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Preface

The fall 1999 meeting of the National Research Council’s (NRC’s) Board
on Physics and Astronomy (BPA) featured a stimulating science session on
the frontiers of research at the intersection of physics and astronomy. Na-
tional Aeronautics and Space Administration (NASA) administrator Daniel
Goldin attended the session and at its conclusion asked the BPA to assess
the science opportunities in this interdisciplinary area and devise a plan for
realizing those opportunities. Robert Eisenstein, assistant director of the
National Science Foundation’s (NSF’s) Mathematical and Physical Sciences
Directorate, and S. Peter Rosen, associate director for high-energy and nu-
clear physics at the Department of Energy (DOE), expressed their desire to
work with NASA and supported the initiation of this study. The Committee
on the Physics of the Universe was formed and held the first of its eight
meetings in March 2000 (see Appendix A).

Mr. Goldin strongly urged the BPA to finish the report in time for the
recommendations to play a role in the science planning of the new admin-
istration that would be taking office in 2001. To meet that ambitious goal,
the BPA decided to divide the study into two phases: a first phase to assess
the science opportunities and a second phase to address the implementa-
tion of those opportunities. In carrying out the study, the BPA enlisted the
help of the Space Studies Board (SSB).

The charge to the committee was as follows:

The committee will prepare a science assessment and strategy for this
area of research at the intersection of astronomy and physics. The study
will encompass astrophysical phenomena that give insight into funda-
mental physics as well as fundamental physics that is relevant to under-
standing astrophysical phenomena and the structure and evolution of the
universe.

The science assessment will be carried out as the first phase of the study
over a period of 1 year. The assessment will summarize progress in ad-

vii
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dressing the key research issues facing the research community and evalu-
ate opportunities for further progress. Among the science topics to be
included in the science assessment are cosmology, the creation of matter
and energy at the initiation of the universe, the dark matter known to
pervade the cosmos, the dark energy that appears to be causing the expan-
sion of the universe to accelerate, additional dimensions beyond the usual
three of space and one of time, strong-field gravitational physics, very-
high-energy cosmic rays, neutrino astrophysics, and extreme physics at
black holes and magnetized neutron stars.

The second phase of the study, which will require an additional year of
work, will result in a strategy for this interdisciplinary area of research. The
strategy will include scientific objectives identified in the first phase along
with priorities and a plan of action to implement the priorities, including
ways to facilitate continued coordinated planning involving NASA, NSF,
DOE, and the research community.

During the first phase, the committee held one open meeting to gather
input and to hear from the three sponsoring agencies about their current
plans and hopes for this study. It also met twice in closed session to prepare
an interim report for phase | (see Appendix A for meeting agendas). Com-
munity input was gathered during briefings at meetings of the American
Astronomical Society, the American Physical Society (APS), the APS Divi-
sion of Particles and Fields (DPF), the APS Division of Astrophysics and
Nuclear Physics, and the APS Topical Group on Gravitation. The committee
chose these divisions because the intersection between astronomy and phys-
ics largely touches on nuclear, particle, and gravitational physics. An e-mail
announcement inviting public comment was widely distributed through the
professional societies and their subunits. The interim phase | report con-
tained the science assessment, which was presented in the form of 11
questions that are ripe for progress. The phase | report was released to the
public on January 9, 2001, at the meeting of the American Astronomical
Society.

The committee began its second phase, the formulation of a strategy for
addressing the 11 science questions, by soliciting ideas from the commu-
nity. A call for proposals was widely circulated in the community (see
Appendix B). Some 80 proposals for projects that address the scientific
questions identified in the phase | report were received (see Appendix C).
A series of three open meetings was held to hear about projects and ideas.
The first was held in association with the April 2001 meeting of the APS; the
second was held in conjunction with the June meeting of the American
Astronomical Society; and the final meeting was held in Snowmass, Colo-
rado, during the DPF’s Future of High-Energy Physics Study. Two closed
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meetings were held, one in Chicago, Illinois, and one in Irvine, California,
to formulate recommendations.

During the 2-year study the committee kept the BPA, SSB, and Commit-
tee on Astronomy and Astrophysics (CAA, a standing committee of the
NRC) informed by means of periodic progress reports from its chair.

This final report consists of the phase | report, a series of committee
recommendations for realizing the science opportunities, and a new chap-
ter (Chapter 7) devoted to how the science objectives can be addressed. It
complements the NRC surveys Physics in a New Era: An Overview and
Astronomy and Astrophysics in the New Millennium (both from the Na-
tional Academy Press, Washington, D.C., 2001). It builds on the science
priorities identified in those studies and focuses on areas at the intersection
of astronomy and physics that although peripheral to each discipline sepa-
rately, become important when considered in the context of both. This
report, together with the physics and astronomy surveys, provides a clear
and comprehensive picture of the exciting and timely science opportunities
that exist in physics and astronomy as we enter a new century.

The committee acknowledges BPA program staff members Don Shapero,
Timothy Meyer, Michael Moloney, and Joel Parriott, whose extraordinary
effort during the rigorous NRC review process enabled the committee to meet
a very aggressive prepublication schedule. The committee and | also thank
the NRC review coordinator for the phase | report, Martha Haynes, for her
willingness to oversee the review process during the busy winter holiday
season and the NRC review coordinator for the final report, Kenneth Keller-
man, who worked hard to help the committee meet its ambitious schedule.

[ end with a personal note. The committee brought together an extraor-
dinary group of astronomers and physicists. The great diversity in scientific
backgrounds was more than balanced by an even greater interest in and
appreciation of science far from the members’ own research interests. The
science opportunities before us made every meeting exciting. Working with
this group was a pleasure that | will long remember, and | thank the commit-
tee for its hard work and commitment to the study.

Michael S. Turner, Chair
Committee on the Physics of the Universe
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friend and valued colleague, David N. Schramm. His vision, research, en-
thusiasm, and energy helped to open this blossoming area of research,
and his strong voice helped bring it to the attention of astronomers and
physicists alike. Reproduced below is a viewgraph in his own hand that
concisely summarized his vision.
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Executive Summary

We are at a special moment in our journey to understand the universe
and the physical laws that govern it. More than ever before astronomical
discoveries are driving the frontiers of elementary particle physics, and
more than ever before our knowledge of the elementary particles is driving
progress in understanding the universe and its contents. The Committee on
the Physics of the Universe was convened in recognition of the deep con-
nections that exist between quarks and the cosmos.

THE QUESTIONS

Both disciplines—physics and astronomy—have seen stunning progress
within their own realms of study in the past two decades. The advances
made by physicists in understanding the deepest inner workings of matter,
space, and time and by astronomers in understanding the universe as a
whole as well as the objects within it have brought these scientists together
in new ways. The questions now being asked about the universe at its two
extremes—the very large and the very small—are inextricably intertwined,
both in the asking and in the answering, and astronomers and physicists
have been brought together to address questions that capture everyone’s
imagination.

The answers to these questions strain the limits of human ingenuity, but
the questions themselves are crystalline in their clarity and simplicity. In
framing this report, the committee has seized on 11 particularly direct
questions that encapsulate most of the physics and astrophysics discussed
here. They do not cover all of these fields but focus instead on the interface
between them. They are also questions that we have a good chance of
answering in the next decade, or should be thinking about answering in

1
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2 CONNECTING QUARKS WITH THE COSMOS

following decades. Among them are the most profound questions that hu-
man beings have ever posed about the cosmos. The fact that they are ripe
now, or soon will be, further highlights how exciting the possibilities of this
moment are. The 11 questions are these:

What Is Dark Matter?

Astronomers have shown that the objects in the universe, from galaxies
a million times smaller than ours to the largest clusters of galaxies, are held
together by a form of matter different from what we are made of and that
gives off no light. This matter probably consists of one or more as-yet-
undiscovered elementary particles, and aggregations of it produce the gravi-
tational pull leading to the formation of galaxies and large-scale structures
in the universe. At the same time these particles may be streaming through
our Earth-bound laboratories.

What Is the Nature of Dark Energy?

Recent measurements indicate that the expansion of the universe is
speeding up rather than slowing down. This discovery contradicts the fun-
damental idea that gravity is always attractive. It calls for the presence of a
form of energy, dubbed “dark energy,” whose gravity is repulsive and whose
nature determines the destiny of our universe.

How Did the Universe Begin?

There is evidence that during its earliest moments the universe under-
went a tremendous burst of expansion, known as inflation, so that the
largest objects in the universe had their origins in subatomic quantum fuzz.
The underlying physical cause of this inflation is a mystery.

Did Einstein Have the Last Word on Gravity?

Black holes are ubiquitous in the universe, and their intense gravity can
be explored. The effects of strong gravity in the early universe have observ-
able consequences. Einstein’s theory should work as well in these situations
as it does in the solar system. A complete theory of gravity should incorpo-
rate quantum effects—Einstein’s theory of gravity does not—or explain why
they are not relevant.
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What Are the Masses of the Neutrinos, and
How Have They Shaped the Evolution of the Universe?

Cosmology tells us that neutrinos must be abundantly present in the
universe today. Physicists have found evidence that they have a small mass,
which implies that cosmic neutrinos account for as much mass as do stars.
The pattern of neutrino masses can reveal much about how nature’s forces
are unified, how the elements in the periodic table were made, and possibly
even the origin of ordinary matter.

How Do Cosmic Accelerators Work and What Are They Accelerating?

Physicists have detected an amazing variety of energetic phenomena in
the universe, including beams of particles of unexpectedly high energy but
of unknown origin. In laboratory accelerators, we can produce beams of
energetic particles, but the energy of these cosmic beams far exceeds any
energies produced on Earth.

Are Protons Unstable?

The matter of which we are made is the tiny residue of the annihilation
of matter and antimatter that emerged from the earliest universe in not-
quite-equal amounts. The existence of this tiny imbalance may be tied to
a hypothesized instability of protons, the simplest form of matter, and to a
slight preference for the formation of matter over antimatter built into the
laws of physics.

What Are the New States of Matter at Exceedingly
High Density and Temperature?

The theory of how protons and neutrons form the atomic nuclei of the
chemical elements is well developed. At higher densities, neutrons and
protons may dissolve into an undifferentiated soup of quarks and gluons,
which can be probed in heavy-ion accelerators. Densities beyond nuclear
densities occur and can be probed in neutron stars, and still higher densities
and temperatures existed in the early universe.

Are There Additional Space-Time Dimensions?

In trying to extend Einstein’s theory and to understand the quantum
nature of gravity, particle physicists have posited the existence of space-
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time dimensions beyond those that we know. Their existence could have
implications for the birth and evolution of the universe, could affect the
interactions of the fundamental particles, and could alter the force of gravity
at short distances.

How Were the Elements from Iron to Uranium Made?

Scientists’ understanding of the production of elements up to iron in
stars and supernovae is fairly complete. Important details concerning the
production of the elements from iron to uranium remain puzzling.

Is a New Theory of Matter and Light Needed
at the Highest Energies?

Matter and radiation in the laboratory appear to be extraordinarily well
described by the laws of quantum mechanics, electromagnetism, and their
unification as quantum electrodynamics. The universe presents us with
places and objects, such as neutron stars and the sources of gamma ray
bursts, where the conditions are far more extreme than anything we can
reproduce on Earth that can be used to test these basic theories.

Each question reveals the interdependence between discovering the
physical laws that govern the universe and understanding its birth and
evolution and the objects within it. The whole of each question is greater
than the sum of the astronomy part and the physics part of which it is made.
Viewed from a perspective that includes both astronomy and physics, these
questions take on a greater urgency and importance.

Taken as a whole, the questions address an emerging model of the
universe that connects physics at the most microscopic scales to the proper-
ties of the universe and its contents on the largest physical scales. This bold
construction relies on extrapolating physics tested today in the laboratory
and within the solar system to the most exotic astronomical objects and to
the first moments of the universe. Is this ambitious extrapolation correct? Do
we have a coherent model? Is it consistent? By measuring the basic prop-
erties of the universe, of black holes, and of elementary particles in very
different ways, we can either falsify this ambitious vision of the universe or
establish it as a central part of our scientific view.

The science, remarkable in its richness, cuts across the traditional
boundaries of astronomy and physics. It brings together the frontier in the
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quest for an understanding of the very nature of space and time with the
frontier in the quest for an understanding of the origin and earliest evolution
of the universe and of the most exotic objects within it.

Realizing the extraordinary opportunities at hand will require a new,
crosscutting approach that goes beyond viewing this science as astronomy
or physics and that brings to bear the techniques of both astronomy and
physics, telescopes and accelerators, and ground- and space-based instru-
ments. The goal then is to create a new strategy. The obstacles are some-
times disciplinary and sometimes institutional, because the science lies at
the interface of two mature disciplines and crosses the boundaries of three
U.S. funding agencies: the Department of Energy (DOE), the National Aero-
nautics and Space Administration (NASA), and the National Science Foun-
dation (NSF). If a cross-disciplinary, cross-agency approach can be mounted,
the committee believes that a great leap can be made in understanding the
universe and the laws that govern it.

The second part of the charge to the committee was to recommend a plan
of action for NASA, NSF, and DOE. In Chapter 7, it does so. First, the commit-
tee reviewed the projects in both astronomy and physics that have been
started (or are slated to start) and are especially relevant to realizing the
science opportunities that have been identified. Next, it turned its attention to
new initiatives that will help to answer the 11 questions. The committee
summarizes its strategy in the seven recommendations described below.

Within these recommendations the committee discusses six future
projects that are critical to realizing the great opportunities before us. Three
of them—the Large Synoptic Survey Telescope, the Laser Interferometer
Space Antenna, and the Constellation-X Observatory—were previously
identified and recommended for priority by the 2001 National Research
Council decadal survey of astronomy, Astronomy and Astrophysics in the
New Millennium, on the basis of their ability to address important problems
in astronomy. The committee adds its support, on the basis of the ability of
the projects to also address science at the intersection of astronomy and
physics. The other three projects—a wide-field telescope in space; a deep
underground laboratory; and a cosmic microwave background polarization
experiment—are truly new initiatives that have not been previously
recommended by other NRC reports. The committee hopes that these new
projects will be carried out or at least started on the same time scale as the
projects discussed in the astronomy decadal survey, i.e., over the next
10 years or so.

The initiative outlined by the committee’s recommendations can realize
many of the special scientific opportunities for advancing our understand-
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ing of the universe and the laws that govern it, but not within the budgets of
the three agencies as they stand. The answer is not simply to trim the
existing programs in physics and astronomy to make room for these new
projects, because many of these existing programs—created to address ex-
citing and timely questions squarely within physics or astronomy—are also
critical to answering the 11 questions at the interface of the two disciplines.
New funds will be needed to realize the grand opportunities before us.
These opportunities are so compelling that some projects have already
attracted international partners and others are likely to do so.

THE RECOMMENDATIONS

Listed below are the committee’s seven recommendations for research
and research coordination needed to address the 11 science questions.

e Measure the polarization of the cosmic microwave background
with the goal of detecting the signature of inflation. The commit-
tee recommends that NASA, NSF, and DOE undertake research
and development to bring the needed experiments to fruition.

Cosmic inflation holds that all the structures we see in the universe
today—galaxies, clusters of galaxies, voids, and the great walls of galax-
ies—originated from subatomic quantum fluctuations that were stretched to
astrophysical size during a tremendous spurt of expansion (inflation). Quan-
tum fluctuations in the fabric of space-time itself lead to a cosmic sea of
gravitational waves that can be detected by their polarization signature in
the cosmic microwave background radiation.

e Determine the properties of dark energy. The committee sup-
ports the Large Synoptic Survey Telescope project, which has sig-
nificant promise for shedding light on the dark energy. The com-
mittee further recommends that NASA and DOE work together to
construct a wide-field telescope in space to determine the expan-
sion history of the universe and fully probe the nature of dark
energy.

The discovery that the expansion of the universe is speeding up and not
slowing down through the study of distant supernovae has revealed the
presence of a mysterious new energy form that accounts for two-thirds of all
the matter and energy in the universe. Because of its diffuse nature, this
energy can only be probed through its effect on the expansion of the uni-
verse. The NRC’s most recent astronomy decadal survey recommended
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building the Large Synoptic Survey Telescope to study transient phenomena
in the universe; the telescope will also have significant ability to probe dark
energy. To fully characterize the expansion history and probe the dark
energy will require a wide-field telescope in space (such as the Supernova/
Acceleration Probe) to discover and precisely measure the light from very
distant supernovae.

¢ Determine the neutrino masses, the constituents of the dark
matter, and the lifetime of the proton. The committee recom-
mends that DOE and NSF work together to plan for and to fund a
new generation of experiments to achieve these goals. It further
recommends that an underground laboratory with sufficient infra-
structure and depth be built to house and operate the needed
experiments.

Neutrino mass, new stable forms of matter, and the instability of the
proton are all predictions of theories that unify the forces of nature. Fully
addressing all three questions requires a laboratory that is well shielded
from the cosmic-ray particles that constantly bombard the surface of Earth.

* Use space to probe the basic laws of physics. The committee
supports the Constellation-X and Laser Interferometer Space An-
tenna missions, which hold great promise for studying black holes
and for testing Einstein’s theory in new regimes. The committee
further recommends that the agencies proceed with an advanced
technology program to develop instruments capable of detecting
gravitational waves from the early universe.

The universe provides a laboratory for exploring the laws of physics in
regimes that are beyond the reach of terrestrial laboratories. The NRC’s
most recent astronomy decadal survey recommended the Constellation-X
Observatory and the Laser Interferometer Space Antenna on the basis of
their great potential for astronomical discovery. These missions will be able
to uniquely test Einstein’s theory in regimes where gravity is very strong:
near the event horizons of black holes and near the surfaces of neutron
stars. For this reason, the committee adds its support for the recommenda-
tions of the astronomy decadal survey.

e Determine the origin of the highest-energy gamma rays, neu-
trinos, and cosmic rays. The committee supports the broad ap-
proach already in place and recommends that the United States
ensure the timely completion and operation of the Southern Auger
array.
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The highest-energy particles accessible to us are produced by natural
accelerators throughout the universe and arrive on Earth as high-energy
gamma rays, neutrinos, and cosmic rays. A full understanding of how these
particles are produced and accelerated could shed light on the unification
of nature’s forces. The Southern Auger array in Argentina is crucial to solv-
ing the mystery of the highest-energy cosmic rays.

* Discern the physical principles that govern extreme astro-
physical environments through the laboratory study of high-
energy-density physics. The committee recommends that the
agencies cooperate in bringing together the different scientific
communities that can foster this rapidly developing field.

Unique laboratory facilities such as high-power lasers, high-energy ac-
celerators, and plasma confinement devices can be used to explore physics
in extreme environments as well as to simulate the conditions needed to
understand some of the most interesting objects in the universe, including
gamma-ray bursts. The field of high-energy-density physics is in its infancy,
and to fulfill its potential, it must draw on expertise from astrophysics, laser
physics, magnetic confinement and particle beam research, numerical simu-
lation, and atomic physics.

e Realize the scientific opportunities at the intersection of
physics and astronomy. The committee recommends establish-
ment of an interagency initiative on the physics of the universe,
with the participation of DOE, NASA, and NSF. This initiative
should provide structures for joint planning and mechanisms for
joint implementation of cross-agency projects.

The scientific opportunities the committee identified cut across the dis-
ciplines of physics and astronomy as well as the boundaries of DOE, NASA,
and NSF. No agency has complete ownership of the science. The unique
capabilities of all three, as well as cooperation and coordination between
them, will be required to realize these special opportunities.

The Committee on the Physics of the Universe believes that recent
discoveries and technological developments make the time ripe to greatly
advance our understanding of the origin and fate of the universe and of the
laws that govern it. Its 11 questions convey the magnitude of the opportu-
nity before us. The committee believes that implementing these seven rec-
ommendations will greatly advance our understanding of the universe and
perhaps even our place within it.
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Introduction:
Where We Are and Where We Can Be

Elementary particle physicists and astronomers work at different ex-
tremes, the very small and the very large. They approach the physical world
differently. Particle physicists seek simplicity at the microscopic level, look-
ing for mathematically elegant and precise rules that govern the fundamen-
tal particles. Astronomers seek to understand the great diversity of macro-
scopic objects present in the universe—from individual stars and black
holes to the great walls of galaxies. There, far removed from the micro-
scopic world, the inherent simplicity of the fundamental laws is rarely
manifest.

Physicists have extended the current understanding of matter down to
the level of the quarks that compose neutrons and protons and their equally
fundamental partners the leptons (the electron, the muon, and the tau par-
ticle, along with their three neutrino partners). They have constructed an
elegant and precise mathematical description of the forces that shape quarks
and leptons into the matter that we see around us. While elementary par-
ticle physicists cannot predict all the properties of matter from first prin-
ciples, their theories describe in some detail how neutrons and protons are
constructed from quarks, how nuclei are formed from neutrons and protons,
and how atoms are built from electrons and nuclei (see Box 1.1).

Astronomers’ accomplishments in the realm of the universe are no less
impressive. They have shown that the universe is built of galaxies expanding
from a big bang beginning. Giant telescopes can see across the universe back
to the time when galaxies were born, a few billion years after the big bang.
The discovery and the subsequent study of the cosmic microwave back-
ground (CMB) radiation (the echo of the big bang) provide a snapshot of the
universe when it was only about a half million years old, long before the first
stars and galaxies were born. Hydrogen, lithium, deuterium, and helium were
produced in nuclear reactions that took place when the universe was seconds
old, and their presence today in the quantities predicted by the big bang

9
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BOX 1.1 OUR COSMIC ROOTS

An amazing chain of events was un-
leashed by the big bang, culminating some
13 billion years later in molecules, life, plan-
ets, and everything we see around us. Run-
ning the expansion of our universe in reverse,
back to the big bang, we can be confident
there was a time when it was so hot that the
universe was just a soup of the elementary
particles. Researchers are beginning to specu-
late about even earlier times when particles
did not even exist and our universe was a
guantum mechanical soup of strange forms
of energy in a bizarre world of fluctuating ge-
ometry and unknown symmetries and even
an unknown number of spatial dimensions.

The journey to the universe we know to-
day is depicted in Figure 1.1.1. It began at the
end of inflation, when vacuum energy and
quantum fuzziness became a slightly lumpy
soup of quarks, leptons, and other elemen-
tary particles. Ten microseconds later quarks
formed into neutrons and protons. Minutes
later the cooling fireball cooked the familiar
lighter elements of deuterium, helium, he-
lium-3, and lithium (the rest of the periodic
table of chemical elements was to be pro-
duced in stars a few billion years later). Atoms,
with their electrons bound to nuclei, came
into existence only a half million years or so
later. The cosmic microwave background is a
messenger from that era when atoms were

formed. Along the way, dark matter particles
and neutrinos escaped annihilation because
of the weakness of their interactions, and for
that reason they are still here today.

The slight lumpiness of the dark matter—
a legacy of the quantum fuzziness that char-
acterized inflation—triggered the beginning
of the formation of the structure that we see
today. Starting some 30,000 years after the
beginning, the action of gravity slowly, but
relentlessly, amplified the primeval lumpiness
in the dark matter. This amplification culmi-
nated in the formation of the first stars when
the universe was 30 million years old, the first
galaxies when the universe was a few hun-
dred million years old, and the first clusters of
galaxies when the universe was a few billion
years old. As the dark matter clumped, the
ordinary matter followed, clumping because
of the larger gravitational pull of the more
massive dark matter. Ordinary matter would
get the final word, as its atomic interactions
would eventually allow it to sink deeper and
form objects made primarily of atoms—stars
and planets—leaving dark matter to domi-
nate the scene in galaxies and larger objects.

This gulf of time between the decoupling
of matter and radiation and the formation of the
first stars is aptly referred to as the “dark ages.”
Mountain-top observatories on Earth and the
Hubble Space Telescope reveal evidence of the

model confirms that the universe began from a soup of elementary particles.
Einstein’s magnificent theory of space and time describes gravity, the force
that holds the universe together and controls its fate. Using the laws of gravity,
nuclear physics, and electromagnetism, astronomers have developed a basic
understanding of essentially all the objects they have found in the universe,
and a detailed understanding of many.
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dark ages: Probe deeply enough into space and back in time with a big telescope,
and the result is fewer and fewer galaxies.

As stars and galaxies evolved, enriching their protoplanetary gas clouds
and eventually planets with the chemical products of stellar evolution, new
possibilities for complexity arose: the chemical and molecular conditions for
life. Our cosmic roots are in the stars and what came long before. It is possible
now to trace those roots back to the quark soup, but it should be possible to
trace them back even further to the quantum fuzziness that might have been
their origin during inflation.

FIGURE 1.1.1 The universe today is the product of a long, long chain of events,
as shown in this artist’s conception of cosmological evolution beginning with the
big bang. Scientists are exploring not only the chronological relationships be-
tween these events but also the causal connections. Image courtesy of NASA.

These advances owe much to new technology. Optical astronomy has
witnessed a millionfold gain in sensitivity since 1900, and a hundredfold
gain since 1970. Gains in the ability to view the subatomic world of el-
ementary particles through new accelerators and detectors have been simi-
larly impressive. The exponential growth in computing speed and in infor-
mation storage capability has helped to translate these detector advances
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into science breakthroughs. Technology has extended researchers’ vision
across the entire electromagnetic spectrum, giving them eyes on the uni-
verse from radio waves to gamma rays, and new forms of “vision” using
neutrinos and gravitational waves may reveal more cosmic surprises. En-
tirely new detectors never dreamed of before are making possible the search
for new kinds of particles.

In pursuing their own frontiers at opposite extremes, astronomers and
physicists have been drawn into closer collaboration than ever before. They
have found that the profound questions about the very large and the very
small that they seek to answer are inextricably connected. Physicists want to
know if there are new patrticles in addition to the familiar quarks and lep-
tons. Astronomers are excited to know, too, because these new particles
may be the substance of the dark matter that holds all structures in the
universe together—including our own Milky Way galaxy. The path of dis-
covery for astronomers now includes accelerators and other laboratory ex-
periments, and the path for physicists now includes telescopes both on the
ground and in space.

In their quest for further simplicity and unity in the subatomic world,
particle theorists have postulated the existence of additional space-time di-
mensions. These putative new dimensions in space might explain why the
expansion of the universe seems to be speeding up rather than slowing down
and might provide the underlying mechanism for the tremendous burst of
growth known as inflation that astronomers believe occurred during the ear-
liest moments of creation. If they exist, these new dimensions are well hidden,
and the hunt for them will involve both astronomers and physicists.

Even in the testing of well-established laws of nature—such as those of
electromagnetism, gravity, and nuclear physics—physicists are joining with
astronomers to use the universe as a laboratory to probe regimes of high
temperature, high density, and strong gravity that cannot be studied on
Earth. Both astronomers and physicists have a stake in knowing whether or
not nature’s black holes are described accurately by Einstein’s theory of
gravity and to find the answers, they will have to work together.

More than ever before, breakthrough discoveries in astronomy and
physics are occurring at the boundary of the two disciplines. For example,
in 1998 physicists working with astronomers and using telescopes an-
nounced evidence that the expansion of the universe is speeding up, not
slowing down, as had been expected. If the expansion is indeed accelerat-
ing, it must be because of dark energy, a mysterious form of energy hereto-
fore unknown. Determining the nature of the dark energy is key to under-
standing the fate of the universe and may well be important to understanding
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the quantum nature of gravity as well. While the nature of the dark energy is
a “physics” question, astronomers are very interested in the answer, and
their telescopes will likely play the critical role.

We stand poised to make great progress in our understanding of the
universe and the laws that govern it by connecting quarks with the cosmos.
To do so we will need an integrated approach, both interdisciplinary and
interagency. Parsing the science into the traditional categories of physics
and astronomy and working narrowly within agencies and without coordi-
nation and cooperation will not realize the full science potential. In fact, it
is important to note that in practice the physicist and the astronomer are
often the same individual, and that the boundaries between the disciplines
are generally indistinct. These boundaries are particularly difficult to apply
to the practitioners of the interfacial science that is the subject of this report.

There are encouraging signs that existing disciplinary and organiza-
tional obstacles can be overcome. Physicists and astronomers, and NASA
and DOE, are working together on the Gamma-ray Large Area Space Tele-
scope (GLAST), an instrument that will search for evidence of dark-matter
annihilations and additional space-time dimensions as well as supermassive
black holes and pulsars. The Cryogenic Dark Matter Search (CDMS), whose
goal is to detect the dark matter particles that hold our own galaxy together,
is supported by both the Division of Physics and the Division of Astronomi-
cal Sciences at NSF and by the Office of High Energy and Nuclear Physics
at DOE.

But there have been missed opportunities. While many of the pioneer-
ing ideas and experiments at the interface of physics and astronomy origi-
nated in the United States, many of the most important discoveries occurred
elsewhere. For instance, in spite of the fact that the prototypes for the large
underground detectors located in Europe and in Japan—which have shown
that neutrinos may have enough mass to account for some of the dark
matter—were developed in the United States, U.S. scientists and institutions
did not lead these exciting and important discoveries. Just as it will take the
combined efforts of astronomers and physicists to realize these opportuni-
ties, so also each of the three agencies has an important and unique role to
play in the scientific adventure that links the extremely large and the ex-
tremely small.

In this report the Committee on the Physics of the Universe identifies
the most important and timely science opportunities at the intersection of
physics with astronomy. Because of the interconnectedness of the science,
which is an integral part of its richness, organizing the report into linear
chapters was a challenge—no approach would allow each chapter to stand

Copyright National Academy of Sciences. All rights reserved.

13


http://www.nap.edu/10079

Connecting Quarks with the Cosmos: Eleven Science Questions for the New Century

14

CONNECTING QUARKS WITH THE COSMOS

as a discrete element independent of the other chapters. The idea that
elementary particles may constitute the bulk of the matter in the universe
arises in several contexts—in discussions of both the evolution of the uni-
verse and the quest to unify the forces and particles, and in a chapter
devoted to dark matter and dark energy. The committee hopes that readers
of its report will thereby come to appreciate the many threads that connect
the science of the quarks and the science of the cosmos.

Chapter 2, “Foundations: Matter, Space, and Time,” provides the intel-
lectual foundation for the four chapters that follow and is by far the most
challenging chapter for nonexperts. Chapter 3 addresses opportunities for
deepening researchers’ understanding of the fundamental forces and par-
ticles and of how gravity can be taken beyond Einstein. Chapter 4 deals with
the earliest beginnings of the universe. Scientists are poised not only to
extend current understanding of the universe back to a time when even the
largest structures in the universe were subatomic quantum fluctuations, but
also to make profound advances in how matter, space, and time are viewed.
The bulk of the stuff in the universe—dark matter and dark energy—lies
between the stars and galaxies and is mysterious. As Chapter 5 discusses,
the solution to the dark matter problem very likely involves one (or more)
new particles of nature, and astronomers and physicists are now poised to
solve this 70-year-old puzzle. At the same time, a joint effort is needed to
tackle the dark energy problem. Chapter 6 deals with the opportunities that
lie ahead to use the universe as a laboratory to study the physical laws—of
nuclear physics, gravity, and electromagnetism—in regimes beyond the
reach of terrestrial laboratories, and even, possibly, to discover new laws.
Chapter 7, the final chapter, summarizes the scientific opportunities identi-
fied by the committee in the form of 11 questions that are deep in their
content, crosscutting, and ripe for answering. The chapter goes on to rec-
ommend a strategy for realizing the opportunities. The strategy is summa-
rized in the committee’s seven recommendations at the end of the chapter.
Appendix D is a glossary that also contains definitions of acronyms.

This is a special moment. If we can take advantage of the opportunities
that exist, we stand to make truly fundamental advances in our understand-
ing of how the universe began as well as of the basic nature of matter,
space, and time. Because of the deep and profound connections between
quarks and the cosmos, advances in both are inextricably connected and
taking will require a new approach that lies at the boundary of physics and
astronomy.
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BACKGROUND

In the first half of the 20th century the twin revolutions of quantum
theory and relativity dramatically changed scientists’ perspective on the
physical world. Building on this base, over the last half of the 20th century
physicists developed and tested a new quantum theory of matter (now
called the Standard Model) and extended and tested the theory of classical
space-time (general relativity and big bang cosmology). These successes
present extraordinary new opportunities for physics in the new century.
Questions of unprecedented depth and scope about the ultimate laws gov-
erning physical reality, and about the origin and content of the physical
universe, can now be formulated and addressed—and possibly even an-
swered! Is there a unified theory encompassing all the laws of physics? Is
matter fundamentally unstable? Are there additional dimensions of space? Is
most of the mass in the universe hidden in some exotic form? Does “empty”
space have energy (a cosmological constant term in the equations of gen-
eral relativity)? What physical principle determines that energy?

Today physicists and astronomers have some specific, compelling ideas
about the answers to these grand questions. These ideas are by no means
vague and idle speculations. On the contrary, they are grounded, scientific
hypotheses, testable by performing appropriate experiments and observa-
tions. To test such concepts is a challenging task—all the easy work and
much of the very difficult (but possible) work has already been done, and
what was learned has been incorporated into current knowledge. To probe
situations further where established theories are not adequate requires pro-
ducing and observing matter under extraordinary new conditions or exploit-
ing novel techniques to see in new ways or to new places. Fortunately, there
are some highly creative ideas—and timely opportunities—for accomplish-
ing such exploration. This chapter outlines the intellectual context within

15
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which the rest of this report can be understood. Later chapters focus more
directly on the opportunities now available to begin to answer the 11 ques-
tions on the nature, origin and makeup of our universe.

PHYSICS OF MATTER: THE STANDARD MODEL AND BEYOND

The Standard Model

The Standard Model is a modest name for a grand intellectual achieve-
ment. For it is no less than, and in many ways more than, the theory of the
fundamental structure of known matter. At the beginning of the 20th cen-
tury, physics was very different from today. The classical laws of that time
allow one to predict, given the configuration of matter and force fields at
one time, the configurations at all later times. For example, Newton's laws
of motion and gravitational attraction can predict the positions of planets
and comets in the future once their current positions (and velocities) are
known. However, nothing in Newton'’s laws can predict the existence of, or
determine the overall size or shape of, the solar system. The modern (20th
century) laws of physics go well beyond simple extrapolation of known
conditions to the future. They describe not only how things move, but also
what sorts of things there can and cannot be.

The first theory of the new type was the mathematical atomic model
proposed by Niels Bohr in 1913. At first glance this model appears to differ
little in spirit from Newton’s solar system or Rutherford’s nuclear atom:
electrons orbit an atomic nucleus just as planets orbit the sun; the relevant
force is electric rather than gravitational but obeys a similar law that relates
force and distance between objects. But Bohr postulated that only certain
orbits of definite size and shape could actually occur—the orbits are quan-
tized. With this idea it became possible to explain why all systems with one
electron orbiting one proton have exactly the same properties, and to calcu-
late those properties. Thus, the universal properties of the substance called
hydrogen could be explained. The existence of such a substance, with all its
properties, is a consequence of the allowed quantum solutions for the inter-
actions between a proton and an electron.

Bohr’s original rules, though successful in describing many features of
atomic spectra, were not entirely correct, nor even internally consistent.
Later physicists, including Werner Heisenberg, Erwin Schrodinger, and Paul
Dirac, produced a framework that corrected these problems for the dynam-
ics of quantized systems. The new quantum mechanics of simple electrical
forces between elementary electrons and nuclei could explain the main

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/10079

Connecting Quarks with the Cosmos: Eleven Science Questions for the New Century

FOUNDATIONS: MATTER, SPACE, AND TIME 17

features of atoms and thus—in principle—all of chemistry. The mature form
of the theory, unifying both electrodynamics and quantum mechanics, is
called quantum electrodynamics, or QED for short. According to this theory,
the electrical and magnetic forces and energy are carried by photons, which
are quantum excitations of the electromagnetic fields (see Box 2.1).

Despite such revolutionary breakthroughs, major challenges remained.
There were still subtle internal difficulties within QED. All the many suc-
cessful applications of QED were based on solving the equations in an
approximate way. When physicists tried to solve the equations more pre-
cisely, they ran into great difficulties. Some corrections seemed to be infi-
nite! Thus, although QED was spectacularly successful at a practical level,
it was completely unsatisfactory from a logical point of view, because it
required setting infinite quantities to zero. This mathematically dubious
procedure amounted to ignoring a physical effect called quantum fluctua-
tions, the quantum mechanical corrections to the theory. Eventually it was
recognized that the problem lay in the interpretation of the quantum correc-
tions, not just in how they affected the particle processes but also in how
they altered the concept of empty space or the vacuum. Since these effects
have a role to play later in this story, it is worth taking a little time here to
discuss them.

One of the revolutionary aspects of quantum mechanics was
Heisenberg’s uncertainty principle, which specifies a limit to how precisely
one can measure both the position of a particle and its momentum (or

BOX 2.1 PARTICLES AND FIELDS

Quantum electrodynamics (QED) was the
first example of a field theory of how matter
interacts with light. All subsequent particle
theories are built to include QED, and are like-
wise field theories. In field theories each
particle type is understood as the quantum
excitations of some underlying field type.
Conversely, the excitations for every type of
field include an associated particle type. Thus
the fact that all particles also have associated
wavelike properties comes from the fact that
both particlelike and wavelike excitations of
the underlying fields can occur.

In such theories, the key distinction be-
tween matter fields and force fields is the spin
(i.e., the amount of angular momentum) asso-
ciated with the particle excitations of the field.
For matter fields the associated particles are
fermions, which means that they carry one-half
unit of spin (measured in terms of Planck’s con-
stant, h), while the photon carries one whole
unit of spin. The particles associated with
strong and weak force fields, the gluon and W/
Z bosons respectively, also carry one unit of
spin, while the predicted particle associated
with excitation of the Higgs field has zero spin.
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velocity) at the same moment. Put another way, an attempt to examine very
closely where a patrticle is located, is accompanied by a large uncertainty in
the knowledge of its momentum, in particular whether it may be moving
very rapidly. These unpredictable motions represent “quantum fluctuations”
in the particle’s motion. The special theory of relativity requires a similar
uncertainty principle involving time instead of position, and energy instead
of momentum. Thus if a particle—or even “empty” space—is observed for a
very short time, it is not possible to measure precisely the amount of energy
contained in the region observed. The amount of energy may appear to be
very high, even when what is being observed is empty space, often called
the vacuum (see Box 2.2). Thus, over a short enough time, there could
appear to be enough energy present to produce particle-antiparticle pairs of
various kinds. These evanescent particles, which apparently pop in and out
of existence for a short time, are called virtual particles. Quantum mechan-
ics and relativity together force scientists to see empty space in a new way:
as a dynamic medium full of virtual particles.

Immediately following World War 1, Willis Lamb and other experi-
menters exploited advances in microwave technology, driven by wartime
work on radar, to measure the properties of atomic hydrogen with unprec-
edented accuracy. They discovered small deviations from the QED predic-
tions that, at the time, ignored quantum corrections. In the 1950s, inspired
by these developments, physicists, including Shinichiro Tomonaga, Julian
Schwinger, and Richard Feynman, developed new mathematical methods
that gave more accurate predictions. Their methods incorporated the quan-
tum corrections in a profound way from the start. They include the possibil-
ity for an isolated particle traveling in empty space to “interact with the
vacuum” by temporarily disappearing to produce a virtual particle-antipar-
ticle pair, seemingly coming from the vacuum itself. The original particle
then reappears when the particle and antiparticle meet and annihilate each
other. The intermediate stages in these calculations seem to involve impos-
sible physical processes, but because they last for such a short time they are
allowed by the strange logic of quantum uncertainty in energy. These physi-
cists found a technique by which they could incorporate such quantum
effects into the way the constants of the theory were defined and thereby
obtain meaningful and finite results for the physically measurable quantities
they wished to calculate. Furthermore their results matched the measure-
ments. Indeed, the quantitative agreement between the theoretical predic-
tions of QED calculations and experiment is now the most precise in all of
science, reaching levels of parts per billion.
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BOX 2.2 THE VACUUM:IS EMPTY SPACE REALLY EMPTY?

While the notion of a vacuum brings to
mind the ultimate state of nothingness (indeed,
this is what was pictured by 19th-century phys-
ics), quantum theory changes all of that. Na-
ture’s quantum vacuum is anything but empty;
instead, it is seething with virtual particles and
condensates. To 20th-century physicists, the
vacuum is simply the lowest energy state of the
system. It need not be empty or uninteresting,
and its energy is not necessarily zero.

Quantum mechanics and the uncertainty
principle tell scientists that the vacuum can
never be truly empty: the constant produc-
tion and then annihilation of virtual particle-
antiparticle pairs make it a seething sea of
particles and antiparticles living on borrowed
time and energy (as shown in Figure 2.2.1).
Although the Heisenberg uncertainty prin-
ciple allows the pairs to last for only very short
times, they have measurable effects, causing
shifts in the spectrum of atomic hydrogen and
in the masses of elementary particles that
have been measured (e.g., W/Z bosons).

Time

The unanswered question is whether
empty space contains any energy. The weight
of the vacuum is certainly not great enough to
influence ordinary physical processes. How-
ever, its cumulative effect can have profound
implications for the evolution of the universe
and may in fact be responsible for the fact that
the expansion of the universe seems to be
speeding up rather than slowing down (see the
discussion of dark energy in Chapter 5).

The second way in which the vacuum
may not be empty involves vacuum conden-
sates of fields. For example, the Higgs field in
the Standard Model has a nonzero, constant
value in the lowest energy state. The effect
of this is to give masses to quarks, leptons,
and other particles. The lowest state, the one
we perceive as “nothing,” need not have zero
field. Rather, the field everywhere has the
value that gives the minimum energy. The
nonzero field in the vacuum is often called a
condensate, a term borrowed from condensed-
matter physics.

Sea of Virtual Particles

000600

FIGURE 2.2.1

Space

According to the rules of quantum field theory, the vacuum is not empty but it is

actively populated by particle-antiparticle pairs that appear, annihilate, and disappear, existing for

only brief instants.
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Successful as it is at describing atomic-level processes, QED is not a
complete theory of matter. The basic properties of nuclei are not described
by QED. Additional interactions, which cannot be either electromagnetic or
gravitational, must also exist. These interactions must be strong enough to
hold together the positively charged atomic nucleus. These most powerful
of all forces, the strong interactions, are also important in understanding
the dynamics of astrophysical objects and of the earliest moments of the
universe.

Nuclear decays also exhibit processes wherein one kind of particle
turns into another. The prototype for this is the decay of a neutron into a
proton, electron, and antineutrino, but there are many closely related pro-
cesses (including the radioactive decay of the famous isotope carbon-14).
Collectively, these weak interactions (so-called because they occur very
slowly compared with strong reactions) are central to astrophysics and
cosmology. They provide some of the mechanisms for fusion processes
by which stars produce energy and build chemical elements heavier than
hydrogen.

Thus the weak and the strong interactions are essential to understanding
the structure and decay of nuclei and their formation in stellar and early
universe environments. However, they are difficult to study in everyday
settings because the distances over which they are detectable are incredibly
small. In constructing QED, physicists were able to use the rules of electric-
ity and magnetism derived from studying visible objects (pith balls, mag-
nets, coils, and so on) in the late 18th and early 19th centuries. These had
been consolidated into the unified equations of electromagnetism by James
Clerk Maxwell in 1864. Amazingly, these same equations, interpreted in the
framework of quantum mechanics, describe atomic physics. In contrast, to
study weak and strong interactions and thereby understand subnuclear pro-
cesses, physicists had to invent new tools. They ultimately developed tools
for studying processes occurring on incredibly tiny distance scales (a thou-
sand times smaller than an atomic nucleus). The story of how such experi-
ments developed, and the remarkably complete understanding achieved, is
rich and complex, but this is not the place to relate it fully.

In the early days, naturally occurring radioactive elements and cosmic
rays from outer space played a central role. Over the past 50 years, particle
accelerators, with a steady increase in the energy of the available particle
beams, have been essential. The great scientific achievements of these ma-
chines, and the development of the Standard Model theory to incorporate
their discoveries, would not have been possible without generous support
from government agencies worldwide. Some important aspects of this mod-
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ern theory of the strong, weak, and electromagnetic interactions are dis-
cussed in Box 2.1; Figure 2.1 provides an inventory of the small number of
fundamental particles and their simple properties. To the best of current
knowledge it appears that these particles have no substructure, at least not
in the traditional sense of being built from yet smaller particles. Attempts to
simplify the picture by this approach have failed, and no experimental
evidence to date points in that direction.

Two essential conceptual features of the Standard Model theory have
fundamentally transformed the understanding of nature. Already in QED the
idea arose that empty space may not be as simple a concept as it had
seemed. The Standard Model weak interaction theory takes this idea a step
further. In formulating that theory, it became evident that the equations did
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FIGURE 2.1 Standard Model particles and the forces by which they interact. The fundamental particles
include both fermions, the matter particles, and bosons, the force carriers. Masses of all particles are given
in GeV/cZ, a unit in which the mass of the proton is approximately 0.94; electric charge is listed in units of
the electron’s charge. The Higgs particle has not yet been observed; if it is, it will join the bosons. As is
discussed in Chapter 3, it now appears likely that the model needs to be extended to allow small neutrino
masses. Image courtesy of the Particle Data Group, Lawrence Berkeley National Laboratory.
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not allow the introduction of mass for the particles. The theory made sense—
that is, it gave finite predictions for some measurable effects, but only if it
was written so that each and every fundamental particle had zero mass. But
this was not the case experimentally. However, the zero-mass prediction
depended on the assumption that the vacuum state was empty, with all
fields having everywhere zero value. Physicists realized the theory could be
constructed more like the real world by introducing a pervasive condensate
into this simplest of pictures. A condensate in elementary particle physics
corresponds to the circumstance where the lowest energy state has a non-
trivial property; for instance, instead of having zero field value everywhere,
the lowest energy state is filled with a particular nonzero value for the field.
(The term is coined from the notion that the field “condenses” in the low-
energy limit to a nonzero value.) In the Standard Model the field that forms
such a condensate is called the Higgs field. Particles get their mass through
interactions with this field. In such a theory, mass is just another form of
interaction energy.

But what does it mean to have a nonzero field in the vacuum? In a
crude but useful analogy, it is as if we lived inside a giant invisible magnet.
Imagine for a moment how the laws of physics would look to people inside
such a magnet. Particles would move in peculiar helical paths because of
the influence of the magnetic field, and the equations describing these paths
would be complicated. Therefore, the laws of motion for a particle sub-
jected to no perceived force would be considerably messier than a straight
line. Eventually the inhabitants might realize that they could get a simpler,
yet more profound, understanding of nature by starting with the fundamen-
tal equations for an empty, nonmagnetic world and then specializing the
equations to take account of the complicated medium.

The theory of the weak interaction uses a similar idea. Instead of a
pervasive magnetic field, the theory leads to a need for a less familiar
background: the Higgs condensate. But unlike magnetic fields, the Higgs
field has no preferred direction. It changes the way particles move through
space in the same way for all directions of motion. The presence of perva-
sive condensates is an additional way, beyond the bubbling in and out of
existence of virtual particles, that seemingly empty space acts as a dynami-
cal medium in modern quantum theories. Aside from its effect on particle
masses, the Higgs condensate is not noticeable in any way because it is
everywhere the same. The things observed as particles are differences in the
fields from their vacuum values. The theory predicts Higgs particles—fluc-
tuations of the Higgs field away from its constant vacuum value—in just the
same way as fluctuations of other fields away from their zero vacuum value
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are seen as particles. The Higgs particle is the only particle type predicted
by the Standard Model that has not yet been observed.

The modern theory of the weak interactions achieved its mature form
around 1970 with a unified description of the weak and electromagnetic
interactions (sometimes called electroweak theory). Since then, it has
achieved many triumphs. Five fundamental particles predicted by the theory,
namely the charm and top quarks, the tau neutrino, and the W and Z
bosons, have been discovered. The theory predicted many properties of
each of these particles; they were found as predicted. For the W and the Z
boson, the masses (around 100 times that of the proton) were a key part of
the structure of the theory. The existence and properties of W and Z bosons
were inferred from a theory designed by Sheldon Glashow, Abdus Salam,
and Steven Weinberg. These particles were subsequently discovered ex-
perimentally by Carlo Rubbia, Simon van der Meer, and their collaborators,
at the European Organization for Nuclear Research (CERN).

The theory of the strong interaction began to take its modern shape
once it was realized that all the observed strongly interacting particles
(baryons and mesons) could be explained as built from more elementary
building blocks: the quarks. Compelling evidence for quarks came from
experiments that directly measured the fractional electrical charge and other
properties of these pointlike constituents of protons, neutrons, and mesons
(these and particles like them are collectively called hadrons). However, the
interactions among the quarks had to have very peculiar properties. The
strength (or intensity) of these interactions must be tiny when the quarks
are close together, but must grow enormously in strength as the quarks are
pulled apart. This property, requiring infinite energy to move two quarks
completely away from each other, explains why individual quarks are never
observed: they are always found bound in triads (as in the proton and
neutron and other baryons) or paired with antiquarks (as in the mesons).
Although required by the observations, this force between quarks was a
new pattern. Physicists had great difficulty finding a consistent theory to
describe it. All previous experience, and all simple calculations in quantum
field theory, suggested that forces between particles always grow weaker at
large separation.

A solution to the problem was found in the quantum correction effects
mentioned above, which must be included in a correct calculation. For
most theories examined up until that time, this effect also leads to forces that
grow weaker at larger distances. However, physicists found a class of theo-
ries in which quantum corrections have just the opposite effect: forces grow
weaker at small distances. This property is called asymptotic freedom.

Copyright National Academy of Sciences. All rights reserved.
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With the need for asymptotic freedom in explaining the strong interac-
tion, a unique theory emerged, one that could explain many observations. It
introduces particles called gluons as the carriers of the strong force (just as
photons carry electromagnetic forces). The “charge” of the strong interac-
tions, called the color charge because of superficial similarities to the famil-
iar properties of visual color, is held by quarks and antiquarks and also by
gluons. But all observed hadrons are combinations of these particles in
which the total “color” is neutral (much as suitable combinations of primary
colors yield white). This theory, which describes the strong interactions, is
an essential part of the Standard Model and was dubbed quantum chromo-
dynamics, or QCD.

Since achieving its mature form in the 1970s, QCD has explained many
observations and correctly predicted many others (see Figure 2.2 for an
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FIGURE 2.2 An example of one of the many successes of the quantum chromo-
dynamics (QCD) sector of the Standard Model. Shown are theoretical predictions (black
solid curve), which agree well with experimental data (red points) over 11 orders of
magnitude. The data come from high-energy proton-antiproton collisions at Fermilab’s
Tevatron. The plot shows the relative rate of quark and gluon jet production carrying
energy of the amount shown on the horizontal axis, in a direction transverse to the
incoming proton and antiproton directions. Adapted from an image courtesy of the DO
Collaboration.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/10079

Connecting Quarks with the Cosmos: Eleven Science Questions for the New Century

FOUNDATIONS: MATTER, SPACE, AND TIME

example of QCD’s success). Highlights include the discovery of direct ef-
fects of gluons, verification of the asymptotic freedom property and its
consequences in many and varied experiments, and continued success in
modeling the outcomes of high-energy collision processes. Together with
the weak interaction theory, QCD is now a firmly established part of the
Standard Model.

The story of how experimental evidence for the top quark (also called
the t quark) was discovered provides an impressive illustration of the power
of the Standard Model. The patterns of the electroweak interaction required
such a particle to exist and specified how it would decay. Further, as men-
tioned above, calculation of its indirect effect on well-measured quantities,
via quantum corrections, predicted an approximate value for its mass. The
strong interaction part of the Standard Model predicted the easiest methods
by which it could be produced and how often. Equally important, since
QCD describes other particle production processes as well, physicists could
calculate the rates for various other processes that can mimic the process of
t production and decay. This knowledge enabled them to devise a way to
search for it in which these competing processes were minimized. This
capability is vital, because the relevant events are extremely rare—less than
one in a trillion collisions! By putting all this information together, physicists
were able to develop appropriate procedures for the search. In 1995, the
top quark was discovered in experiments done at Fermilab, as illustrated in
Figure 2.3. While its mass was unexpectedly large (about that of an atom of
gold), its other properties were as predicted.

The Standard Model has now been tested in so many ways, and so
precisely, that its basic validity is hardly in question. It provides a complete
description of what kinds of ordinary matter can exist and how they behave
under ordinary conditions, with a very broad definition of “ordinary.” It
certainly extends to any conditions attained naturally on Earth, and even to
most astrophysical environments, including the interior of stars. In this sense,
it is very likely the definitive theory of known matter, and this marks an
epoch in physics. To solve the equations in useful detail in complicated
situations is another question. Particle physicists make no claim that achiev-
ing this theory of matter answers the important practical questions posed by
materials scientists, chemists, or astrophysicists.

Significant challenges remain to complete the Standard Model and un-
derstand all that it implies. The Higgs particle is yet to be found. Intense,
focused research programs are planned to search for it, both at Fermilab and
at the Large Hadron Collider at CERN. The equations of QCD must be
solved with greater accuracy in more complicated (and real) situations.

Copyright National Academy of Sciences. All rights reserved.
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Collision!

In this artist's representation

of a particle collision, a proton

and antiproton collide at high energy -
to produce top and antitop quarks. ?

_ et

Antiproton

FIGURE 2.3 The Tevatron at the Fermi Na-
tional Accelerator Laboratory collides protons
and antiprotons with high enough energy to
bring the constituent quarks very close togeth-
er, allowing them to interact. Occasionally, a
pair of top quarks is produced, each of which
has about the mass of a gold atom. The top
quarks quickly decay further into lighter parti-
cles. The Collider Detector Facility (above) and
the DO detector (right) are two experiments
located at different points where the particles
are brought into collision. Images courtesy of
Fermilab.
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Such calculations have many potential applications. For example, to under-
stand the properties of neutron star interiors and supernova explosions,
QCD must be used to calculate the behavior of matter at higher densities
than can be achieved in the laboratory. Advances in computer hardware
and software, as well as in theoretical understanding, are crucial to main-
taining the progress now under way.

A remarkable consequence of the Standard Model, and particularly the
asymptotic freedom property, is that the laws can be extended or extrapo-
lated without contradiction well beyond conditions where the model has
been tested directly. In fact, the equations become simpler and easier to
solve at extremely high energy or temperature. This newfound ability to
describe matter in extreme conditions has revolutionized understanding of
the very early universe. The big bang picture, the basis of modern cosmol-
ogy, postulates that extraordinarily high temperatures were attained in the
very early universe. The Standard Model permits the calculation with rea-
sonable confidence of how matter behaves in circumstances present at very
early times after the big bang. However, researchers cannot test all of these
extrapolations directly. In addition, at the very earliest times, quantum gravi-
tational effects become important and must be treated in concert with all
the other interactions.

Fortunately, some extrapolations can be tested. In collisions of very-
high-energy heavy ions (gold, lead, or uranium) conditions similar to those
present 10 microseconds after the big bang can be created. These phenom-
ena are beginning to be studied at the Relativistic Heavy lon Collider at
Brookhaven and will be studied further in the ALICE program at CERN.

Looking Beyond the Standard Model

The Standard Model has brought understanding of the fundamental
principles governing matter to an extraordinary new level of beauty and
precision. It has been tested in many ways. All details of its predictions must
continue to be scrutinized with great care and high critical standards. His-
tory teaches us that further clues to the ultimate nature of physical reality
can lie at the unexplored limits of such a well-tested and accepted theory.
Ideas for extending the theory are readily found, although there is, as yet, no
evidence to indicate which, if any, of these ideas are correct.

The core of each part of the Standard Model is a description of how
different types of force-carrying bosons respond to charges. For QED it is the
photon and electrical charge, for QCD it is the color gluons and color
charges, and for the weak interactions it is the W and Z bosons and yet other
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27


http://www.nap.edu/10079

Connecting Quarks with the Cosmos: Eleven Science Questions for the New Century

28

CONNECTING QUARKS WITH THE COSMOS

charges. In this sense, the whole Standard Model is a vast generalization of
electrodynamics. It is astounding, but true, that the vast diversity of physical
behaviors observed for matter in nature is captured within this circle of
ideas.

The deep mathematical and conceptual similarities among theories of
the strong, electromagnetic, and weak interactions suggest a larger theory
unifying them. Indeed, the structure of the theory seems to invite it. In QED,
photons respond to electrical charge but never change it. QCD has gluons
that respond to the different quark color charges. But gluons also change the
color charge of a quark into a different color charge, because gluons them-
selves carry both color charge and anticolor charge. Similarly, a W boson
changes the weak charge of matter, for example in the transformation of an
electron into a neutrino. Each known boson responds to, and carries or
changes, only one particular kind of charge. What could be more natural
than to make the theory of matter complete and symmetrical by postulating
additional bosons that transform one kind of charge (such as color) into
another (such as electric charge), because these additional bosons complete
the pattern by carrying both charge types? Mathematically, such extensions
appear to be an obvious next step. (See Box 2.3 for a discussion of the
general notion of symmetries in physical theories.)

This is a beautiful idea. But does nature use it? There are good reasons
to suspect the answer is yes. History shows that the most compelling in-
sights have simplified complex physical laws into simpler structures, from
Maxwell’s unification of electricity and magnetism in 1864 to unification of
electromagnetism with weak interactions in the Standard Model a century
later.

In the Standard Model, bosons fall into 3 independent groupings or sets,
while the fermions fall into no fewer than 15 independent sets. The postu-
late of complete symmetry among charges simplifies this situation. The
bosons are then organized into a single unified set, while the fermions fall
into just three sets (each copies of the other, but with different masses).
Theories built to have such a unified approach are called grand unified
theories. They predict new effects due to the added bosons.

In such theories the proton is unstable. Its observed stability, with a
half-life of not less than 1032 years, is a severe constraint on this idea. It
means that the new force-carrying bosons predicted to simplify the theory
must be very massive indeed, so that their effects will occur slowly enough
to be consistent with this limit. Even such very heavy particles, however,
could be copiously produced in the very earliest times after the big bang. So
the postulate of such interactions changes the view of what might occur at
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BOX 2.3 SYMMETRIES IN PHYSICAL THEORIES

In nature, symmetries abound and corre-
spond to the appearance of something (e.g., a 5-
point star) being unaffected by a rotation or
a reflection. In physics, symmetries are transfor-
mations that leave the laws of physics for a sys-
tem invariant. For example, rotational symmetry
is manifested as invariance under redefinition of
the spatial coordinates by rotating the axes. In
field theories there are many possible types of
transformation that lead to invariance. In addi-
tion to coordinate redefinitions, there are often
symmetries of field redefinitions. For example,
consider a field that takes complex number val-
ues: If the equations depend only on the abso-
lute value, then the physics will be invariant un-
der changes of the phase of the field.

Symmetries are a powerful tool in physics.
They greatly simplify the work of defining a
theory and its predictions. Any symmetry im-
posed on the equations limits the variety of
solutions that must be investigated. In addi-
tion, as shown by Emmy Noether in 1918, any
invariance in the equations under a continu-
ous change of variables engenders a related
conservation law in the predictions for physi-
cal processes. Thus rotational invariance in the
equations leads to conservation of angular

momentum, while invariance under complex
phase definitions leads to predictions such as
the conservation of electric charge. Any such
conservation law has powerful consequences
in predictions for physical processes. Often the
conservation law is first found by observation;
this then tells physicists what symmetry prop-
erty the system possesses.

It is useful to categorize the symmetries of
different interactions. The strong interactions
have symmetries, and thus conservation laws,
that are not preserved by the weak interac-
tions. For example, conservation of the num-
ber of particles minus antiparticles of each fla-
vor is observed separately in all strong and
electromagnetic processes but not in weak
processes. (The different kinds of quarks and
leptons are referred to as “flavors.”)

Because symmetries are such a successful
tool, physicists today try to build theories that
have, at some very-high-energy scale, more
symmetries than are observed in current ex-
periments. This approach has been used for
building the Standard Model itself. Speculative
extensions of the Standard Model, known as
grand unified theories or as supersymmetric
extensions, add even more symmetries.

those times. Another feature of these grand unified theories is that they
typically incorporate tiny neutrino masses and predict other effects for neu-
trinos quite different from Standard Model patterns. Both these features,
proton decay and neutrino masses, are discussed further in Chapter 3,
which explores the implications of physics beyond the Standard Model in

cosmological and astrophysical situations.

Another consequence of the hypothetical symmetry of the grand unified
theories is at first glance as much at odds with observation as is proton
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decay. For mathematical consistency, the strengths of the forces and the
radiation rates associated with various kinds of charges must be equal. But
the strong force is obviously more powerful than the electromagnetic force.
Yet, it is just here at the precipice of paradox that the deepest lessons of the
Standard Model come to the rescue. The first lesson, from unification of the
electromagnetic and weak interactions, teaches that the true symmetry of
the basic equations can be obscured by pervasive condensates. The Higgs
condensate was necessary to accommodate particle masses. In the unified
theory, an additional condensate is required to make the additional bosons
very massive. The existence of the condensate hides the symmetry and
makes it appear to be broken.

The second lesson is that the observed force strengths reflect both in-
trinsic strength and the modification of this strength by quantum correc-
tions. Thus the strength of an interaction changes depending on the energy
scale at which the interaction is observed. The perfect symmetry among
various charges is spoiled by the condensate, which gives different masses
to different particle types. The strengths of the three types of interaction,
while the same at extremely high energies, are thus modified differently by
quantum corrections and hence can be very different for the energies at
which they are observed.

These ideas can be made mathematically precise. Calculations deter-
mine how the forces change with energy and whether they can adequately
account for the various strengths observed at everyday energies, with a
single common strength at very high energy. The parameters of the theory
that determine the strength of the forces are called couplings. The result of
the calculation of how couplings vary with energy is shown in Figure 2.4. It
works remarkably well. Note the extremely large energy scale at which the
couplings merge. This sets the scale of the masses for the bosons that
mediate proton decay. This is a second remarkable success. Not only do the
three couplings merge, but they also do so at an energy scale that is large
enough to suppress proton decay. A lower scale could have given a predic-
tion inconsistent with observation, thereby ruling out such theories. In truth,
the simplest versions of this idea predicted proton lifetimes that were sub-
sequently excluded by sensitive experiments, but many variants survive
this test.

The precise effects of quantum corrections depend on the kinds and the
masses of all particles that exist. So the predictions of unification and the ob-
served pattern of couplings may perhaps provide a way to learn something
about additional massive particles without actually producing them. This
leads to an extremely tantalizing discovery. A rough merging of the three
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FIGURE 2.4 Variation and convergence of the effective coupling strengths for the
three forces—strong, weak, and electromagnetic (EM)—as a function of the energy
scale of the interaction. The figure is drawn for a minimal supersymmetric extension of
the Standard Model. Without supersymmetry, the three couplings do not precisely
meet. Image courtesy of J. Bagger, K. Matchev, and D. Pierce, Johns Hopkins University.

couplings to a single one can be achieved with just the known particles, but
the fit is improved by making the theory still more symmetric and encompass-
ing, by incorporating further hypothetical symmetry, known as supersymmetry
(see Box 2.4). Figure 2.4 shows the case with these additional particles in-
cluded. Not only do the couplings all merge cleanly, but also, unlike the
version without supersymmetry, the simplest supersymmetric version of the
theory predicts a proton half-life that is somewhat above the current lower
bound from measurements. Physicists are intrigued by these two results and
are actively searching in accelerator experiments for evidence of any of the
many additional particles introduced by the postulate of supersymmetry. Of
great interest for the physics of the universe is the prediction by supersymme-
try of a new, stable weakly interacting particle, known as a neutralino. This
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BOX 2.4 SUPERSYMMETRY

Supersymmetry is a bold and profoundly
original proposal to extend the space-time
symmetry of special relativity. It postulates,
in addition to the traditional dimensions of
space and time, additional “quantum” dimen-
sions (not to be confused with the extra di-
mensions of string theory) that together with
the traditional dimensions constitute an ex-
tended framework for physics called super-
space. Each quantum “direction,” unlike the
continuous space and time directions, has
only two discrete values; changing this quan-
tum label is equivalent to changing the par-
ticle type! Supersymmetry thus predicts that
every particle has a supersymmetric partner
particle—normal particles of integer spin
have spin one-half partners, while spin one-
half particles have integer spin partners, as
shown in Figure 2.4.1. Since the matter par-
ticles (quarks and leptons) have spin one half
and the force carriers (photons, gluons, and
W and Z bosons) have spin one, supersym-
metry relates the constituents of matter to the
particles that mediate the forces that hold
matter together.

Not only may supersymmetry unify the
matter constituents with the force carriers,
but it may also unify gravity with the other
forces of nature. Although supersymmetry
was invented for other purposes and has a
rich history, it is a key element of string theory,
the most promising idea that physicists have

for incorporating quantum mechanics into
gravity and putting gravity on an equal basis
with the other forces. Supersymmetry may
help to explain the enormous range of energy
scales found in particle physics (often referred
to as the hierarchy-of-energy-scale problem).

Supersymmetry is mathematically elegant.
Nature, however, always has the last word. Is
supersymmetry a property of the physical world,
or just interesting mathematics? As yet there is
no direct evidence for supersymmetry. It is at-
tractive to theorists both for its elegance and
because it makes certain features of the Stan-
dard Model occur more naturally. At best it is
imperfectly realized. Perfect symmetry requires
equal mass pairings of particles and their super-
partners. No such pairings are found among the
known particles, and thus a whole family of
superpartners must be postulated. However,
valid symmetries of the fundamental laws can
be obscured by the existence of pervasive fields
(called condensates) in the vacuum. Supersym-
metry is such a hidden symmetry. All the super-
partners of the known particles can only be as-
yet-undiscovered massive particles, and many
versions of supersymmetry, in particular those
that account best for the merging of the three
couplings, predict that these particles should
be found at masses accessible with existing or
planned accelerators. Searches for these par-
ticles may soon reveal or exclude these versions
of supersymmetry theory.
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Depiction of the one-to-one correspondence of supersymmetric

partner particles for every type of ordinary particle. Because the superpartners

FIGURE 2.4.1
are expected to be very massive, they have not yet been directly observed.
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particle is a candidate for being the dark matter that pervades the universe.
The neutralino is discussed further in later chapters.

PHYSICS OF SPACE AND TIME: RELATIVITY AND BEYOND

The Triumph of General Relativity

When general relativity, Einstein’s theory of gravity, was first proposed
in 1915, it was a gigantic leap of the imagination. It incorporated several
concepts quite new to physics, including the curvature of space-time and
the bending of light, and led to the prediction of other completely new
phenomena, including gravitational radiation, the expanding universe, and
black holes.

General relativity was widely accepted and admired by physicists al-
most from the start. It reduces to Newton’s successful theory of gravity for
practical purposes, for not-too-massive bodies moving with small velocities.
It is consistent with the special theory of relativity, unlike Newton’s theory.
Moreover, by relating gravity to space-time curvature, general relativity
provided a profound explanation for a striking fact that appears coincidental
in Newton’s theory: that in a given gravitational field, all bodies accelerate
in the same way; this is known as the principle of equivalence or the
universality of free fall.

For many years, however, general relativity was not very relevant to the
rest of physics; it made few testable new predictions. Only a few observa-
tions could not be adequately explained with Newton’s simpler theory and
thus required the more complete theory. Well into the 1970s, textbooks
spoke of only three tests of relativity (namely, the advance of the perihelion
of Mercury, the gravitational redshift of light when photons are emitted from
the Sun and other massive bodies, and the bending of light by the Sun).

In recent years the picture has changed completely, mainly because of
revolutionary improvements in high-precision instrumentation and in the
observational techniques of astronomy. The accuracy of each of these three
tests now exceeds a part in a thousand, and numerous new precise tests,
unimagined by Einstein, have been successfully performed.

Over a thousand neutron stars have been found in the form of pulsars;
their gravitational fields can be adequately described using only general
relativity. A binary system containing a very remarkable pulsar was discov-
ered in 1976 by Russell Hulse and Joseph Taylor and then studied exten-
sively by Taylor and other collaborators. The orbital motion of the pulsar
was measured with great accuracy, thereby enabling precision tests of gen-
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eral relativity. Most dramatic was the observation that as a consequence of
the emission of energy into gravitational radiation, the total energy of the
orbital motion decreases with time at a rate predicted by general relativity.
The agreement is better than one-third of 1 percent. Today, general relativ-
istic corrections to the flow of time on orbiting satellites as compared with
the rate on Earth are an essential part of the Global Positioning System
(GPS), which allows commercial and military users to calculate a precise
location on the surface of the Earth and to transfer accurate time readings
using triangulation with satellite signals.

Numerous convincing black hole candidates have been identified
through astronomical observations. They fall into two classes. One class,
arising from the collapse of stars, has masses ranging from a few times that
of the Sun to around 10 times that of the Sun and radii of a few kilometers.
The second class, typically found at the centers of galaxies, can have masses
millions to billions of times that of the Sun, and radii comparable to that of
the solar system. There is compelling evidence that our own galaxy contains
such a black hole. It is probable that the most violently energetic objects in
the universe, the quasars, are powered by accretion of matter onto such
gigantic spinning black holes.

Developments in general relativistic cosmology have been still more
remarkable. The theory of the expanding universe has been resoundingly
verified by observation of the velocities of distant objects. The gravitational
redshift of spectral lines is evolving: once an exotic, difficult test of general
relativity, it is becoming a standard tool of astronomy. The bending of light,
first observed as a tiny apparent angular displacement for a star with light
grazing the Sun during a solar eclipse, is now the basis of a fruitful tech-
nique to map dark matter using gravitational lensing. The mass of interven-
ing galaxies is observed, in many cases, to distort the light from more distant
sources drastically, even producing multiple images. This provides a way to
search for massive objects that produce no light or other detectable radia-
tion. In all these applications, the predictions of general relativity have not
been contradicted.

Looking Beyond General Relativity

Despite these great successes, there are compelling reasons to think that
general relativity is not the last word on gravity.

A primary stumbling block for understanding the physics of the very
earliest moments and the birth of the universe itself is the lack of progress in
developing a consistent theory that includes both general relativity and
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quantum mechanics. The difficulties are similar to, but more severe than,
the difficulties discussed above in connection with the history of quantum
electrodynamics. All the successful applications of general relativity have
used equations that ignore quantum corrections. When the corrections are
actually calculated, they are found to be infinite. Again, one can follow the
procedure used in QED and improve the calculation by taking into account
the effects of virtual particle clouds on, say, the interaction of a particle with
gravity. However, although the infinities are then avoided, the ability to
calculate the behavior of the particle at high energies is lost, because the
clouds interact strongly and in a very complex manner.

Another difficulty arises out of Stephen Hawking’s recognition that,
when the effects of quantum mechanics are included, black holes are not,
strictly speaking, black. Rather they radiate. The radiation rate is far too
small to be detectable for any of the known black holes, but it has serious
consequences. In Hawking’s approximate calculation, the radiation ap-
pears to be random (thermal). A fundamental requirement of quantum me-
chanics is a specific connection between the future and the past. But if
black holes, which have swallowed objects carrying quantum information
from the past, can evaporate by radiating in a random fashion, this connec-
tion is apparently broken. Many believe this leads to a paradox whose
ultimate resolution will bring deep insights into the quantum nature of
space and time.

While general relativity provides an essential framework for big bang
cosmology, it leaves open most of the details, just as Newton’s theory
described the motion of planets but did not determine the size and shape of
the solar system. Indeed, the particular size and shape of our solar system
almost certainly arose from the specific details of its history; other planetary
systems elsewhere are quite different. Yet the universe as a whole has some
strikingly simple features. Such features beg for a theory to explain them.

Among the most striking features of the universe as a whole are its
approximate homogeneity and its spatial flatness. Homogeneity means that
any large region of the universe of a given age looks very much like any
other large region at the same age. Spatial flatness means that space (as
opposed to space-time) is not curved on large scales. Both of these proper-
ties of the universe have now been observed and measured with consid-
erable precision, through study of the microwave background radiation.
Neither homogeneity nor spatial flatness is required by classical general
relativity, but they are allowed. The question then arises, Why is our uni-
verse so homogeneous and flat? It is possible that these properties would
emerge from a correct, quantum-mechanical treatment of the earliest mo-
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ments of the big bang. But since no one knows how to calculate the behav-
ior of quantum gravity at high energies, such speculation is difficult to test,
or even codify.

Some physicists believe that these problems can be solved by delving
more deeply into general relativity itself. But others believe that the solution
will necessarily involve an integration of gravity with the other forces of
nature. As the discussion below indicates, some intriguing progress has
recently been made toward a synthesis of general relativity, the theory of
space-time, with our current understanding of the other forces of nature.

THE CONVERGENCE OF MATTER AND SPACE-TIME PHYSICS

In most laboratory situations, gravity, as a force between elementary
particles, is very much weaker than the strong, the electromagnetic, and even
the weak interactions. For this reason, it has been possible to develop an
extremely complete and accurate theory of subatomic and subnuclear pro-
cesses (the Standard Model) while ignoring gravity altogether. But since all
objects attract one another gravitationally, the power of gravity is cumulative;
on cosmic scales it comes to dominate the other forces. Traditionally, there
has been a division of labor between the study of matter, on the one hand,
and the study of gravitation and cosmology, on the other. A major theme of
this report, however, is that this division is becoming increasingly artificial.
Physicists, eager to build on their successful theories of matter and of space-
time, seek to create an overarching theory of space-time-matter. To under-
stand the earliest times in the universe and the extreme conditions near black
holes will require such a theory. New approaches to tackle these problems
are, as yet, speculative and immature. However, the consequences for the
view of the universe and for its history at the earliest times are profound.

Inflation

The homogeneity and spatial flatness of the universe can both be ex-
plained by assuming that the universe, early in its history, underwent a
period of exceptionally rapid expansion. Expansion tends to diminish the
spatial curvature, just as blowing up a balloon makes its surface appear
flatter. The enormous expansion associated with inflation means that the
universe we see today began from a very tiny region of space that could
have been smooth before inflation. While inflation cannot completely elimi-
nate the dependence of the state of the universe today upon its initial state,
it does greatly lessen that dependence.
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Inflation theory is more plausible, and exciting, because it can be
grounded in particle physics ideas about unification and symmetry break-
ing. The unified theories require the existence of condensates, whose space-
filling presence makes the symmetry of the fundamental equations less
manifest but more consistent with observation. As described in the section
“Unification and the Identity of the Dark Matter” in Chapter 3, the phenom-
enon is known to occur in the weak interaction. It also occurs (in a some-
what different way) in the strong interaction, in the theory of superconduc-
tivity, and in many other examples in the physics of materials. It is not an
extravagant novelty.

In all physical examples of condensates, when the temperature is raised
sufficiently the condensate evaporates or melts away. (Such a phase transi-
tion occurs when ice melts to become water.) The laws of physics at the
higher temperature look quite different—they have more symmetry. An-
other example may be useful. In an ordinary magnet, the spins of the atoms
are aligned at low temperatures because the total energy of the system is
lower in such a configuration. This alignment obscures the isotropy of space
by making it appear that there is a preferred direction (the direction in
which the spins are aligned). At high temperatures, the energy advantage
associated with aligned spins is no longer important, the spins of the indi-
vidual atoms are no longer aligned, and the isotropy of space is no longer
obscured (the broken symmetry at low temperatures is restored at high
temperatures).

In a cosmological context, the consequences of a phase transition can
be dramatic. At high temperature, before the condensate settles down to its
equilibrium, or vacuum, value (its “frozen” state, to continue the aqueous
analogy), a great deal of energy is present in the system. That energy is in a
very unusual form—not as particle mass or motion but as field energy, or
false vacuum energy. False vacuum energy has quite different gravitational
properties from other forms of energy. It turns out that if a large amount of
vacuum energy is dissipated only slowly, it causes a period of inflation, of
exponentially rapid expansion of the universe.

As is discussed in later chapters, observational cosmology has recently
yielded powerful hints that inflation occurred. The ideas of particle physics
suggest why it might have occurred.