgies above 20 GeV, the atmosphere
shifts from being an opaque shield to being an essential
part of the detector. At these euergies the gamma-rays
produce air sh in the atmosphere that can be ob-
served either by the Cerenkov radiation produced by the
shower particles or, at high altitudes, the shower parti-
cles themselves. At present, positive results have been
obtained only with the Cerenkov technique. Mirrors im-
age the Cerenkov light on to a cluster of photomultipliers.
The effective area of this detector is given by the size of
the pool of Cerenkov light on the ground which is ~ 104

8.3 Odver the Knee

The cosmic rays which strike the earth isotropically com-
prise nuclei with abundances which are very similar to
solar system abundances, except that elements with high
ionization potential are systematically suppressed. It is
as if the particles are injected at low energy into an ac-
celerator. 1t is believed that this scenatio is correct with
supernova shock waves serving as the accelerator. Shock

leration naturally prod a power law spectrum as
observed. Detailed examination of this acceleration mech-
anism suggests that the upper limit of this process occurs
at about E/Z= 10'® eV. Curiously the cosmic ray spec-
trum steepens at about 3 x 10® eV which may be related
to the upper limit of acceleration.

‘The cosinic rays are contained in the galaxy by its mag-
netic field. As the cosmnic rays pass through the dust and
material iu the galaxy, nuclear species, far in excess of the
solar abundance, are produced by spallation reactions and
give a measure of the average amount of galactic material
traversed by the cosmic rays and hence their lifetime. The
spallation products show that the mean life of the cosmic
rays in the galaxy is about 107 years and that the particles
with higher magnetic rigidity escape from the galaxy more
easily. These facts imply that the mean atomic weight of
the cosmic rays should increase with their total energy
in the region of the kuee. Since the flux of cosmic rays
falls rapidly with energy, it has been difficult to directly
measure the abundances above 10'* eV. New techniques
and new instruments will permit the direct measurement
of the relative aburidances up to 10'® eV. Indirect mea-

km?. Nature cooperates by allowing the g ray sig-
nal to be detected on the ground with an effective area
much larger than what could have been possible for a
space based detector. :

In recent years two pulsars ( the Crab and PSR 1706-
44 ) have been convincingly observed at TeV energies.
Even more remarkable has been the observation of an
AGN, Markarian 421. AGN’s are extra galactic objects
thought to be powered by accretion of material onto mas-
sive black holes. These same objects are observed in the 10
GeV range by the EGRET detector on the CGRO. Other
AGN’s, seen by the CGRO much brighter than Markar-
ian 421, are not seen at TeV energies. The explanation of
these remarkable observations may involve the softening
of the spectra at the higher energies or the ahsorption of
the TeV gammas by infrared photons. Ouly the exten-
sion of gamma-ray astronomy between 20 GeV and 200
Gev will be able to anawer these questions. To lower the

hreshold for ground-based g ay ast y is an
imperative and is technically feasible. This was discussed
st Snowmass, along with other projects, including a large

of the mean atomi ber will be possible by
means of the simult. t of a ber of
shower p ters. This technique will be effective above
10' eV, 50 that an overlap of the two techniques is pos-
sible.

Beyond the kuee little is known about the cosmic rays
other than the energy spectrum. One knows neither the
acceleration mechanism, nor the source (galactic or ex-
tra galactic), nor the mean atomic number. In the next
decade technical means will be developed to answer these
questions. Cosmic rays do not exist independently of
other powerful astrophysical phenomena,; the eflort to un-
derstand the origin of cosmic rays bears on a much broader
domain of astrophysics.

Amoiig the charged cosmic rays there are also electrons,
positrons, and antiprotons which are much less abundant.
Their presence in the cosmic rays is expected at a pre-
dictable level due to interactions of the primary cosmic
rays with galactic material. Excesses of the antiparticle
components are signals of exotic phenomena such as an-

ihilating dark matter. Imprc in technology will

water detector to extend the sensitivity to the higher en-
ergy components of the GRB spectra.

permit much more sensitive investigation of these compo-
nents.

3.4 Highest Energy Cosmic Rays

Over thirty years ago a cosmic ray was observed that had
an energy ~ 10%° eV. Since that time some ten events have
been observed with energies in excess of 10%° eV. With
these extraordinary events, attention is brought to the
upper end of the cosmic ray spectrum. Cosmic rays with
energy above 10'° eV defy easy explanations for their ac-
celeration. These coemnic rays have been observed by four
independent detectors which agree on the shape and flux.
There is structure at the end of the spectruin suggesting
a complex set of sources. The fluxes are low, about one
cosmic ray above 10! eV per kin? per year and about one
above 10% eV per century. :

Recently two events with energies of 2.0 and 3.2 x 10%°
eV have been observed. These events must have origi-
nated at distances cosmologically close to earth. Cosmic
rays have a strong energy loss in their transport through
the 2.7° cosmic background radiation and these two cos-
mic rays must have traveled < 30 Mpc. Because of their
high energy they travel in the galactic and extragalactic
magnetic field with little deflection and hence should point
close to their source. Neither of these cosmic rays points
to auny plausible source within the proscribed distance.
Furthermore, there is no clear understanding how these
energies can be reached using the properties of known as-
trophysical objects. This puzzle can only be answered
with new maasive detectors.

At present, a detector with acceptance of 200 kin?-ster
is operating in Japan and a detector with 500 km®-ster
is under construction in Utah. While these detectors will
begin to work on this puazie, the final resolution will re-
quire massive new detectors of ~ 5,000 km? area placed
in the northern and southern hemispheres.

§4 Gravitational Phenomena

Gravitation physicists seek to understand the nature of
gravity, both classical and quantum. Is general relativity
really the correct classical theory, not only in the solar
system where gravity is weak, but also in compact ob-
jects and on cosmological scales where it is nonlinearly
strong? What are the (as yet ill-understood) laws of quan-
tum gravity that govern the birth of the universe aud the
cores of black holes aud black-hole evaporation? What
kinds of new phenomena are predicted to exist by general
relativity (black holes, singularities, soliton stars, cosmic
strings, ...) and by quantum gravity (black-hole evapora-
tion, the birth of the Universe, the creation and destruc-
tion of classical spacetime in “singularites”, ...).

Many of these issues are beyond the reach of 20th cen-
tury h technology and the sole province of
theorists—both gravitation theorists and particle theo-

rists. However, other gravitational issues have become
experimentally accessible or will be 80 in the near future,
most notably black holes, and gravitational waves as a
tool for probing black holes, neutron stars, soliton stars,
cosmic strings, and the eatly universe. These experimen-
tally accessible phenomena have much intellectual contact
with Particle and Nuclear Astrophysics and Cosmology,
and thns were included in the Snowinass Study. Also in-
cluded were two quantum-gravity phenomena (quantum
cosmology and black-hole evaporation) which, though not
directly experitmentally accessible today, nevertheless iuay
have long-term import for Particle and Nuclear Astro-
physics and Cosmology.

4.1 Quantum Aspects of Gravity

General relativity theory insists that the Universe began
in a big-bang siugnlarity where the deusity of watter and

- the curvature of spacetiime were both infinite. Relativity

also insists that singularities of infinite density and curva-
ture reside inside black holes. Simple quantum mechan-
ical considerations predict, however, that when the deu-
sity aud curvature exceed “Planckian” values coustructed
from Planck’s constant k, Newton’s gravitation constaut
G aud the speed of light ¢ (density ¢3/AG? ~ 10%4g/cni®,
radius of curvature /AG/S3 ~ 10~%%cm), general rel-
ativity must break down, space and time as we know
thein must cease to exist, and a new set of physical laws
and phenomena called “quantum gravity” must take over.
Thus, the cores of black holes and the origin of the uni-
verse should be the downain of quantum gravity.

There'is hope, from cosmological observations of what
came out of the big bang, to get a handle on the quantum-
gravity origin of our Universe, i.e., on its “Planck era”.
One can come at this from two different directions. The
first is that of quantumn cosmologists who use candidate,
partial formulations of the laws of quantum gravity to try
to deduce what emerged from the big bang and how the
Universe made its transition from an initially quantum
mechanical object to the largely classical object in which
we now live. This is the direction taken by participants in
the Snowmass G1 working group. The second direction
is that of astroplysicists and physical cosmologists who
begin with observations of the universe today and try to
extrapolate back toward the Planck era. This direction,
which was taken by Suowinass supergroup C and is ex-
plored in Sec. 5, is now awash with wonderful, new obser-
vational data aud new ideas that might lead it into firm
contact with the quantum-gravity direction. Such contact
might seriously constrain candidate theories of quantuin
gravity, or it might sinply reveal that (by virtue of infla-
tion of the early universe; ¢f. Sec. 5)'the Universe today is
not very sensitive Lo the details of quantum gravity and
the Planck era.


http:Snowma.ss
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A successful partial step toward quantizing gravity was
achieved in the 1970s, when several theorists, coming from
different directions, converged on an spparently unique
way to treat quantum fields that reside in the classical,
curved spacetime of general relativity. Much to everyone’s
amasement, the resulting ¢uantum field theory in curved
spacetime predicied that a black hole mnust emit radiation
{*Hawking radiation” ) and thereby must evaporate, if one
waits long enough (far far longer than the Universe’s age
for stellar mass black holes, but much less for holes less
massive than ~ 10~'°My).

The prediction of black-hole evaporation has led to a
theoretical drum, the lution of which may teach
us much about the full laws of quantum gravity: Oue can
imagine forming a black hole by the implosion of matter
that is in a quantum mechanically pure state. Since the
Hawking radiation, by which the hole ultimately evapo-

might well exist but there is no compelling observational
evidence for them.

" The general relativistic, classical theory of black holes
{which is relevant to all stellar-mass and supermassive
holes) is in fairly complete shape: Thanks to the “no-
hair” theorem, we know that all the properties of such a
hole shiould be fully determined by its mass and spin; and
thanks to many years of analysis by many gravitation the-
orists, we now fully understand those predicted properties,
with one major exception. We do not yet understand in
any detail the behaviors of highly dynamical black holes
{e.g., colliding and coalescing black holes). That dynami-
cal understanding may come within the next decade, as a
result of combined numerical solutions of Einstein’s equa-
tions on supercomputers and gravitational-wave observa-
tions of black-hole collisions (Sec. 4.3).

With classical black-hole theory niostly in hand, black-

rates, is (or appears to be) in a thermally domized
mixed state, the hole’s formation and subsequent evapo-
ration seems to transform a pure state into a inixed state.
In other words, information about quantum mechanical
cotrelations is lost not just in practice, but even in prin-
ciple. Such an information loss and pure-to-mixed transi-
tion is forbidden by the standard Hamiltonian formulation
of quantum mechanics, but is permitted by certain gen-
eralizations of quantum theory based on Feynman’s path
integral methods.

Since the endpoint of the evaporation is governed by
the (ill-understood) full laws of quantum gravity, it may
be this information loss is trying to tell us that quan-
tum gravity cannot be formulated in a Hamiltonian way.
However, this is just one of several possible implications
of the apparent information loss—and the one that most
theorists find least palatable. While there is great dis-
agreement about the real message, there is general agree-
ment that theorists are likely to learn much about the in-
terface between general relativity, quantum theory, and
particle theory by struggling to decipher the endpoint

hole h has become largely observational. Current
and future observational studies have four main goals: (i)
to test, observationally, the predicted properties of black
holes (for example, to measure the details of the curva-
ture of spacetime around a black hole and see whether
they are in accord with the no-hair theorem), (ii) to prove
unequivocally that one or more of the observed black-hole
candidates is indeed a black hole, so we no longer have to
make do with circumstantial evidence, (iii) to determine
the distributions of black holes in the universe (their num-
bers, spatial distributions, and distributions of mass and
spin), and (iv) to explore the roles of black holes in as-
trophysical phenomena (their births, and their interaction
with stellar conipanions and with accretion disks and the
interstellar medium).

The latter goals (black-hole distributions and astro-
physical roles) are part of main-stream astronomy and
astrophysics, and are being pursued with moderate suc-
cess {assuming the objects studied really are black holes),
using a variety of astronomical instruments and analy-
ses. The former goals (uniquivocal proof that an observed

of black-hole tion and other q ts of

small black holes. That struggle was the principrle focus
of Snowmass Group G1.

4.2 Black Hole Astrophysics

Black holes are predicted to exist by general relativity, and
there is compelling circumstantial evidence that they do
exist in relative profusion in the Universe in two varieties:
stellar-mass black holes (M ~ 3 to 50M,,) that are rem-
nants of the evolution of massive but normal stars, and
supermassive black holes (M ~ 10® to 10°M;) that re-
side in the nuclei of galaxies and quasars. A third variety,
primordial black holes formed in the very early universe
with masses as small as ~ 10~ My and quantum me-
chanical evaporation times as short as the Universe’s age,

didate is truly a black hole, and quantitative tests of
black-hole theory) have been more problematic, and were
a primary focus of the Snowmass black-hole group G2.
The keys to these elusive goals are observational studies
of a black hole’s iinmediate vicinity, from its horizon (its
“surface”, inside which one can never see) out to roughly
ten horizon radii. There are two promising vehicles for
such studies: X and gamma rays emitted by hot gas in
an accretion disk swirling inward toward the horizon of &
stellar-nass black hole, snd gravitational waves produced
when two black holes coalesce or when a neutron star or
white dwarf spirals into a more niassive black hole (Sec.
4.3). .
The X and gamma rays, emitted by gas spiraling into
black-hole candidates, are observed to fluctuate on a wide
variety of timescales, from years down to milliseconds.

The shortest timescales are thought to be associated with
gas near the hole’s horizon: It seens reasonable to expect
the radiation from a blob of near-horizon gas to fluctu-

atoms, or niolecules; by contrast, cosmic gravitational
waves are produced by coherent, bulk motions of huge
amounts of mass-energy—either material mass, or the
electromagnetically-dark energy of oscillating, nonlinear

ate, due to moderate beaming and gravitational lensing
effects, at the blob’s orbital period (which is a few millisec-
onds); and as the blob spirals inward, that period should
decrease. The result should be an X-ray or gamma-ray
“chirp” that cuts off at the period of the last stable orbit
ar a bit shorter. A nummber of such chirps may occur at
once, but by statistical studies of the millisecond fluctua-
tions one may hope to determine whether such chirping is
indeed occuring, and if it is, one may hope to learn details
of the near-horizon environment and confirm firmly that
the central body is a black hole.

In the 1970s there was much hope that such studies
would be perforined by IIEAO-A, the first of the high-
energy astronomical observatories, which carried a large-
area, fast-timing X-ray detector. Unfortunately, 8 mal-
function prevented HEAO-A from taking extensive data
of the required sort. It has been nearly 20 years, but at
last two new X-ray missions with the required timing ca-
pabilities are being readied: the X-Ray Timing Explorer
(XTE), and the Unconventional Stellar Aspect {USA) X-

Ray Telescope. The XTE and USA data, when analyzed -
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with new iq such as , give promise of
much improved understanding of the inner regions of ac-
cretion disks, and perhaps they will bring the long-sought
unequivocal proof of black holes and the first evidence of
their detailed properties.

§-3 Gravitational Wave Astrophysics

Gravitational waves are ripples of warpage in the fabric of
spacetime. General relativity predicts their existence and
predicts that they should be produced strongly by highly
compact, massive bodies (e.g., black holes and neutron
stars) that orbit, collide, or vibrate in a highly nonspher-
ical manner. Although gravitational waves have not yet
been detected experimentally, 8 massive international ef-
fort is likely to capture them within the coming decade,
and harness them for research in fundamental physics, as-
trophysics, and cosmology.

There are enormous differences between these gravita-
tional waves, and the electromagnetic waves on which our
present knowledge of the Universe is based: (i) Astro-
nomical electromagnetic waves have frequencies that be-
gin at f ~ 107 Mtz and extend on upward by roughly
20 orders of magnitude; by contrast, astronomical grav-
itational waves should begin at ~ 10* iz (1000-fold
lower than the lowest-frequency. astronomical electromag-
netic waves), and should extend on downward from there
by roughly 20 orders of wmagnitude. (i) Astronom-
ical electroinagnetic waves are almost always incolier-
ent superpositions of emission from individual electrons,

spacetime curvature as in the collision of two black holes.
(iii} Electromaguetic waves are easily absorbed, scattered,
and dispersed by matter and thus can only be seen com-
ing from optically thin regions such as diffuse gas clouds
and stellar atmospheres; by contrast, gravitational waves
travel nearly unscathed through all forms and amounts
of intervening matter and thus, for example, can emerge
from the core of a supernova or the Planck era of our
Universe unscathed by material absorplion or scattering.

These enormous differences make it likely that gravi-
tational waves not only will bring us valuable new infor-
mation about phenoniena such as black holes, for which
we alrendy have electrontagnetic evidence; they may also
bring us great surprises. In the past, when a radically new
window has beeu opened onto the Universe, the resulting
surprises have had a profound, indeed revolutionary, -
pact. For example, the radio universe, as discovered in the
1940s, 50s and 60s, turned out to be far more violent than
the optical universe; radio waves brought us quasars, pul-
sars, and the cosmic microwave radiation, and with them
our first observational evidence for black holes, neutron
stars, and the heat of the big bang It is reasonable to
hope that gravitational waves will bring a similar “revo-
lution” . )

The technology for gravitational wave detection has
been under development for 35 years, and is now near-
ing fruition in several different frequency bands:

Tu the eztremely low frequency band, ~ 1078 to 1071%
Hz (wavelengths of order the size of the observable uni-
verse), observations of the cosmic microwave anisotropy
are coustraining a predicted stochastic background of pri-
‘mordial gravitational waves. 1t may even be that a por-
tion of the quadrupolar microwave anisotropy is due¢ to
such primordial gravitational waves with strengths (en-
ergy density in units of the energy. to close the universe)
Qp ~ 10710

In the very low frequency band, ~ 107° 10 10~7 Haz (peri-
ods of a few years), the observed steadiness of millisecond-
pulsar periods is placing limits ©, ~ 10”7 on any stochas-

_tic gravitational wave background due to early-universe

processes (primordial waves, waves from phase transi-
tions, waves from costnic sLrings).

Black hioles, neutron stars, and other compact, strongly
gravitating bodies that exist in the Universe today are
expected to radiate in the low-frequency band, ~ 1071 Lo
1 Hlz, and the high-frequency baud, ~ 1 1o 10* Haz.

fu the high-frequency band, the “LIGO-VIRGO" iu-
ternational network of laser interferometer gravilational
wave detectors is now under construction, and spherical,
resonant-mass detectors (“bars”) are being designed to
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operste at the upper end of this band, where the in-
terferometers lose sensitivity. This network of hiterfer-
ometers and bars is likely to see and study the waves
from the inspiral and final coal of stell a
black-hole black-hole binaries, black-hole neutron-star bi-
saries, and neutron-star neutron-star binaries out to near-
cosmological distances; and from spinning, slightly asym-
metric neutron stars in our own galaxy, and perhaps non-
axisymmetric supernovae well beyond the VIRGO cluster
of galaxies.

waves' sources with accuracies of ~ 1 degree or better.
Waveform studies, most especially with LISA, are likely
to bring us inaps of the spacetime warpage around black
holes and tests of the black-hole no-hair theorem, and
with these maps and tests, unequivocal proof that black
holes do exist in our Universe. If the LIGO/VIRGO net-
work were now in a mature stage of operation, it would
tell us whether the enigmatic, observed gamma-ray bursts
are coming from the coal of binary tron stars
at near cosmological distances, since those coalescences

When the first LIGO/VIRGO interfe ters turn on,
most and perhaps all these sources will be beyond their
reach; but the interferometers will then be improved step
by step by more than an order of magnitude, with a result-
ing event rate enhancement of more than 1000, thereby
probably bringing these sources into view.

The development of this enh d interfe tech-
nology — which involves monitoring distances between
kilometer-separated test masases to a precision ~ 1/1000
the diameter of the nucleus of an atom — is a major effort
involving a number of research groups world wide, as is
the develop t of the t-mass detectors. These
technologies, which were a central topic of discussion by
Snowmass Group G3, are likely to find many applications
outside the gravitational-wave field.

The low-frequency band, ~ 10~* to 1 Hz, is to the
high-frequency band what radio astronomy is to optical
astronomy. Each band will bring us different kinds of
information about different kinds of phenomena.

Low frequencies are the domain of massive and super-
massive black holes (M ~ 100 to 10*Mg) — their births
and collisions, and the inspiral of smaller objects into
them —, and also of known binary star systems such as
44 i Boo, and our galaxy’s shortest-period compact-body
binaries (white-dwarf, neutron-star, and black-hole).

The premier instrument for this low-frequency band will
be a space-based, several-million-kilometer-long variant
of the LIGO/VIRGO earth-based interferometers. This
Laser Interferometer Space Anteanna (LISA) has been

ded by the E Space Agency’s Survey
Committee as the third of three Cornerstone Missions
in ESA’s Horizon 2000 Plus Program, with a flight in
~ 2014. However, its impl tation may require an aug-
mentation of the Program’s budget level by 5%, and a final
decision remains to be made. Members of the American
gravitation community and of the LISA team hope that
NASA will join together with ESA in this endeavor, and
that working jointly, ESA and NASA will be able to fiy
this exciting mission considerably sooner than 2014.

The scientific payoffs of LISA and the LIGO/VIRGO

network arise from their broad-band nature: they can

itor the two forms of & gravitational wave in the
time domain, over frequency bands of several orders of
magnitude, and they can determine the directions to the

hould produce observable gravitational waves. Moreover,

the gravitational observations would identify, to within
about one millisecond, the time at which the final neutron-
star collision occurs, thereby (depending on one's view-
point) determining how long after the collision the gamma
ray burst begins, or determining to within a fraction of a
second (out of roughly a billion years) the relative propa-
gation times and thus speeds of gravitational and electro-
magnetic waves. If LIGO/VIRGO had been in operation
at the time of supernova 1987A, it should have seen grav-
itational waves produced by the boiling supernova core
whose bubbling neutrino-sphere (analog of photosphere)
is thought to have produced the observed neutrinos; and
by cross correlating the observed gravitational and neu-
trino signals, we could have gained valuable additional
inforination about the supernova inechanism.

These are just a few examples of the payoffs that may
come from the gravitational window onto the universe.
But as with radio astronomy, the biggest payoffs of all are
likely to be wholly unexpected discoveries.

§5 Cosmology

As the new millennium approaches, cosmology is enter-
ing an historic epach in which some of the fundamental
questions concerning the origin and evolution of the Uni-
verse may be answered. Many of the questions date back
before recorded history: how big is the Universe? how
old is the Universe? How did it begin and how did it
evolve? Many solutions have been proposed over time
by scientists, philosophers, and religi lead What
makes this period in history distinctive is the advent of
new technologies which give us the capability of peering
far into space and gathering data which can test our an-

swers Lo these questions. The technology has developed '

over the course of this century, beginning with the advent
of the giaut optical telescopes, and is now progressing at
an incredible pace. Numerous new technologies are coin-
ing together at the same time and breaking new ground
in cosmology, including: the use of novel bolometer and
solid state detectors to measure the anisotropy in cos-
niic microwave bhackground radiation at the microkelvin
level; the application of CCDs to measure red shifts of

distant galaxies and to construct three-dimensional inaps
of the universe; the development of satellites to detect
potential cosmological sources of gamma-ray bursts, x-
ray glow, and infrared radiation; computer-coordinated
surveys of gravitational lensing by intragalactic and ex-
tragalactic sources; and experinents for direct detection
of axions and supersynunetric weakly interacting massive
particles (WIMPs) utilizing novel detectors. It is fair to
say that, for the first time in human history, cosmology
is undergoing a period in which the subject is as much
observation-driven as theory-driven, just what is desired
for a true, healthy science. Historical precedents suggest
that, when a discipline reaches this balance for the first
time, a heroic age of major breakthroughs ensues. There
is every reason to suspect that cosmology will follow this
precedent. :

The grand ambition of cosinology is Lo explain the evo-

" lution of the universe in terms of a.simple, predictive

model. At this point in time, there is no single complete
picture. The hot big bang model explaius the expansion
and thermal history of the universe, and is extremely well
tested. But the big bang picture is incomplete: it does not
explain why the universe is so hoinogeneous, or why the
universe is made almiost entirely of matter with little anti-
matter or how large-scale structure formed. A number of
concepts, including infiation, cosmic defects, dark atter,
and baryogenesis, have been put forward as additions to
the big bang model that may provide explanations. En-
tering the new millennium, the primary focus will be in
precision tests of the big bang predictions, measurement
of cosmic parameters, and resolution of the various com-
peting ideas that enhance the big bang picture.

5.1 The Big Bang Model: Present Status and
Future Tests

We enter the new millennium. with a highly successful
paradigm in hand: the hot big bang model. According to
this model, the universe began as an infinitesimal patch of
space filled with hot, dense gas which suddenly began to
expand and cool. The universe we see today is the result of
fifteen billion years of expansion and cooling. This simple
picture successfully explains: 1) the Hubble red shift of
distant galaxies, a result of the coutinued expansion of the
universe; 2) the abundance of light nuclei, a consequence
of fusion processes that took place in the hot universe
during the first seconds after the big bang; and, 3) the
existence of the cosmic microwave backgronnd, a remnant
of radiation that filled the universe and decoupled from
matter when the first atoms began to form.

‘The successful predictions of the big bang mode! ver-
ify it as a valid description of the universe from the
present back to the first hundredths of a second after
the big bang. The ilubble-distance relution, which re-

iates the red shift of distant galaxies to the expansion
of the universe, is verified out to several hundred niega-
parsecs (Mpe=3 x 10'* c¢m), using galactic markers that
date back to the first billion years or so after the big
bang. In the past few years, the COBE Far Infrared Abso-
lute Spectrophotometer (FIRAS) experiment and the the
rocket experiments of the University of British Colunibia
group have verified the Planckian spectrum of the cos-
mic microwave background in exquisite detail. This re-
sult is an extraordinarily compelling verification that the
universe was once hot and has been expanding and cool-
ing dating back to the period when the cosmic microwave
background photons decoupled from matter, some 100,000
years or so after the big bang. The successful predictions
of nucleosyuthesis of the light elements verify the big bang
picture back in timme Lo when the universe was hot enough
to fuse protons and neutrons into nuclei, 0.01 sec or so
after the big bang.

hnportant new tests of the big bang model are antici-
pated in the next nillennium. Although the linearity of
the Hubble-distance relation is well-verified, the magui-
tude of the proportionality factor, the Hubble constant,
Hy, remains uncertain to within a factor of two. Since this
constant determines the age of the universe, and thereby
substantially constrains competing models for large-scale
structure formation, eliminating the uncertainty in the
value of Hp is one of the prinary goals of cosmology.
Although the issue has been the subject of considerable
controversy for decades, there is real hope for resolution
in the new millennium thanks to several new technolo-
gies and observational approaches. The Hubble Space
Telescope (HST) will provide a major improvement in
the traditional astrometric methods of measuring Hg, ns-
ing Cepheid variable stars in other galaxies as standard
candles. The first results from this work based on 13
Cepheids in one galaxy in the Virgo cluster have pro-
duced the result Ho = 804 17 kin/s/Mpc. 1t seems likely
that further observations will significantly reduce the un-
certainty. Various alternative approaches for measuring
Hy are also being pursued, including studies of super-
nova photospheres, supernova luminosities, gravitational
lenses, and the Sunyaev-Zel’dovich effect (the rescattering
of microwave background radiation by the hot gas withiu
galaxy clusters). Progress can best be made in this field
by developing all of these techniques and seeking conver-
gence among theny.

The age of the universe has been traditionally estimated
using nuclear cosimochronology, cooling rates of white
dwarfs, and globular clusters. Globular clusters provide
the wost stringent age constraint, #y > 11.5 Gyrs. The
age is deterniined by plotting the distribution of stars in
globular clusters on a color-magnitude diagram. One can
identify stars that are turning off froin the main sequence
and measure their apparent luminosity. Knowing the dis-



tance to the cluster then deterniines the absolute lumi-
nosity. Then from stellar evolution, it is well-known how
long it takes for stars to turn off the main sequence branch
s & function of their luminosity. The limitation in this
approach is in capturing atars close to the main sequence
turn-off. Recent reviews based on taking limits of stars
on the main sequence suggest an age of t; > 13.7 Gyrs,
whereaa the limit cited above is based on studies along the
giant sequence. Hubble Space Telescope studies may im-
prove resolution of stars near the turnoff and significantly
improve the limits.

The product of the Hubble constant and the age, Hotg,
are directly linked to £, the ratio of the energy density
to the critical density of the universe, and to the energy

tent. For the simplest model, a with 2 = 1
comprised of nou-relativistic wnatter, Hoty = 2/3. Yet,
the current best-estimates correspond to Hgty near one.
This conflict comprises the “age crisis,” which either in-
dicates a problem with the measurements or a different
energy density or energy content. For example, if there
is a significant vacuum density (or, equivalently, cosmo-
logical constant) contribution to the total energy density,
a value of Hoty can be obtained which is consisteut with
present ts. At p t, the error bars on the
measurements are too large to definitively determine if
there is an age crisis, but the anticipated progress in the
new millennium will settle the issue.

The Planckian form of the cosmic microwave back-
ground spectrum has been precisely verified near the peak
of the spectrum (tens to hundreds of GHz). The spec-
trum obeys a thermal distribution with a temperature of
T = 2.326 + .010 degrees, corresponding to a photon den-
sity of 420 cm™2. However, verification of the Planckian
shape at long-wavelengths (< 1 GHz) is much less precise.
Improvements in these measurements would confirm sim-
ple big bang evolution and further rule out exotic models,
such as late-decaying particles.

Primordial nucleosynthesis has been established as a
primary test of the big bang picture and as one of the
best means of ing the abund of baryons in
the universe. Current best-estimates on flg, the ratio
of baryon density to the critical density needed to close
the universe, lie between 0.01 and 0.1. To improve upon
these limits, more quantitative measurements of primor-
dial abundances are needed along with imiproved under-
standing of chemical evolution, stellar processing, stel-
lar atmospheres, and 1 bination/collisional excitation
rates. The developmnent of multi-dimensional hydredy-
namic codes to model stellar atmospheres and supernova
will be important developments. Also, recent attempts to
measure the abundances of light nuclear elements using
pre-galactic hydrogen clouds (Lyman-a clouds) appears to
be & very promising, i d pproach perhaps less
subject to evolutionary ptions. Continued improve-
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ment in lithium abundaices is especially critical both as
corroborating evidence and as the most precise method
for narrowing the uncertainty in (g,

The big bang models is left incompletely specified un-
less one also determines Q, the ratio of the energy density
to the critical density separating an open from closed uni-
verse, and A, the cosmological constant or vacuuin den-
sity. The best approaches, in principle, are global ap-
proaches which measure the universe over very large dis-
tances and/or very long times. The cosmic microwave
background anisotropy entails radiation from the furthest
cbservational reaches of the universe. In many cosmo-
logical models, including inflation, the temperature auto-
correlation spectrum includes sharp features which can
be used to determine {2 (see below) using instruments
with current sensitivities. Resolving other cosmological
parameters, including A, through the cosmic wave back-
ground anisotropy alone will require subatantial improve-
ments in detector seusitivities and new satellite and/or
long-duration balloon projects which can scan nearly the
full sky. Measurements of cosmic deceleration, go, have
been notoriously difficult. The method relies on com-
paring the geometrical sizes of similar objects near and
far, but one must beware that the far objects are also
much older and that evolutionary effects may alter their
perceived size or luminosity. ' With improved modeling
of evolution and a major effort to obtain spectra from a
large sample of faint galaxies (see below), progress may
be inade in the comning decades. Surveys of gravitational
lenses is another global approach. Compared to 2 = |
and A = 0 models, flat universes with non-zero A predict
significantly inore lensing of by galaxies. Detec-
tion of “standard events” over a range of cosmological
distances is another evolving approach. An example is
the effort to detect Type Ia supernovae in high redshift
galaxies.

5.2 Beyond the Big Bang

The most exciting developments in cosmology for the next
millennium entail ideas that stretch beyond the stan-
dard hot big bang model. It is clear that, in spite of
its phenomenal successes, the big bang picture is an in-
complete model of the evolution of the universe. The big
bang model does not provide any answer to a number
of key questions: Wiy is the universe so homogeneous or
anisotropic? Why is the energy density of the universe to-
day so close to the critical density (1 near one)? How did
the inhomogeneities in the universe arise that are observed
in the cosmic microwave background anisotropy and/or
are respousible for the formation of large-scale structure?
How did galaxies form? Why is the universe composed
predominantly of matter with insignificant fractions of an-
timatter? What is the dark matter that comprises the

halos of galaxies and perhaps the nissing matter of the
universe?

Most likely, the answers to these questions entail events
that took place in the first instants after the big bang.
Whereas the concepts and tests of the big bang model
entail nuclear physics, atomic physics, and astrophysics,
new ideas that go beyond the big bang picture entail early
timnes in the universe when the temperature throughout
the cosmos was sufficient Lo excite interactions among el-
ementary particles (33 1 GeV). Hence, the answers to the
problems of cosmology may be directly linked to our un-
derstanding of the fundamental forces and constituents
of nature. Theory and observation in cosmology in the
next millennium will be focused on exploring the cosmic
connection between the very large and the very small.

A New Generation of Cosiological Models

To address the questions left unanswered by the big bang
model, new cosmological models are needed. The infla-
tionary model of the universe is the leading candidate for
an explanatory and predictive theory that extends beyond
the standard big bang picture. The inflationary niodel
proposes that the universe underwent a brief period of

_extraordinary, superluminal expansion, “inflation,” dur-

ing the first instants after the big bang. The remark-
able stretching smooths the distribution of inatter and en-
ergy, explaining why the universe is 50 homogeneous and
isotropic. The stretching flattens any spatial curvature,
explaining why space appears to be Euclidean. According
to Einstein's theory of general relativity, a spatially flat
universe must have energy density equal to the critical
value that divides an open from a closed universe. Hence,
the flattening induced by inflation also explains why the
observed energy density, p, is close the critical density to-
day. A key, testable prediction is that the ratio of the
energy density to the critical value, 2 = p/p.yis, is indis-
tinguishable from unity today. The inflationary stretching
dilutes the density of magnetic monopoles and other par-

consequence of inflation, then most inflationary models
would predict that the magnitude of the observed fluctu-
ations in AT/T ~ 10~% is equal to M3 /M3, where Mp is
the Planck mass, 1.2x10'* GeV, and M = 10!% GeV is the
characteristic energy of whatever physics drove inflation.
Hence, inflation is linked by the microwave background to
unification scales. Relating inflation to unification models
of particle interactions, such as superstrings, is an impor-
tant el led to complete the inflationary picture.

Another important theoretical challenge, which applies
both to inflation and more general theoretical models, is
to understand the source and the value of the cosmolog-
ical coustant. luflation relies on the notion that particle
physics interactions produce a positive contribution to the
vacusini density of the universe, adding a non-negligible
contribution to the cosmological constant. It is nornally
presmned, based on observations, that the cosmological
constant is zero or near-zero today. But, the inflation pic-
ture (or any other cosmological model) is not complete
until it is understood why the cosmological constant is
small today. Particle theorists believe that the answer
lies in the unification of gravity and particle interactions
into a unified quantum theory, such as superstrings.

At present, there are no models competing with infla-
tion to explain the homogeneity, isotropy, flatness, and
mass density of the nniverse. The only alternative has
been to assume these unusual and unstable properties as
part of the initial conditions of the universe. However,
there are nuinerous competing models for explaining the
source of inhomogeneities that are observed in the cos-
mic microwave background and that may be the seeds for
large-scale structure formation.

According to inflation, the inhomogeneities are the re-
sult of quantum fluctuations in the energy density amd
space-time metric that ran rampant when the universe
occupied a subnuclear volume prior to inflation. As space
inflated, the fluctuations, ripples in the fabric of space,
stretched -also, ultimately spanning a c logical range
of wavelengths. The predicted fluctuations are gaussian,

ticle monsters created near the Planck t ture, thus

liabatic (equal fluctuations in all species of energy), and

explaining their absence in the universe today. Finally,
inflation predicts a spectrum of inhomogeneities were pro-
duced during inflation that might leave an imprint on the
cosmic microwave background and act as seeds for large
scale structure formation. The spectrum of fluctuations is
predicted to be nearly scale-invariant, which is consistent
with the observations of the COBE Differential Microwave
Radiometer (DMR) experiment. Inflation is the only vi-
able cosmological model which explains so many, diverse
aspects of the universe.

One important theoretical challenge in inflationary cos-
mology is to understand that process that may have
caused the brief period of superluminal expansion. If the
microwave backgronnd anisotropy (AT/T = 107%) is a

nearly scale-invariant.

Cosmic defect models presume that the universe under-
went a phase trausition which resulted in the formation
of topological defects, whicli act as the seeds for large-
scale structnre formation. A topological defect results if,
following a phase trausition, there are many possible vac-
nwn states corresponding to different values of quantumn
fields. Different, causally-disconnected regions of space
fall randomly into one or another vacuum state. After
time passes, the formerly disconnected regions make con-
tact and, where there are mismatches in vacuum states,
stable kuots in the quantum fields form. Depending on
the nature of the vacumn degeneracy, these knots may
take the formn of points (“monopoles”), curves (“cusmic

it



strings”), surfaces (“domain walls”), or textures. The
notion of defect models is that these concentrated knots
of energy might be the origin of inhomogeneity in the
universe. One key difference from inflation is that these
inhomogencities are strongly non-gaussian. General ar-
guments suggest that the distribution of defects is scale-
invariant. A consequence is that there are always defects
within our Hubble horizon. For each type of defect, there
is a characteristic signal to be found if one should pass
through the field of view. For example, a cosmic string
would Jeave a line-like discontinuity in a high-resolution
map of the cosmic microwave background.

A theoretical challenge for defect models con-
tinues to be finding reliable methods for computing their
predictions. Whereas inflation predicts a siniple specteum
of fluctuations which can be understood analytically, de-
fect models require very large-scale numerical shnulations.
The defects enter the horizon with commological size, but
decay and interact on microscopic scales. The implica-
tions for cosmology are sensitive to the entire range of
di i New th | methods are needed to reli-
ably circumvent this problem and obtain trustworthy pre-
dictions of i ave background anisotropy and
Targe-scale structure formation.

Both inflation and cosmic defect models invoke dynam-
ical processes based on particle physics to explain the ori-
gin of inhomogeneity in the universe. Some cosinologists
prefer a more phenomenological approach in which one
uses present observations to infer an initial spectrum of
inhomogeneities without explaining their origin. One such
model is the primeval isocurvature baryon (PIB) model.
The model is intended to be conservative with the virtue
that it does not require dark matter and any other un-
verified physical p So, it p only baryons
comprise the matter of the universe and, given nucleosyn-
thesis constraints, this means that the universe is open.
Also, one presumes an ad hoc initial spectrum of per-
turbations in the baryous relative to the photons. The
obvious disadvantage of such models is that they are not
truly predictive. By presuming different initial spectra,
one can get arbitrarily different answers. llowever, the
development of such ph logical fitting models is
an important tool for guiding the development of alter-
natives to our present, rather restrictive set of predictive
models.

Why is There an Excess of Matter over Antimat-
ter in the Universe?

A striking feature of the observable universe is that it is
composed primarily of matter, with a negligible propor-
tion of antimatter. The observed baryon excess is ten
orders of magnitude higher than would be obtained if the
universe began with equal numbers of baryons and an-
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tibaryons and simply had them annihilate as the universe
cooled and expanded. One explanation may be that the
universe began with precisely the observed baryon excess,
and that the excess has simply maintained itself over time.
Not only is this unsatisfying, but, if inflation is correct,
then any initial excess would have been wiped out during
the inflationary stretching of the universe. Hence, current
research has focused on the notion that the matter ex-
cess was generated by dynamical processes as the universe
cooled from Planckian temperatures, e.g., after inflation.

In the late 1960's, Sakh lized that dy! ical
baryogenesis would require three conditions: (1) devia-
tion from thermal equilibrium; (2) viol of baryon
conservation; and, (3) violation of CP conservation. The
advent of grand unified theories in the 1970°s provided a
theoretical framework for achieving all three couditions
at grand unification energy scales, 10'* GeV or 90, using
decays of long-lived relics to achieve the deviation from
equilibrium. In the past decade, the focus has switched
to lower energy-scale (100 GeV) baryogenesis associated
with the electroweak phase transition. It has been noted
that the required baryon-violation could arise from non-
perturbative effects in the standard model.

The biggest uncertainty is the origin of CP violation. It
now seems likely that the CP violation associated with the
standard model is insufficient, so that new CP violation
sources are needed. There are numerous workable sugges-
tions, but none that is compelling. Future experiments to
improve constraints on the electron and neutron electric
dipole moments could strongly influence developments in
the field since most proposals suggest a substantial non-
zero value.

On the theoretical side, there remain open issues about
the detsiled mechanisin by which baryogenesis takes place
in the case of the electroweak phase transition. One is-
sue is whether the phase transition is a sufficiently strong
first-order phase trausition to provide the needed devi-
ation from thermal equilibrium. Investigations thus far
suggest that the experimentally allowed mass range for
the Higgs in the minimal standard model precludes a first
order transition, although the issue remains controversial.
The minimal model also appears inadequate for provid-
ing sufficient CP violation. Consequently, the focus of
the field is likely to be on other inodels of weak symme-
try breaking. If a sufficiently strong first-order transi-
tion is achieved, it will proceed through the nucleation of
bubbles of true vacuumm which grow and coalesce to com-
plete the trausition. The interaction of quarks and gluons
with the bubbles is believed to be a critical contributor to
baryogenesis, but the progress is needed in developing a
quantitative and predictive understanding of the process.
More generally, progress on electroweak baryogenesis will
benefit from measurements at the LHC and future accel-
erators which will explore electroweak symmetry breaking

and quark aud lepton Yukawa couplings.

5.9 Dark Matter

Another area of overlap and complementarity between
wosmology and particle physics may be provided by dark
matter. There are increasingly compelling pieces of evi-
dence that at least 90 percent of the mass in the universe
is dark, by which we mean that it does not emit or absorb
any form of electromagnetic radistion. Once a subject of
cont y among astro 8, its existence is now ac-
knowledged by a large majority as its presence is inferred
on a variety of scales. Not only does the non- Keplerian
character of rotation curves around spiral galaxies indi-
cate that they are at least ten times more massive than
the suin of the stars that we can see, but velocity disper-
sion of stars and x-ray emission in elliptical galaxies show
that these objects are also dominated by a dark compo-
nent. These galuctic measurements show that dark mat-
ter represents at least a few percent of the critical density.
At the scale of clusters of galaxies, three independent sets
of measurements point at an even greater amount of the
dark matter. The large velocity dispersion of galaxies in-
side the cluster, the temperature of the x-rays emitted
by gas falling into the center of the clusters, the arclets
resulting from gravitational lensing of galaxies located be-
hind the clusters, all lead to very similar estimate of the
depth of the potential well. This pushes estimates of the
mean density in the universe to al least 20 percent of the
critical density. Velocity correlation and flows on large
scale indicate even greater values,

The combination of all these observations makes it
rather convincing that dark matter does indeed exist. The
only other (even more earthshaking) possibility is that the
laws of gravity are violated on the large scale. Uncovering
the nature of this "dark matter” has become one of the
more central problems in astronomy and cosmology: it is
certainly embarrassing not to understand the dominant
component of the universe.

What could it be? The average density may be an im-
portant clue. If 2 < 0.1, dark inatter may'be made of
ordinary baryonic matter, as this density is quite con-
sistent with the measurement of primordial abund

es

incompatible with Q13 determined from the primordial nu-
cleosynthesis. We may then be forced into the hypothesis
that at least some dark matter is nonbaryonic. So far at-
tempts to modify the standard nuclecsynthesis scenario
(e.g., through inhomogeneities generated by the quark-
hadron phase transition} have been unsuccessful in ex-
tending significantly the upper bound on Qg. If indeed
we could show that dark matter is not made of ordinary
matter, we would have to deeply modify our vision of the
universe and of our place in it: a few clumped baryons
floating in a sea of foreign particles. Paradoxically, as it
dominates gravity, this most inert component of the uni-
verse nay be responsible for the formation of structure
by gravitational collapse and therefore of galaxies, stars,
plancts and ultimately life. Elucidating the nature of dark
matier is therefore a high priority endeavor which can be
approached in two compleinentary ways. Cosmology gives
us information on this nature through the value of the cos-
mological parameters, the detailed shape of the temper-
ature fluctuations of the cosmic microwave background,
and the evolution of the large scale structure. And we
could make progress through attempts to detect this dark
matter directly. A number of such direct searches are al-
ready in progress.

Microlensing provides us with a method of detecting the
only natural form of baryonic dark matter still conmpat-
ible with abservations, Massive Compact Halo Objects.
If one of these MACIHOs happens to cross the line of
sight to a star, say in the Large Magellanic Cloud, a tem-
porary increase of the star’s intensity will be observed.
This increase would be symmetric in time, achroinatic
and non-repetitive, contrary to sporadic phenomena in
stars. At least five collaborations are now actively search-
ing for such events, an effort which requires the regular
observation of some ten million stars. At this writing, mi-
crolensing has clearly been established but the results are
puzzling: We observe too many events towards the galac-
tic bulge, and apparently too few (within meager statis-
tics) towards the Large Magellanic Cloud, indicating that
our previous ideas of the structure of the galaxies were too
naive. Before we can conclude, we need both to increase
the statistics and to better pin down the halo structure.

As explained above, if Q is significantly greater than 0.1,

of light elements and the standard nucleosynthesis sce-
nario in a homogeneous universe. However, this baryonic
component must neither radiate nor absorb light. This
basically excludes gas {unless it is in a very exotic state)
and dust, and leads to the conclusion that this form of
dark maiter is viable only in the form of condensed ob-
jects: stars too sinall to start thermonuclear reactions or
black holes. Both types can be combined under the name
Massive Compact Halo Objects (MACHOs).If, as may be
indicated by cluster observations and large scale veloc-
ity flows, (1 is significantly higher than 0.1, it wonld be

some dark matter has to be nonbaryonic. If we discard ex-
otica such as a shadow universe or primordial black holes,
the most attractive hypothesis then is that dark inatter
is made of particles that were created in the hot early
universe and managed to stay around.

One of the well-motivated candidates is the axion. Such
a particle has been proposed in order to suppress the
strong CP violation implied by the otherwise very success-
ful Quantum Chromodynaniics. 1t has not been observed,
but it is interesting to note that the combination of lab-
oratory and astroplysics experiments has constrained its
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mase in such a way that if it does exist, it must be cosmo-
logically significant, accounting for a large fraction of the
critical density. These "invisible” axions from the halo of
our galaxy could in fact be detected through their con-

ion into hromatic photons inside a
tunable microwave cavity in a large magnetic field. In the
past ten years, two pilot efforts explored the technology,
but lacked about three orders of magnitude in sensitiv-
ity to reach a cosmologically interesting limit. A second
generation experiment is currently in preparation at Liv-
etmore, which should have the needed sensitivity range
over one decade in masa. If no signal is unraveled, a sig-
nificant experimental challenge will be to cover the other
two decades which will still be allowed.

Without further information from a specific nodel, it
is quite natural to assume that these dark matter par-
ticles were once in thermodynamic equilibriun: with the
quarks and leptons. In this case, their current density
depends on whether they were relativistic or not at the
time they decoupled from the rest of the universe. If they
are light enough to be relativistic at that time, their den-
sity is just related to the decoupling temperature and is
basically equal to that of the photons in the universe.
This is, for instance, what is expected to have happened
for light neutrinos, and a neutrino of 26 eV would give
a value of § of the order of unity. Unfortunately such a
neutrino is extremely difficult to detect in the astrophys-
ical environment. It should, however, be possible to test
this hypothesis in the laboratory through neutrino oscil-
lation experiments which are described in this volume.
Note that these efforts are complementary to attempts
to solve the solar neutrino puzzle, and to confirm atmo-
spheric neutrino oscillations. Although the neutrino mass
range covered by these experiments is much lower than
necessary to account for the dark matter, confirmation
that neutrinos have indeed finite masses will be invalu-
able in reconstructing the general framework.

For particles which happen to have decoupled when
they were non- relativistic, their density today is inversely
proportional to their annihilation cross section. A density
close to the critical density leads to a cross-section of the
order of the Weak Interaction, indicating that the physics
at the W' /2% intermediate vector boson scale (e.g., super-

y try) may be ible for the dark matter in the
universe. This generic class of particles is usually called
Weakly Interacting Massive Particles (WIMPs). A first
generation of experiments looking for elastic scattering of
such WIMPs in the laboratory with solid state detectors
proved that heavy Dirac neutrinos cannot be a major com-
ponent of our galactic halo, and almost eliminated a class
of WIMPs designed both to be dark matter and to account
for the paucity of solar neutrinos. A second generation of
laboratory experiments is being brought into operation;
depending on the groups, they use larger masses of ger-

H

manium detectors, large scintillating crystals of Nal, or
novel "cryogenic detectors” working at millikelvin termper-
atures. While the first methods promise sensitivity gains
of a factor of a few, the cryogenic detectors allow an active
rejection of the radioactive background (e.g., through the
simult t of the phonons and ionization
produced in particle interactions) and may give gains of
one hundred or more. These experiments will begin to
probe the rate region expected for the theoretically fa-
vored neutralinos, the lightest particles in supersymme-
try. It will also be possible Lo use the large high energy
neutrino detectors to indirectly search for these particles.

To conclude, the dark matter problem occupies a cen-
tral place in the current cosmological debate, and eluci-
dating its nature is closely linked to a number of other
questions and observations in particle astrophysics. We
are poised to make significant experimental progress in
the coming years. The beginning of the next millennium
may well see the solution of this fascinating puzzle!

5.4 The Large-scale Structure of the Universe

One of the greatest challenges of cosmology is to explain
the large-scale structure of the universe. The present no-
tion is that tiny inhomogeneitics in the distribution of en-
ergy were generated in the early universe, and then these
were amplified through the action of gravity over time into
the structure we observe today. To transform this notion
into a predictive theory, three key questions need to be
answered. What are the values of cosmological param-
eters: the nass density, the cosmological constant, and
the Hubble constant? What is the quantity and composi-
tion of matter/energy in the universe? And, what is the
origin of the initial inhonogeneities? Current and future
progress on these issues have been discussed under the
prior sections on Big Bang cosmology, on Dark Matter
and on Cosmological Models, respectively.

In addition, for a truly detailed understanding of the
formnation of large-scale structure, substantial advances in
both theory and observation are needed. On the theoret-
ical front, the detailed tests of theory require numerical
simulation of the formation of large-scale structure, in-
cluding hydrodynamics, star formauon,supernova chem-
ical evolution, etc. At p imulations only
span a dynamlcal range of three or four orders of magni-
tude. One key challenge is to improve numerical tech-
niques to expand the simulation range. Another is to
improve physical understanding of the process of galaxy
and star formation, which is crucial input into the simu-
lations. Detter statistical or analytical methods of com-
paring observational data with models are needed which
take account of the real selection biases in experiment.

The advent of large-area red shift surveys is radically
transforsning observational studies of large-scale struc-

ture. Current surveys probe only a relatively sinall vol-
ume of the local cosmic neighborhood spanning of order
10,000 galaxies. The next generation of surveys, such as
the Sloan Digital Sky Survey and the Anglo-Australian
2dF, will measure the red shifts of over one million galax-
ies and extend the cosmic range by more than an order of
magnitude. In addition, the surveys will capture iimages of
tens of millions of galaxies. The surveys will neasure the
galactic power spectrum over a range of wavelengths that
will overlap measurements of the cosmic microwave back-
ground, providing critically important, redundant tests of
the power-spectrum at long gths, ts
of 1, and determinations of the bias parameter as a func-
tion of wavelength. The surveys will also provide infor-
mation about the distribution of peculiar velocities at
large scales, which is an additional test of cosmological
models of large-scale structure formation. While the red
shift surveys are direct probes of luminous matter, an-
other much-anticipated development ave studies of weak
lensing, which probes the distribution of foreground dark
matter. The diverse array of new measurements being
initiated as we enter the new millennium will provide our
first detailed look of the universe at large scales and pro-
foundly affect our ideas about the origin of the universe.

5.5 The Cosmic Microwave Background

The cosmic microwave background is, in many ways, our
best cosmological probe. Assuming the standard inter-
pretation of its origin, the cosimic microwave background
provides direct information about the largest distances
and the earliest times accessible (until some means is
found for probing the cosmological graviton or neutrino
backgrounds). In addition, cosmic microwave background
measurements are much less sensitive to subjective or
model-dependent assumptions compared to most cosino-
logical measurements.

Measurements of the energy spectrumn of the cosmic mi-
crowave background, beginning with the initial discovery
of the 3 K background by Penzias and Wilson through the
recent COBE FIRAS and UBC rocket precision measure-
ments, have provided exquisite tests of the standard hot
big bang explanation of how the universe evolved from
the 100,000 year mark to the present. Alihough current
measurements are quite impressive, extending the spec-
tral measurements to longer wavelengths will provide fur-
ther support for the simple, adiabatic expausion picture or
could provide evidence of some exotic thermal processes
{e.g., late decays of elementary particles). Significant im-
provements probably require a space-borne inission using
a small-sized salellite.

The revolution that is occurring as we enter the new
millenninm is the first detections of anisotropy, spatial
variations in the temperature of the microwave back-

ground. These variations provide a detailed, quantitative
fingerpriut which can be used to decisively discriminate
competing models for the evolution of the universe. Pre-
cise measurements of anisotropy also provide novel ways of
determining the values of cosmological parameters, such
as {1, the Hubble constant and the cosmological constant.

The revolution began in 1992 with the announce-
ment by the COBE Differential Microwave Radiometer
{DMR) experitnental that they had detected anisotropies
of AT/T ~ 1075. Since COBE DMR, more than a dozen
new detections have been reported on angular scales rang-
ing down to one-half degree, and significant upper bounds
have been reported on yet smaller scales. The field is still
in its infancy, though: lmprovements in instrumentation
and sky coverage could dramatically improve the precision
of the measurements within the next decade.

Future cosmic microwave background anisotropy ex-
pr,rimcn'.s can be categorized into three regimes, large-
, intermediate-, and small-angular scale
each of which reveals a dlﬂ'erem key aspect of our cus—
mology Experiments ities stretcl)-
ing over large angles in the aky >2 degreu) probe the
largest structures in the universe. When the microwave
buckground radiation last scattered from wmatter and be-
gan ity trek across the universe, there had not yet been
time for these large structures to evolve since whatever
evenls created them, e.g., inflation. Hence, large-angle ex-
periments reveal the directly primal universe dating back
to the first instants after creation. In terms of our efforts
to understand large-scale structure formation, large-angle
experiments nieasure the magnitude of the initial inho-
mogeneities before gravity had a chance to amplify them.
The most important features to be determnined are the a-
plitude and the spectral index of the power spectrum, the
key input parameters for any theory of large-scale struc-
ture formation. COBE has provided a rough measure,
but greater precision is needed to discriminate and refine
models.

Experiinents measuring inhoniogeneities spanning in-
termediate scales (half-degree to several degrees) probe
features in the sharp features in the spectrum which
discriminate qualitatively different models of large-scale
structure formation (e.g., inflation vs. cosmic defects).
For any given type of model, these features can also be
used as a novel means of deterinining 2, and for deter-
mining the ionization history of the universe.

What we learn from large- and intermiediate-scale mea-
surewents will play a leading and profound role in deter-
mining our vision of the evolution of our universe. The
challenge for both reginies is that a very large fraction of
the sky must be measured in order to obtain good statis-
tical measures. This dictates an expiriment that flies at
high altitude for the very long periods of time need to scan
the sky with fine resolution. One set of proposal entails
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long-duration bali which cir vigate Antarctica,
for example, for weeks or months. The balloon projects
will evolve quickly, obtain good results soon, and be criti-
cal in developing advanced technologies. The most precise
results, however, are likely to coine from a future satellite
mission which avoids atmospheric and side-lobe problens
of earth- and balloon-borne missions and is able to mea-
sure the full-sky in a controlled, redundant patterns. Such
& mission would be a monumental and historic contribu-
tion to our understanding of cosmology.

Expetiments at small-angle scales (less than half-
degree) are important because features observed in the
spectrum at these scales can be used to determine the
values of cosmological parameters, such as the cosmo-
logical constant, the Hubble constant, and the baryon
density. They can also be used to distinguish the na-
ture of dark matter, e.g., the proportion of hot or cold
dark matter. M ts at these angular scales are
also opumal for dctectmg the polarization of the mi-

, non-gaussian contributions to pri-
monhd ﬂuctuahona, the Sunyaev-Zel'dovich effect, and
secondary anisotropies tion with tion of the
microwave background. Land-based aud balloon-borue

periments will be the d. t contributors to our un-
derstanding of this regime, since larger instruments are
needed to obtain the fine resolution and there is less de-
mand for full-sky coverage.

in sum, a program of hxgh resotutlon measureinents of
the g d anisotropy is the high-
est priority for microwave background studies and proba-
bly for cosmology i m general Each of the three angular-
scale regi t, fund tal facets of the
universe. lmprovm; long-wnvelengtl: spectral measure-
ments, e.g., by a small satellite mission, is a second prior-
ity.

A balanced program of land, air and space missions is
needed to extract the extraordinary wealth of informa-
tion which the cosmic microwave background has to offer.
Combined with ts of large-scale structure snd
peculiar velocities, the cosmic microwave background will
provide a new understanding of the origin and evolution
of the uni , a truly profound breakthirough that will
be one of the historic achievements of the new millennium.

§6 Structure of the Field

By its very nature science is a continually evolving en-
deavor, with exciting new fields arising at the interface
between well established disciplines. In fostering and nur-
turing new fields, three important issues of science policy

arise:
1. In a eeverely coustrained budget climate, how can
one support a developing field without sn established
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“budget line?”

2. llow can cross-disciplinary priorities be established
so that new endeavors may be judged relative to well
established activities?

(=3

. As new fields develop and their financial needs grow,
how can the community organize to set long-term
strategies that can serve as a basis by which new
proposals can be evaluated?

Particle and nuclear astrophysics and cosmology is a
case in point. Moast agree that a fascinating field is
now emerging al the border between particle and nuclear
physics, cosmology, stellar astrophysics, high-energy as-
trophysics, and gravitation. This area of research is un-
detgoing a dramalic expansion that occurs only rarely in
the history of science, akin perhaps to the intellectual and
technological impetua that gave rise to particle and nu-
clear physics in the 30’s, 40’s, and 50’s. This meeting, or-
ganized by three separate divisions of the American Phys-
ical Society and attended by over 450 physicists, testifies
to the breath and depth of a field that barely existed 15
years ago.

The number of scientists and the total funding of the
field are already quite substantial. Even restricting the
definition of the field to astrophysical activities explic-
itly linked to particle and nuclear physics, we estimate
that niore than 300 experimentalists are involved aL a
substantial level in these activities. With an equal num-
ber of theorists, the total number of people in the field
i8 quite impressive. The Department of Energy supports
such activities in universities and national labs at a total
level of roughly $26M/yr, the NSF at a level of $13M,
and the NASA at a level of $2M (restricting the field
to cosmic rays above 1 GeV). The “gravitational field”
represents another $11M (of which perhaps half is as-
trophysics/cosmology related}, plus current construction
money for LIGO.

Irrespective of funding, there is a strong feeling in the
community that this emerging field is under-represented,
aund tends to “fall between the cracks.” This is perhaps
unavoidable in a field that has so many distinct roots and
where new gencration of experiments incorporate method-
ology and people across many disciplines. Nevertheless,
as a result of its somewhat helter-skelter growt h, this bur-
geoning field finds itself in an agency manageinent struc-
tare not quile reflective of natural intellectual relation-
ships. IL is obvious that it does not fit readily within
the traditional framework of NSF and NASA astronomy
funding. DOE officials historically have worried that such
activities may conflict with their interpretation of the
agency niission. There is a general perception within the
comununity that the review process could be improved:
mail reviewers do not have access to the overall picture

and ad hoc subcommittees {e.g., of HEPAP) have been
sparse and have lacked the continuity required to develop
a long-term vision for the field. There is widespread con-
sensus that there should be more intra-agency and inter-
agency communication. Finaily, there is the worry that in
any triage generated by a financial crisis, entrenched fields
of science will receive atteution while emerging fields will
be declared dead on arrival.

To be sure, over the last few years significant progress
has been made. For iustance, the NSF has put into ef-
fect an explicit mechanism of collaboration in particle as-
trophysics encompassing the Physics, Astrophysics, and
Polar Programs Divisions. Solar neutrinos have been
adopted by the DOE Nuclear Physics Division, and DOE
high-energy physics laboratoties have becoine deeply in-
volved in the field. More importantly, there is a widening
recognition at DOE that particle and nuclear astrophysics
is an integral part of its basic science mission of fundamen-
tal physics.

However, it is clear that we do not yet have iu place the
machinery necessary to address in a coherent fashion large
international projects on the drawing boards. There is
no shortage of proposed projects with price tags between
$15M and $100M: proposals for second-generation cos-
mic microwave background satellites, dedicated cosmol-
ogy telescopes, a new generation of solar neutrino detec-

Committee on Astronomy and Astrophysics, plays in the
process.

There is much we could do to decrease the potentiai
barrier encountered by excellent proposals, to welcome
young investigators into a more nurturing environient,
to optimize the scientific output in the framework of &
very limited budget, and Lo pursue and develop the nec-
essary international partnerships in large projects. An
innovative mix of somne of the sbove suggestions may go
a long way towards building the framework required to
realize the potential of the exciting scientific issues.

If there was any spirit that characterized the two weeks
of the Snowmass Summer Study, it was a shared feeling
across all disciplines that we are in the midst of a unique
conjunction of theoretical ideas, experimental realities,
and technological possibilitjes, which allow us for the first
time to address many of the most fundamental questions
about our Universe. The most repeated phrase during the
many forward-looking talks of the Summer Study was “
now for the first time we have the ability to...”

{t is a sad testament to the times that the potential for
new discoveries does not seem Lo be limited by the lack of
idens, technology, or proposals, but by fiscal realities and
the artificially constructed barriers of the existing science
policy framework.

At the end of this millennium, both as scientists and

tors, an air-Cerenkov farm to extend the ement of
the gamma-ray spectra of AGN and black hole candidates,
giant air shower arrays to explore the highest energy cos-
mic rays, cubic-kilometer neutrino detectors to look for
high energy neutrino sources, a space-based gravitational
wave intetferometer, and so on. ‘
While NASA may have in place the necessary mecha-
nisms to compare satellite proposals, the other funding
agencies (DOE and NSF) lack the reviewing and prioriti-
zation tools normally employed for sizable projects (e.g.,
program advisory committees st accelerators). None of
the existing advisory committees Lo the three agencies
(HEPAP, NSAC, SAC) are fully suitable for the advo-
cacy role, and setting up a specific standing committee
may be difficult in the current political climate. Regu-
lar sumuner studies spc d by rel divisions of the
American Physical Society are'important, but they are
only a part of the process of developing a long-term vision.
The APS may be ill equipped for a difficult prioritization.
One might envision one or more of the national labora-
tories stepping in as the main support structure for this
new science and setting up a program advisory commit-
tee which may de facto develop into a national advisory
role. But a committee so constituted may tack the proper
balance. Finally, one could think of extending the role
that the National Research Council, through the various
reports and strategic analysis from the Board on Physics
and Astrononty, the Space Studies Board, and their joint

bers of society, we inherit the cultural legacy and
reap the benefits of a proud scientific tradition. The 1994
Snowinass Summer Study was witness to the fact that
we do not lack the intellectual boldness or technological
imagination to address questious once thought to be be-
yond the realm of human comprehension. For two weeks
in the summer of 1994, 450 physicists in the mountains
of Colorado united in the conviction that we must enter
the next millennium with the same intellectual fervor and
hope for the future that led to the great scientific achieve-
ments of the 20th century. From the top of the mountains
of Colorado we saw unlimited horizons in the field, and
we are dedicated to the establishment of a framework to
realize the vision of Snowmass.






