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GLOSSARY

Astrochemistry The theoretical study of chemical pro-
cesses in cosmic environments and the observational
determination of physical parameters through the study
of abundances of molecular species. This review con-
centrates on the recent results concerning circumstellar
envelopes and the interstellar medium. The field deals,
however, with synthesis of molecules in cometary
nuclei and planetary atmospheres, as well as stellar
photospheres.

Fractionation Process by which isotopes are included in
molecules, either by the process of direct transfer or by
charge exchange.

Large-velocity gradient approximation (also called
Sobolev approximation) the assumption that the line
width due to thermal broadening is small compared
with the large-scale velocity field in a medium. It is
basic to the assumption that the optical depth of a line
depends only on the velocity gradient.

Molecular cloud The densest phase of the interstellar
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medium. Clouds have large size (of order 1-10 pc)
and high densities (>10° cm™3).

Polycyclic aromatic hydrocarbons (PAHs) Hydrocar-
bons in complex chains and agglomerated rings thought
to be responsible for the diffuse emission lines observed
in dust nebulae in the near-infrared. These molecules
form the lowest-mass end of the dust distribution and
are responsible for ubiquitous diffuse emission in the
1- to 25-pum galactic background radiation.

Units Parsec (pc), 3.1 x 10'® cm; solar mass Mp), 2 x
10%? g; Jansky (Jy), 10723 erg~! cm=2 Hz™!.

Vibronic Transition Molecular transition involving
states which are split by rotation that is induced through
rotation—vibrational coupling; the fine-structure states
of electronic transitions.

I. INTRODUCTION

Astrochemistry is a field that spans virtually all cosmic
environments, from comets and planetary atmospheres to
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theinterstellar medium. Assuch, itismoreconcerned with
processes and what they reveal about the physical nature
of the medium than with the specific arenain which these
processes occur. It isone of thefew astrophysical fieldsin
whichlaboratory work ispossible, andinwhich conditions
similar to those studied astronomically can be simulated.
In this review, we shall concentrate on the most recent
work, concerned mainly with stellar mass outflows and
the interstellar medium. For want of space, planets and
stellar photospheres have been excluded.

Observational astrochemistry is accomplished primar-
ily with infrared (IR) and millimeter techniques, areas of
technology which have been seen explosive expansion in
thepast decade. With theimprovement of superconducting
detectors and the development of interferometric arrays,
this field is one which will surely change significantly in
the next decade.

We will begin by examining the physical processes
needed to diagnose the conditions in astrochemical en-
vironments and then examine some of the chemical prod-
ucts thus detected. It is important to keep in mind that,
with the exception of solar system objects, astrochemi-
cal analyses are quintessentially remote sensing, studied
by observations of spectral lines emanating from distant
sources through the applications of radiative transfer the-
ory and molecular line formation.

II. PHYSICAL PROCESSES

A. Basic Molecular Spectroscopy
1. Electronic Transitions

The electronic statesin amolecule, analogs of the atomic
states and characterized by total electronic angular mo-
mentum and spin, are generally separated in energy by
about the same order of magnitude as for isolated atoms,
usually several electron volts (eV). Thus the transitions
from molecular electronic states, which also correspond
to different potentials, are best observed in the ultraviol et
(UV) region. Excitation depends on the presence of UV
radiation, and electronic transitions are usually seenin ab-
sorption, asin the 12; state of Hy. The strength of the
transition depends on the dipole (heteronuclear molecules
and ions) or the quadrupole (homonuclear) moments. Vi-
brational states dominate the optical and infrared, and ro-
tational statesare best observed in the millimeter and cen-
timeter portions of the spectrum.

For diatomic molecules, these statesare classified by the
projection of the electronic angular momentum along the
internuclear axis, A, and the projected combined spin )
and are grouped into multiplets according to the coupling
between these states and the rotational angular momen-
tum J. For A #0, the states are splitby Q@ = A+ )
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into fine-structure levels, called A-doubling. Interaction
with nuclear spins produces hyperfine splitting of the ro-
tational levels, with quantum number F. These hyperfine
transitions in OH are responsible for the observed maser
emission.

2. Rotational Transitions

The nuclei, which are the massive components of mole-
cules, are free to rotate and precess about the center of
mass. Thus, a molecule with a moment of inertia, I, has
arotational angular momentum J which is quantized and
thus takes on only discrete values. The energies of these
states can be shown to be

E,:LJ(J~|—1)EBUJ(J—|-1), Q)
4r]

sothat transitionsbetween states of unequal J show astep-
ladder pattern in the separation of lines of the same series.
Because of the large value of the moments of inertia, due
to the mass of the nucleus, the separation of these statesis
small, of order 0.01 eV, increasing withincreasing J. The
simple representation that has just been used, however, is
only appropriatefor diatomic species, which haveonly one
rotational axisthat isdegenerateinthetwo axesorthogonal
to the internuclear axis about the center of mass.

If the molecule is more complex, for example, H,O,
then two or three axes are needed to fully describe thero-
tation. Each of these has an associated moment of inertia,
depending on the details of the electronic states and the
internuclear distances and masses. The projection of the
rotation along the body axis, K, now appearsin the terms
for the rotational splitting. For instance, for a symmetric
top molecule line CH3,

Fioj = By J(J + D)+ (B — A ) K* £2A1,0K,  (2)

where ¢ describes the coupling of the vibrations and the
rotations (vibronic states) and splits the otherwise degen-
erate K levels. The constants A and B are the moments
of inertia about the parallel and perpendicular axes of ro-
tation, relative to the body axis. The rotational lines will
be distributed in a way that depends on the ratio of the
moments of inertia of the principal axes of the molecule.
Thus there will be multiplets for lines which are closely
spaced in energy and which can be strongly radiatively
coupled (see discussion of masers).

3. Vibrational Transitions

Vibrational states distribute as those of a harmonic oscil-
lator, with

E, = hvo(v + 1), 3
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where vg isthe vibrational frequency of the ground state.
Polyatomic molecules have additional vibrational states
due to the multiple modes presented by different config-
urations. For instance, bending modes in water are states
for which the O moves and the H remains fixed, while
others have both the O and H moving oppositely (the so-
called v, and v3 modes), in addition to the fundamental v,
mode which involves the O-H bond stretch. Vibrationa
coupling produces an angular momentum which splitsro-
tational states, as mentioned above under vibronic transi-
tions.

Coupling of vibrational and electronic states—that is,
between A and v—produces an angular momentum K,
whichfor polyatomic molecules depends on the axisabout
which the rotation is executed. For instance, in H,O there
isaprolate and oblate rotational axisfor the molecule, so
that a state J is split by two values of K and labeled by
Jx,.x_. More complex states are possible, depending on
the complexity of the molecule. For example, inversion
transitions of molecules such as NH3, which occur at cen-
timeter wavelengths, result from small perturbations of
rotational states by vibrational transition between mirror
molecular conformations.

B. Radiative Transfer: Observational
Astrochemistry

1. Line Radiative Transfer

Molecular observations are almost always concerned with
specific discrete transitions. These are generally observed
at millimeter or centimeter wavelengths. The intensity of
a source is determined by the rate of collisiona versus
rediative transitions between levels. Because of the ex-
tremely low densities usually associated with molecular
environments, whether in a circumstellar envelope or a
molecular cloud, pressure broadening is unimportant. In-
stead, the molecule radiates at its local velocity into the
lineof sight. Thisdispersion of velocity may beduestrictly
to the thermal motions of the particles, or it may be dueto
the presence of turbulence or large-scale chaotic motions
within the medium. Either way, theloca profile, ¢(v) isa
Gaussian with a finite width in frequency.

The absorption coefficient for a state can be written as

Ky = (n1B12 — n2B21)$(v), 4)
wheren ; isthe population of the upper (n2) or lower (n1)
state, and B, and By; arethe Einstein transition probabil -

ities for stimulated transitions. The emission coefficient,
due to spontaneous transitions, is given by

Jv = n2An¢v), ©)
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where Ay; is the Einstein spontaneous transition prob-
ability and ¢, is the line profile function that describes
the frequency dependence of the line. In its most general
form, ¢, isthe convolution of theintrinsic line profile due
to radiative and collisional broadening of the upper and
lower states (usually aL orentzian profile) and theextrinsic
broadening due to the random motions of the molecules (a
Gaussian profile whose width depends on the thermal and
turbulent vel ocities added quadratically). The equation of
radiative transfer is

dl,

dl
where I istheintensity and ! isthe path length through the
medium. Collisions dominate most molecular excitation,
and if the emission rateislow, asusually occursin molec-
ular clouds, then the populations can be assumed to be in
local thermal equilibrium, hence given by the Boltzmann
distribution:

= -1, + jy, (6)

% — &efEm/kTE(’ )
1 81

where T, isthe excitation temperature, which is assumed
to be of the order of the kinetic temperature of the excit-
ing particles, and g is the statistical weight of the states,
which are separated by E1,. The optical depth for aline
is proportional to the path length through the medium, so

that
d A
kndl = kndv k) I E/con e , (8)
dl v dv/dl

where Av isthe line width in frequency, « is the opac-
ity at line center, n is the number density, and dv/dl is
the velocity gradient along the line of sight. The so-called
large velocity gradient or Sobolev approximation (also
called the “on the spot” approximation because the emis-
sion and/or absorption is assumed to depend on only the
local conditions) assumes that this gradient is larger than
the thermal speeds so that the optical depth of the medium
is small. For molecular clouds, observed line widths are
usualy a few kilometers per second, while the thermal
speed isabout 0.1 km s™2, so this approximation seemsto
be valid for all but the most abundant species.

Like their atomic counterparts, molecular lines satu-
rate when the populations have reached the values asso-
ciated with strict equilibrium with the incoming radia-
tion. Thisoccursfirst at the line center. Any motionin the
medium, ordered or random, will broadenthelineand thus
the molecules will “see” radiation at other wavelengths
against which they can absorb, or into which they can
emit. If the medium is optically thick at line center but
the velocity dispersion is large, the overall optical depth
can be considerably reduced by spreading out the linein

frequency.
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The most abundant molecules, because of the low ve-
locities observed in the clouds and high column densities,
cannot be interpreted by simple optically thin models. For
CO (any isotope), theratio of the (2 — 1) to (1 — 0) tran-
sitions should be 3:1 in strength, if completely optically
thin, because of theratio of the statistical weightsand tran-
sition probabilities and the temperature known to exist in
the clouds. However, 2C%0 (1 — 0) is often observed to
show flat-topped profiles, not the Gaussian form which
would be typical of a randomly moving optically thin
molecular gas. Also, theintensity ratio of thetransitionsis
often seen to depart from that expected for such amedium.
The implication is that *>CO is optically thick, and that
the densest parts of the cloud may not be observablein the
ground-state transition. L ower-abundance species (for in-
stance, the isotopes *CO and 2C*80, or more highly ex-
cited statesof >C'®0 (suchas3 — 2) may, however, probe
denser parts of the cloud. Further, the higher transitions
requirehigher densitiesfor excitation, sothereisadelicate
interplay between chemistry and radiative transfer which
entersinto theinterpretation of abundances. Thisiscrucial
to the understanding of the formation of the molecules.

The abundance of a speciesis related to the observed
lineintensity by the antenna temperature, thetemperature
which an equivalent blackbody radiator would have to
have at the line frequency to egqual the observed line

intensity:
oo
T,
Liine = / _Advs )
0

whichisintegrated over the vel ocity width of theline. The
column density, by number, in the lower level is defined
as

4732 kv (2, +1) 1
= — — T dv, 10
DR A T O
where k is the Boltzmann constant and v is the velocity

width of the line. Then the total column density of the
species is found using the Boltzmann distribution for the

levels:
_ o(T) E
Niot = Nlm exp<ﬁ>, (11)

where Q(T) is the molecular partition function, the sum
over the population probabilities for al of the rotational
levels,

N;

Q(T) = grxe /A, (12)
J,K

which can often befound in closed form. For instance, for
a symmetric top molecule,

Y2 ke \¥? B,h
on=(35) (ic) eolar) @
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where B, =C, and A, are the moments of inertia for
the rotational states and E; =hc[B,J(J +1) + (A, —
B,)K?].Intheoptically thin, LV G approximation, thissuf-
ficesto determine the abundance of the species of interest.
It assumes that all emission is due to thermal equilibrium
prevailing due to collisions among the levels.

2. Masers

Because of the low densities, molecules in cosmic envi-
ronments can show populations of many levels which are
inverted. That is, the higher level s sometimes have higher
populations than the lower ones. The primary reason for
thisisthat transitionstake place between high stateswhich
are only weakly collisionally coupled to lower levels, and
for which radiative transitionsarelong. If thereisastrong
background radiation field at shorter wavelength than the
transition of interest, upper states of the molecule may
be radiatively excited with subsequent overpopulation of
some of the lower states by radiative and collisional deex-
citation. Thus, for masers to occur, more than two states
must be involved in strongly coupled transitions.

Masers also serve as a warning that the intensity of
a spectral line is not necessarily a direct measure of its
abundance. Population inversions enhance the brightness
temperatures, leading to overestimates of excitation and
abundance in those species in which masing occurs. Be-
cause not all molecules undergo maser amplification, the
assumption of thermal equilibrium isusually not bad, but
should be employed with caution.

The emission and absorption coefficientsfor the system
can be defined asbefore. Now assumethat there are atotal
of n levels, and that they are coupled via collisions and
radiation to the levels 1 and 2. Then the time-dependent
populations of 1 and 2 are given by

d Q

% = Pi(n —ny —ny) — (n1Brz — n2321)EI
—n1C1p — naT, (14)

dl’lz Q

—— = Pa(n — ny — ny) — (n2Ba1 — n1B12)—1

dt 47

—np(Az — C21) — nol. (15)

Here P; and P, are the pump rates from the higher-lying
levels through radiation and collisions, €2 is the solid
angle, and I is the rate at which the masing levels are
depopul ated.

For molecular masers, it can be assumed that the two
masing levels have the same statistical weight. Thus,
Bi12 = Bz = B. Thenumber of levelsinvolvedin the par-
ticular population inversion is small. This implies strong
radiative coupling between states which, for some rea-
son, are selectively pumped by the external sources of
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radiation. The OH molecule is an excellent example of
this behavior.

If the absorption coefficient isnegative, in other words,
if the populations are sufficiently inverted, the radiation
inthe 2 — 1 transition will amplify along its path until
the maser saturates, that is, until the populations do not
change along the path length. The amplification selects
out the line center, and the line gradually narrows as a
result of increasing path length. This behavior is of great
importance, because the brightness temperature increases
astheline gets narrower. Further, the radiation has a finite
amplificationlength; themaser can saturate. Intheabsence
of collisions and in steady state, I' can be replaced by
I' = 2BI(2/47), so that the brightness temperature of a
saturated maser is given by

h T Q
2k Adn
This makes masers very intense radiation sources, since
the pump radiation at higher frequency hasbeen converted
both to lower frequency and narrower bandwidth by the
amplification process. The emission is also highly polar-
ized, sinceit is coherent.

Masing depends on the presence of a strong radiation
field for excitation and maintenance. Such radiation, usu-
dly infrared, is significant in several environments, no-
tably in circumstellar envel opes (CSES) and in molecular
clouds. In CSEs, far-infrared radiation is converted to cen-
timeter radiation by OH, which has transitions centered
around 1665 MHz. Ammonia, water, HCN, and SiO, are
alsoimportant stellar maser sources. Water masersareal so
associated with regions of active star formation, where IR
from the protostellar cores can excite the millimeter ra-
diation in the densest parts of the cloud. Because they
are strongly amplifying, the masing sites are easily dis-
tinguished from the background and their proper motions
can be directly measured using VLBI techniques. Their
time variability is a'so well observed, although it is still
not fully understood theoretically.

TB,s (16)

lll. DUST

A fundamental constituent of the atmospheres of the
coolest stars (whether red giants or brown dwarfs) and
of theinterstellar medium isthe solid material that has be-
come known as dust. Although dust was recognized and
characterized more than 50 years ago, many of its basic
properties are still debated. In large measure, thisis due
to the very indirect way in which information about the
composition and structure of the dust is obtained.

The spectral signature of dust is the presence of sev-
eral very broad featuresin theinfrared and the ultraviol et,
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whose strength correlates well with the extinction of vis-
ible starlight. The UV feature, near 2175 A, is likely due
to some form of solid carbon, something like graphite or
an amorphous state of carbon. Its strength and shape are
variable throughout the galactic plane, although not en-
tirely absent along most lines of sight through the plane,
and these also are variable from one galaxy to ancther.
The identification of the infrared band at 10 um is more
secure, being due to silicates and at 11 «m due to SiC.
Dust is normally virtually transparent at this wavelength
because of the size of the grains, and in the diffuse in-
terstellar medium the column densities are insufficient to
produce appreciable absorption in the IR band; it is seen
in the atmospheres of highly evolved red supergiants. In
these stars, because of the low emission from the envelope
as awhole and the large spatial extent of the outer stellar
layers, thefeatureisoften seenin emission. Unlessthe star
happens to be sufficiently cold that the outer atmosphere
is emitting significantly at these wavelengths, the feature
will always be seen in emission; afew very dense shells
show absorption at the same wavelength.

Thepresenceof silicatesin both theinterstellar medium
(ISM) and stellar envel opesiscertain, but the precise phys-
ical state of the silicateis not well known. Asistypical of
solids, most of the detailed information about the internal
structure of the radiating species is lost due to the com-
plexity of the lattice structure and the effects of nearest-
neighbor perturbations to the energy states. These result
in broad diffuse absorption or emission bands.

Other IR features in the 3- to 10-m region have been
identified with both water ice (near 3.2 um) and with
polycyclic aromatic hydrocarbons (PAHS) (several bands,
especiadly near 3.3, 6.2, 7.7, 8.6, and 11.3 um). They
are identified with C-H and C-C bending and stretch-
ing modes of complex organic molecules, athough spe-
cific identifications are insecure. The water is presumed
to condense onto the grains in dense environments, like
molecular clouds. The PAHs are more like small grains
than molecules, but are likely associated with the forma-
tion and destruction of dust, forming the small particle
end of the size spectrum. Because they are nearly molec-
ular, they are not in equilibrium with the radiation field—
that is, they do not radiate like blackbodies. Instead, they
deexcite from UV radiative absorption from the diffuse
interstellar radiation field (DIRF) viavibronic transitions
in the near-IR. This means that their emission requires
some UV excitation, which is supported by their presence
in photodissociation regions at the boundaries of molec-
ular clouds and planetary nebulae. The observed IR dif-
fuse bands, which have optical analogs seen in absorption
against background sources, are likely due to the C-H
bond stretch, the anal og of the Si—O vibration responsible
for the 10-pum feature.
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Dust radiates in the infrared. By Kirchhoff’s law, solid
material in thermal equilibrium radiates like a blackbody.
Most of the incident energy falling on the grain is scat-
tered, hence the blueness of reflection nebulae and the
reddening of starlight. The absorbed photons are reradi-
ated at a rate approximated by j, =«,B,(T), where «,
is the monochromatic absorption coefficient and B, (T)
is the Planck function at temperature T. The equilibrium
temperature of the grain depends, therefore, onitssizeand
composition. Carbon grains absorb effectively in the UV
due to the diffuse 2175-A band, but radiate inefficiently
in the IR, so they are hotter than silicates, for which the
reverse holds. The PAHs are distinguished by two effects.
They show amuch higher col or temperaturethanthelarger
grainsand, in addition to their lines, they cannot bein ther-
mal equilibrium since their specific heats are temperature
dependent (see below).

Grains provide a solid surface on which chemical re-
actions take place. In fact, they are the primary site for
H, synthesis. In addition, metallic ions deplete onto the
grains. This is evident from the lower-than-stellar abun-
dances observed for the heavy metals, such as iron and
calcium, in the diffuseinterstellar medium. It appears that
most of the heavy metals in the diffuse and molecular
cloud phases of the ISM may be tied up in the grains,
which nonetheless constitute only about 10~8, by num-
ber, of the ISM. CO and H,O may aso stick to the grain
surfaces, and models and laboratory simulations show a
host of complex organic molecules can be synthesized in
the resultant mantle. It remains to be determined whether
these simulations are relevant for interstellar conditions;
they do seem to mimic many of the reaction products ob-
served in situ in comet Halley.

An important problem in dust chemistry is the precise
determination of both the formation mechanism and size
spectrum of the grains. At the smallest-particle end, the
grains behave like large molecules. The PAHs are sta-
ble against UV radiation and a so can be cleaved from the
larger graphite grains. The signature of small grainsisthat
they cannot come into equilibrium with the UV radiation
field, and do not radiate like blackbodies. Instead, their
specific heats depend explicitly on the number of avail-
able modes, N, proportional to the number of constituent
molecules. They radiate with an excitation temperature
depending on the incident photon energy as T =hv/NC.
Hence, they have color temperatures which are of order
1000 K inthe presence of the DIRF, in spite of the fact that
they are never in equilibrium and so have no true kinetic
temperature. The resulting emission bands are vibrational
transitionswhich redistributetheincident UV radiation on
short time scales.

Astrochemistry

IV. MOLECULAR ENVIRONMENTS

A. Circumstellar Envelopes

Molecules are frequently observed in the outer envelopes
of red supergiants with surface temperatures less than
about 5000 K. These stars have strong stellar winds, of
order 10~ t0 10~® M, yr—1, with velocities typically less
than 50 kms™1. A few hotter stars, such as89 Herculisand
HD 161796, have also been found to show CO emission;
these and related stars are proto-planetary nebula objects
in the process of becoming white dwarf stars. For some
very highly evolved dusty stars, strong far-IR emission, in-
dicative of dust, isaccompanied by maser emission. These
are the so-called OH/IR stars, which are most frequently
Miravariables. Some evolved stars al so show SiO masers.
A few stars, such asthe extreme supergiant IRC + 10216,
are veritable chemical factories, displaying amost al of
the molecular species observed in comets and in dense
interstellar molecular clouds.

B. The Environment of the Interstellar Medium

Theinterstellar mediumisavery inhomogeneous, disequi-
librated place. The diffuse medium hasdensitiesof 0.01 to
1cm~3intheionized phaseand about 1 to 10° cm—2 for the
cooler neutral phase. The medium is heated by supernova
stellar wind shocks, and has a sufficiently long cooling
time that it never becomes any colder than about 10° K.
Thisis because the atoms are very inefficient coolants. In
denser regions, the temperature is reduced to about 10°
K, and cooling due to neutral hydrogen recombination
becomes efficient. For lower temperature, the cooling in-
creases dramatically, first due to hydrogen line emission,
which reduces the temperature to 10* K, and then from
atomic fine-structure transitions, which reduce the tem-
peratureto several hundreds of degrees. To lower thistem-
perature further takes two additions to the medium—dust
grains and molecules.

In diffuse regions, the dust will always be colder than
the gas, primarily because of the larger number of modes
available for the redistribution of the energy. In fact, the
temperature, or equivalently the excitation, of the dust is
sensitive more to the spectrum of the radiation incident on
it than to its dilution. The cooling of the dust is strictly
radiative, efficiently absorbing in the UV and radiating
in the IR. The harder the UV radiation which is incident
on the grain, the warmer the grain will be, regardless of
the intensity of the radiation. The grains are the critica
shield for the cloud material from background radiative
heating. The presence of dust al so effectively coolsthe gas
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because of surface atom interactions which promote the
formation of molecules, especially H,. Molecular cooling
isdueto collisional excitation of abundant species, which
then reradiate their energy in the far-IR and millimeter
wavelengths, at which the grains are optically thin. Deep
in the cores of molecular clouds, the situation is reversed.
Here the grains are warmer than the gas, and actually heat
the gas through collisions of the particles with the grain
surface. As such, they serve asthe fuel for the chemistry.
Collisions of molecular hydrogen with, for instance, CO
excitethelatter, which radiatesitsenergy fromthe cloud at
the expense of the gas kinetic energy. Thus, the IR which
penetratesthe cloud and heatsthe grainscan betransferred
totheexcitation of thevariouschemical constituentsof the
medium effectively, serving to power the reactions which
build complex molecular species.

V. CHEMICAL PROCESSES

A. Surface Chemistry: Formation
of Molecular Hydrogen

The basic problem in the study of the interstellar medium
istheformation of molecular hydrogen, H,. Thisisof pri-
mary importance because, at thelow temperatures charac-
teristic of the cloud environments, thismoleculeisrespon-
sible for the excitation of CO. One might initially expect
reactions of the form

2H — Hy + vy, ()]

where y is an emitted photon. This process, the so-called
radiative association mechanism, isimportant for the for-
mation process. The rate is, aas, many orders of mag-
nitude short of that required to produce the molecule. In
fact, it appears that the formation of H, can only proceed
viaone of two possible avenues: (1) if thereis a sufficient
abundance of free electrons,

H+e— H- (18)
H™ +2H — Hj (19)
= Hy+H; (20)

or (2) via some form of surface interaction where radia-
tive association is replaced by reaction on a solid surface
of two neutral atoms in the presence of a UV radiation
field which is capable of exceeding the appropriate bind-
ing energy of the moleculeto the grain surface. Thefirst of
theseisindependent of the abundance of metals, whilethe
latter is critically dependent on the existence of interstel-
lar grains on which the reactions can take place. Because
it appears that the solid lattice is far more efficient, and
because it exists in the interstellar environment that now
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is observed in molecular clouds, we shall concentrate on
the second mechanism. The first type of mechanism has
been implicated in star formation processes in the early
universe.

Assume that the grain consists of asimple lattice, like
graphite. Should an atom of neutral hydrogen strike the
surface, thereisasticking probability, S, suchthat theatom
will become bound to the surface rather than be reflected
back into the diffuse medium. The rate of impact on the
surface of hydrogen atomsis given by the mean collision
time of a H atom with a grain having a geometric cross
section Y . Thevelocity dispersioninthegasisuvy, ~ T2,
so that

dn

Fi NHNg S agvin (21)
andtherateof hopping, or migration, among latticesitesis
tmig- Then, if Ky isthereactionrate, therate of formation

of Hy is approximately given by
N, ~ KHHanSZ Utmigﬂil, (22)

where 8 is the rate of release of H, from trapping sites
back into the medium. An empirical rate for H, formation
is

dn(Hy)
dt

Here ny is the ambient gas density, with the grains scal-
ing as a fixed fraction of ny. There is, however, reason
to believe that at the lowest neutral hydrogen densities,
the formation process depends on the random rate of ar-
rival of molecules on the surface and there is an expo-
nential threshold for the molecular formation (see Caselli
etal., 1998). Grainsare aprerequisite for the formation of
molecular hydrogen in the present galaxy, but gas-phase
reactionsin the denseregionsthat are typical of molecular
cloudswill otherwise produce all of the specieswhich are
observed. Therefore, inwhat follows, we shall concentrate
on the work which done in the 1990s on the problem of
gas-phase chemistry.

~ 3 x 107 em®stnd,. (23)

B. Gas-Phase Chemistry

Thefirst observationsof diatomic speciesinthediffusein-
terstellar medium several decades ago posed serious chal-
lengesfor theorists because of the extremely low densities
which are found there. Radiative association seemed un-
able to produce any of the observed species, most impor-
tantly CH, and thismeant that exotic mechanismswereini-
tially held responsiblefor the presence of such molecules.
Work onthe abundance of Hy, following the observation of
themoleculeinthediffusemediumintheultraviolet by the
Copernicussatelliteinthemid-1970s, and the discovery of
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elemental depletion along many lines of sight in the inter-
stellar medium, led to the suggestion that grainswere also
thefundamental sitefor the chemistry required to produce
even the simplest diatoms. The Fuse mission, launched in
1999, covers the same spectral range (900-1200 A) as
did Copernicus, but with significantly higher sensitivity
and resolution, and is now being used to study more thor-
oughly the molecular hydrogen component of the galaxy.
In addition, the 1SO mission detected large abundances of
H, in the far-IR even from regions that have very low CO
abundances.

Thediscovery of large, cold molecular cloud complexes
dramatically altered this view, providing the necessary
conditions for low-temperature, high-density gas-phase
reactions to occur. The development of many computa-
tional schema for handling enormous reaction networks,
often involving thousands of reactionsand hundreds of re-
acting species, also spurred theoretical work on this sub-
ject. Thissectionismeant only to serve asaguideto these
calculations. The basic physical input is really quite sim-
ple; it isthe computational complexity that makes for the
differences found among various workersin the field.

The chemistry of gas-phase reactions, either in the in-
terstellar medium or in stellar atmospheres, is mediated
by the abundance of ions. These can be formed in several
ways. by cosmic-ray ionization, or by the direct photo-
ionization of the atomsinvolved in the reactionswith sub-
seguent charge transfer to the molecules. lonic reactions
are generally exothermic and so occur efficiently at low
temperature. In the presence of anion, aneutral molecule
or atom develops an induced dipole which increases its
capturecrosssection. Thusthereactionsoccur quickly and
lead to stable states, in addition to allowing the molecule
toformin aradiatively unstable excited state which, upon
decaying, radiates the energy of formation away from the
site of the reaction.

1. Reaction Rates

In general, reactions depend on two factors, the activation
energy A and the temperature. Cross sections can be ob-
served directly in the laboratory at some controlled tem-
perature, usually near room temperature (about 300 K),
and then scaled to the temperatures found in clouds. They
can also be deduced from first principles. Generally, these
reactions have the form K =(ov) where the average of
the cross section, o, is taken over the velocity distribu-
tion of theinteracting particleswhere the relative vel ocity
is v. For this reason, assuming the reacting particles are
thermalized, the rates depend on temperature. For ionic
reactions, where the potential is the coulomb interaction,
the so-called Langevin approximation applies, and it can
be shown that the rates are approximately constant. Thus
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measurements at room temperature suffice for the deter-
mination of the rate coefficients, K =k, where usualy Kk,
the reaction constant, is of order 1078 to 10723 cm® s1.
Most ionic reactionshavelittle or no potential barriers, be-
ing generally exothermic. Hence thereisusually asimple
constant volumetric rate which is assumed to be a con-
stant. Neutral reactions are most likely to involve substan-
tial activation energies which greatly inhibit their rates of
formation. If aneutral channel isimportant in a network
of reactions, it will likely be a bottleneck for the forma-
tion of the product species. These have strong tempera-
ture dependences because of their activation energies and
usually are severa orders of magnitude slower than the
ion-neutral channels. Electronic recombination reactions
typically scaleas T /2.

Before proceeding with a discussion of specific results,
one point should be emphasized. In many of the reaction
networks, among all of the rates which must be tabulated
and all of the reactions which must be tracked, many of
the rates have to be approximated by guesses or simple
fits to laboratory data. Few measurements (except on the
Foace Shuttle) at interstellar conditions are available, and
this is a very significant challenge for future laboratory
astrophysics. In many of the networks, perhaps as few as
10% of the rates are known to within a factor of 50%,
and perhaps as many as half are bald guesses and may be
uncertain to afactor of 10. Thisisafield still initsinfancy,
whereonly thedominant channelsarewell understood, but
many of the details are still extremely important because
of the physical conditions that can be probed by trace
Species.

2. lonization

lonization in the densest parts of molecular clouds de-
pends on the penetration of cosmic raysand UV radiation,
as well as the presence of shocks generated by such pro-
cesses as cloud—cloud collisions and interna star forma-
tion. In order to probe the electron density in the clouds, it
isimportant to be able to account for the presence of com-
plex polyatomic molecules, whose formation requiresion
gas-phase reactions.

The rate for cosmic-ray (CR) ionization, {cg, is about
(83+1) x 10" s, Thisisanintegral over thecollisional
ionization cross section for low (MeV)-energy CR pro-
tons, but it is approximately a constant for most of the
species of interest. An obstacle in our understanding of
the detailed structure of molecular clouds is our igno-
rance of the precise specification of this rate. The low-
energy end of the cosmic-ray spectrum is difficult to de-
termine empirically from terrestrial observation, because
these particlespropagate diffusively through theinterplan-
etary medium, scattering off of turbulence in the solar



Astrochemistry

wind; their spectrum cannot be observed directly , even
with in situ measurements from the Voyager and Ulysses
spacecraft, and must beinferred from model sfor their mo-
tion through the heliosphere. The more easily observed
cosmic ray protons and electrons, in the GeV and higher
range, have little or no effect on the ionization of the in-
terstellar medium because of the small interaction cross
sections for atoms at such high energies.

In molecular clouds, atomic specieswith ionization en-
ergiesgreater than 13.6 eV must be predominantly neutral
because of the shielding effects of neutral hydrogen. It is
mainly the heavier elements, such as C, N, and O, which
are observed in the peripheral portions of the cloudsto be
in the partially ionized state. For circumstellar envelopes,
cosmic rayslose out to photo processes and the chemistry
is mediated by the input of stellar photospheric radiation
(in the hotter stars and in novae and supernovae) and from
the diffuse interstellar radiation field.

The basic equations for two body interactions can be
written in the form

% = Z KijkNj Nk — Z K{NINj, (29)
j ki i

where Kjj is the formation rate for the ith molecular

species, while K{; isthe destruction rate for the molecule.

Theinclusion of UV photo processes is accomplished by

the photodissociation rate:

Rod = /v 0 k,F,e " ﬁ—: (25
where F, isthe incident photon flux, z, is the opacity of
the ambient medium (presumed to be from dust), «, is
the continuous absorption coefficient for the dissociative
continuum, and the dissociation energy is hvg.

An aspect in which circumstellar environments dif-
fer from interstellar is the net mass advection through
the medium. Abundances become time dependent—and
hence space dependent—in the envelope, due both to the
implicit time dependence of the reactions and to thetrans-
port of matter through different radii viastellar wind flow.
The atomic abundances are fixed at stellar photosphere,
rather than having to be assumed for some mixture of
physical parameters of temperature and pressure as they
must for molecular clouds. It isthen essentiadly aninitial-
value problem to compute the abundances which will be
a function of radius in the envelope. For a steady-state
wind, the abundances become strictly a function of ra
dius. Also, unlike a molecular cloud, the density profile
of the envelope is specified from the assumption of steady
mass loss at the terminal velocity for the wind, so that
p(r) = M/(4rr?vy), where M is the mass loss rate and
Voo iSthe terminal velocity of the wind.
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An interesting aspect of stellar envelopes is that they
may have two different sources of UV radiation, inter-
nal and external. Work on the envelope of two extreme,
low-temperature, evolved supergiants, IRC 4+ 10216 and
« Ori, showed that the outer limit of the molecular en-
velope is determined by the DIRF, which destroys the
outermost molecular species by photodissociation, while
the inner boundary is set by both the temperature and UV
emission from the stellar chromospheres. In this respect,
since the dynamics can be probed in exquisite detail for
several of the nearer supergiants through molecular ob-
servations, and since the input abundances are known and
atomic in nature, it is possible to use these stars as very
well-conditioned laboratories for the study of the same
processes which must beinvolved in at least some aspects
of molecular cloud chemistry. For the densest envelopes,
which are completely optically thick and hence very sim-
ilar to molecular clouds, cosmic rays are significant in
governing the ion fractions but can be neglected in thin
envelopes (low mass loss rates).

3. Cooling Processes

Chemistry also feeds back into the thermal balance of
the clouds. Molecules radiate in portions of the spec-
trum where the medium is usually optically thin. Since
this radiation can escape from the cloud, it is the primary
means whereby the clouds cool. Star formation requires
that otherwise hydrostatic clouds become gravitationally
unstable, a process which can be affected by the rate of
energy lossaswell asby external perturbations. Thustime-
dependent processes, thosewhich causethe stability of the
clouds to alter with time, are extremely important, since
the time scale for molecular formation is not too short (of
order 106 years) compared with the estimated lifetimes of
the clouds (<108 years). For example, the cooling rate for
CO depends on the abundance of both dust and of H, and
CO by

1.1 x 107n(Av/vy) TY? 3.1
= ergcm=—s -,
1+1.4x10*nTY2(1+ N/N)

(26)
where N. = 2 x 10T cm~2 and N isthe column density,
related to the extinction. Molecular species are therefore
quite efficient in radiatively removing energy from the
clouds and, literally, refrigerating the medium.

Aco

4. Shock Chemistry

Hydrodynamic and magnetohydrodynamic (MHD)
shocks are important in the time-dependent chemistry of
the diffuse interstellar medium. The time scales are very
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short for shock passage through a region, typically less
than 10° years per parsec, but they can cause considerable
abundance variations and produce long-lived products.
CHT isprimarily produced thisway, and CH and CN aso
seem to have input from shocks.

The role of shocks in the chemistry of clouds is best
seenintheeffect it can have on molecular hydrogen. While
many reaction products remain unchanged in abundance,
CHyg, H,0, and HCO can be greatly enhanced due to the
increased production of these moleculesin the hotter, and
denser, shock environments. The chemistry is also depen-
dent on the role of magnetic fields. Magnetic shocks can
have sizable compression without significant increasesin
the temperature, due to the pressure provided by the mag-
netic field. As aresult, the relative abundance of shock-
produced mol ecul es serves as a probe of the nature of the
shock producing the enhancement in the reaction rates.

Chemistry inthe post-MHD shock environment isdom-
inated by the separation between neutral andionic species,
the former being less affected than the latter by the mag-
neticfield. In consequence, thereaction sitesarecal culated
to show abundance stratification depending on the reac-
tion channels. Since the fronts may be broad enough to be
spatially resolved, it is possible to study the diffuse-phase
ISM shock chemistry observationally in some detail.

5. Specific Molecular Reactions

a. Hydrogen. The most important ion for all molec-
ular reactionsis H3 . It is formed by several channels, the
primary one being capture of low-energy cosmic-ray pro-
tons by molecular hydrogen, which is itself formed on
grains. It is stable at the densities and temperatures which
are typical of molecular clouds. The capture of a carbon
atomto form CH} isacritical step in the chemistry of the
interstellar medium, especialy in the generation of the
ions of the cyanopolyyne series, such as HCy1N. H3 has
been observed directly in several dense clouds along with
its deuterated phase, H,D*. One can therefore assert with
confidencetheroleof thisionin molecular chemistry. Sub-
sequent to carbon capture, interactions with H, can form
all of the hydrocarbons observed in molecular clouds. An
example of this chemistry is given by the network

Hi +C — CHT + H;, 27)
CH* + H, — CHJ +H, (28)
CHj +H, — CH +H, (29)
CHJ +Hy — CHE +y, (30)

CHZ +e— CHs+H, (31)

— CHs3 + Hy, (32)
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— CHy; +Hz+H, (33
— CH 4 2H,, (34

which aso illustrates the reason for the complexity of
many of the reaction cal culations: there are many product
states for electron-capture reactions, due to the role of
dissociative recombination.

b. Carbon. Carbon chemistry isboth interesting and
important for the determination of the detailed structure
of molecular clouds. Early observations of formaldehyde
were an indication that some form of gas-phase chemistry
must occur in clouds, and the reaction mechanism for the
production of H,CO is

CHz + O — H,CO + H, (35)
H3CO" + e — H,CO+ H. (36)

For CO, there are several reaction channels. All areiniti-
ated by the formation of the HCO™ ion:

H3 +CO — HCO" + Hp, (37)
C" + H,O — HCO' +H, (38)
CHJ 4+ O — HCO" + Hy, (39)
C" +H,CO — HCO" + CH, (40)
HCO" +e— CO+H. (41)

The CO is subsequently excited by nonreacting collisions
with H, which produces the observed line emission. An-
other possible pathway involves

Hi + O — OHT + H,, (42)
OH" + Hy — H,O' +H, (43)
H,O" 4 H, — H3O' +H, (44)
H30" +e — OH + Hy, (45)
— H,0, (46)

OH + C* — CO" + OH, (47)
H,O + C* — HCO" +H, (48)
HCO" + e — CO+H, (49)
CO + Hf — HCO* + Ha. (50)

This illustrates the mediating role of oxygen in the for-
mation of CO, and aso the fact that the pathway can be
blocked by photodissociation of H,O to form OH in all
but the densest regions of the clouds.

A most important aspect of COisthat itisself-shielding.
Should it be possibleto build up asignificant column den-
sity of the molecule, it will form aphotodissociative block
toincoming UV. Intheinterstellar medium, thismeansthat
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theformation of C* isimportant in the outer layers of the
clouds, which areirradiated by the diffuse interstellar UV
photons, but that within a short distance (a layer that is
perhaps no morethan 1 pcin thickness), al of the photons
have been absorbed. The presence of ions is therefore a
good indication that |ow-energy cosmic rays can penetrate
the deepest regions of the cloud without being lost due to
either graininteractions or energy loss by scattering off of
internal MHD turbulent eddiesin the cloud cores. Further
input of electrons from grain ionization may contributein
the intermediate layers of the cloud as well, but these are
unlikely to be important in the innermost regions.

Temperature and density profiles are derived from CO
observations. Thisistruefor both circumstellar envel opes
and molecular clouds. Theoptical depthismeasured using
the 3C0O/*CO (1— 0) transition, while the excitation
temperature is given by the ratio of the 2CO (2 — 1) to
(1— 0) intensities. The excitation is presumed to be due
toH; collisions, so the populations should reflect thelocal
thermal properties.

c. Nitrogen. Nitrogen is another important species
for reaction kinetics. Here the primary initiating reaction
is

Hi + Np — NoH* + Hy. (51)

The most important reaction network is initiated by the
ionization of nitrogen by charge exchange with He'* or by
cosmic-ray ionization of N:

N +Hy, — NH* +H, (52)
NH™ + H, — NH} +H, (53)
NHJ + Hy — NH} + H, (54)
NH3 + Hy — NHj +H, (55)

NHJ + e — NH + Hy, (56)

— NHz + H, (57)
— NHs, (58)
NH; + e — NH3 4 H, (59)
— NHz + Ha. (60)

The formation of NH™ by H, capture is only probable at
temperatures exceeding about 20 K; its slight endoergic
nature at lower temperature inhibits this reaction channel.
The presence of metals can aso be of importance for the
production of ammonia, because charge-exchange reac-
tions can occur which will neutralize the ammonium ion.

Many complex polycyanoacetylenes are observed in
both circumstellar envel opes and dense molecular clouds,
the heaviest being HCy;N, one of the cyanopolyynes.
As mentioned in the section on carbon chemistry, these
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molecules are likely built through the formation of HCN,
HNC, and CN, al though interactions initiated by the
formation of CH3. Heavier molecules are likely formed
through the incorporation of cyanogen and HCN into the
molecule, but because of the large number of speciesin-
volved in these calculations, the mechanisms are still not
well understood. Many of the rates have yet to be calcu-
lated in detail.

The discovery of molecules containing heavier ele-
ments such as PN and iron compounds opened the field
of heavy-ion chemistry. It iswell known that phosphorus
is important in the evolution of biota on the earth, and
its discovery in the interstellar medium is amajor clue to
the development of chemical processes during the early
stages of life’s development on planets.

d. Sulfur. Sulfur chemistry is also of great interest
because of the abundance of CS. An important initiating
stepis

SHT +Hy — SH +v, (61)
SH + e — HyS+H, (62)
— SH + Ha. (63)

For carbon compounds, CS for example, there are several
very important reactions:

CH+S— CS+H, (64)
CS+0— CO+S, (65)
Hi + CS — HCS' + H,. (66)

The helium ion is also important because charge transfer
can lead to disintegration of the CS molecule:

He* + CS— C* + S+ He. (67)

Observations of CS are important because they probes
dense portions of the molecular clouds, where collisional
excitation produces strong emission lines. However, since
thesedenseinterior partsof thecloud coresare also sites of
very complex chemistry, the detection of CSand of related
molecular speciesmay bevery dependent, inwaysstill not
well understood, on the chemistry of these sites. SO,, HS,
and SO have also been detected in molecular clouds, and
it is also possible to study isotopic fractionation among
very heavy molecules such as 3CS and C3S. As with
most isotopic species, these are optically thin and permit
study of the ionization structure of the cloud.

e. Water as a special case. The H,O moleculeis
central to much organic chemistry, even in the interstel-
lar medium. It has been observed in maser sources, in
deuterated form in molecular clouds, and in its ion, but
the neutral molecule has not been observed in the cores
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of molecular complexes. This aspect of the current obser-
vational pictureis puzzling, because according to models
the abundance should be of order H,O/H, > 106, Thisis
the about 10% of the CO fraction, indicating that much
of the oxygen in the clouds may be tied up in water. The
difficulty isthat so far, this species has not been observed
directly. On the basis of the chemical fractionation (see
next section) and the abundance of the deuterated form of
water, this abundance may be alower limit.

Theimportance of H,O to cloud chemistry isseen from
the reaction sequence:

CHZF + H20 — CH30HJ, (68)
CH30H; + e — CH30H + H, (69)

which competes with the reaction CH} +HCN —
CH3CNH™ in the destruction of the methyl ion. Water
is also important in the formation of another species of
interest,

C" + H,0 - HCO" 4+ H, (70)
— HOC* +H, (71)
HOC* + CO — HCO" + CO, (72)

the last being a rearrangement collision due to the en-
vironmental CO. In both cases, these rates compete with
theformation dueto H3 and will enhance the formation of
HCO™, aneasily observed species. Thereasonfor thinking
thisimportant isthat the diagnosis of physical conditions
inthedensest parts of molecular cloudsisaffected through
the use of complex chemical species. We do not have di-
rect accessto the cores via CO because of the high optical
depths and self-absorption by other abundant molecules.
However, weknow from maser observationsthat thewater
isbeing produced in at |east some environments.

What this means for the structures of clouds is not
presently clear. It is possible that the clouds are fluffy—
that UV radiation penetrates deeper into the clouds than
previously thought. Thereis some indication that theion-
ization fractions for the clouds are higher than we would
have expected.

f. Isotopic fractionation. The fingerprint of stellar
nucleosynthesis, and of the chemical history of the galaxy,
ismost clearly seen in the abundances of theisotopes. For
example, deuterium, D, is easily destroyed in stellar in-
teriors via low temperature (~10° K) reactions, but was
synthesized in the Big Bang via nonequilibrium nucle-
osynthesis in the expanding universe during the first few
minutes of its existence. Thusits abundance was fixed pri-
mordially. The rates of change of temperature and density
during thisinitial epoch were fixed by the rate of expan-
sion, which dependson theamount of massintheuniverse;
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theslower theexpansionrateinthisearly period, thecloser
to equilibrium will be the proton process products and
the lower the D abundance. Because of the overwhelming
abundance of H, it isvery difficult to observe the D abun-
dance directly, especially in stellar atmospheres but aso
inthe wings of the Ly line from theinterstellar medium.
With an anticipated abundance ratio D/H ~ 105, current
observations of interstellar absorption lines cannot place
good limits on this cosmologically important number.

It is possible, however, to determine the D/H ratio
through a different avenue, the isotopic shift caused by
the mass ratio of D/H in the rotational and vibrational
spectrum of the H, molecule compared with HD. This
method is not free from difficulties, though, because of
the many possible routes available for depletion of HD
through molecular formation. The reaction energies for
the isotopic species are dlightly different, by several tens
of degrees (hundredths of an electron volt), which at in-
terstellar temperatures produces substantial differencesin
reaction rates. A detailed calculation of the isotope’s mo-
bility and reaction among the different speciesisrequired.

Both H, and HD are formed on grain surfaces. The
subsequent reactions that involve these molecul es can en-
hancethe D abundanceinthe more complex specieswhich
are formed, and also open up new channels. For example,

H3 +HD — HyD* + Hy, (73

which then competes with H3 in the formation of hydro-
carbons. This reaction is especially important because of
theinfluence of cosmic-ray ionization and dissociative re-
combination on the fractionation process. Theratio of H}
to H,D™ is given by

H, + H(CR) — HJ, (74)
Hi +e— Hy+H, (75)

HJ +HD — H.D*, (76)
HoD* +Hy — HY +H, (77)
H,D* +e— HD + H, (78)
— Hy + D, (79)

where H(CR) represents a cosmic-ray proton.

Onewsdll observed species, HCO, isobserved to yield
ahigher than expected D/H ratio. This appears to be due
to the protonation reaction chain

H{ 4+ CO — HCO" +H, (80)
H,D* 4+ CO — HCO™ + D, (81)
— DCO* +H, (82)

where both DCO™ and HCO™ are destroyed via dissocia-
tive recombination to yield CO.
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Other means have been determined for solving for the
electron density, for instance, the ratio of H,O to HDO
and of H,DT to H§. These are all uncertain because of
the incompleteness of the abundance catalogs for various
clouds; that is, many of the intermediate reactants are not
well determined, and this hampers understanding of the
conditions in the clouds.

Similar behavior isobserved for the CNO isotopes. That
is, their relative abundancesin molecular combination de-
part from that expected on the basis of either the terres-
trial abundanceratiosor from nucleosynthesis. The effects
are caused by fractionation reactions, usually through ion-
transfer reactionswith CO. In general, the enhancement of
i sotopic abundances of the CNO group seemsto be dueto
charge-transfer reactions with isotopic ions. For example,

BCct +12co — Bco+ct (83)

will produce anet enhancement of *3CO, sinceit will then
free the carbon atom for other channels. At low density,
wherethe moleculesare exposed to UV aswell ascosmic-
ray ionization, thisis an important mechanism. The abun-
dances of the CNO isotopes will therefore not refiect the
initial conditions in the cloud, but will rather reflect the
processing which goes on during the time it takes for
the molecules to come into equilibrium, about 10° years.

Because of the importance of the CNO isotopes for the
study of stellar evolution and of the chemical history of
the galaxy, this is one of the most important areas for
astrochemistry. In addition, because of the dependence of
these reactions on theion fraction, which in turn depends
ontheelectron fraction in thedense parts of the clouds, the
isotopes become useful toolsfor studying theionization of
the environment, probing the electron density in portions
of the cloud otherwise hidden from view.

g. Polycyclic aromatic hydrocarbons. Wehavere-
peatedly stressed that the smallest grains behave like very
large molecules, never coming into strict equilibrium with
the radiation field and radiating in diffuse bands in the
near-IR. There are several likely candidates as identifica-
tions, al so-called PAHs. These are either linear or ring
molecules, which arevery stablein the presenceof UV ra-
diation. For instance, coronene (CyoHzo) isespecially well
studied in the laboratory, athough it is not specifically
implicated in any of the emission lines. These molecules
produce broad optical absorption bands, like the diffuse
interstellar features which have been known since Mer-
rill’s discovery of the 14430 A band in the 1930s, but are
important mainly for their vibrational transitionsin the 3-
to 20-um region, which in aggregate match virtually ev-
ery unidentified feature. They can be built in the process
of forming dust grains, in the atmospheres of carbon-rich
giants and supergiants, and also from the process of grain
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photodestruction. At interstellar conditions, their partial
pressuresallow them to remain stable against evaporation.
They should, however, also be strong absorbersinthe UV;
this contradicts many available observations, which place
strong limits (less than a few percent) on the absorption-
band strengths for these features. On the other hand, the
IR cirrus, the ubiquitous diffuse emission detected by the
IRASand | SO missionsthroughout the gal actic plane, can-
not be explained any other way. The PAHs could incorpo-
rate as much as 10% of the available carbon in the ISM,
making them a major component of the dust.

Recent infrared observationswith the 1 SO satellite have
detected fine structurein severa of the bands, which indi-
cates variable PAH composition throughout the medium.
However, itistoo early to beginidentifying any of the par-
ticular species. These species have been detected inthe IR
emission from the comma of comet Halley aswell, and it
appears that in at least some environments, the chemistry
required to produce the PAHSs s sufficiently efficient that
large abundances can be achieved. It has been suggested
that fullerenes (such as Cgp) are responsible for some of
the small grain population, but the spectral signatures—
particularly in the visible and ultraviolet—have yet to be
seen.

A remaining problem with the PAH explanation for
the diffuse bands is the lack of an UV signature of these
species. Complex organic molecul esproduce deep absorp-
tion bands in the vacuum UV, between 2000 and 3000 A.
To date, these have not been observed. An important re-
sult is the discovery of deep 14430 A absorption against
SN 1987ainthe Large Magellanic Cloud. Thisarguesthat
at least this galaxy may have the same small grain com-
ponent as our galaxy, despite its lower than solar metal
abundances.

VI. COSMOLOGICAL CHEMISTRY

On areathat will certainly develop inthe early years of the
twenty-first century is the study of chemistry in the early
universe. The need for this is obvious. Galaxies formed
at a very early epoch within the much larger cluster and
supercluster scale masses that grew from primordial seed
density fluctuations. This requires energy dissipation to
promote the collapse toward progressively lower masses,
precisely as we expect in star formation. However, since
stars did not form before this time, there were no heavy
elements (in particular CNO) to form the major coolant
molecules such as CO. It is possible, however, to form H,
and H3 in the expanding gas, provided sufficient ioniza-
tion remains after the recombination that formsthe cosmic
background radiation. The efficiency of formation is very
low and so is the abundance of the molecular species, but
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TABLE | Some Molecules Detected in Cosmic Environ-
ments?

Molecule Wavelengths Transitions Environment
Ho uv, IR E, VR CSE, PS, ISM, MC
CO UV,IR,bmm R,VR,R CSE, PS, ISM, MC
CH Opt, IR, cm E, R, A-doubling I1SM, MC
OH UV, IR, cm E, R, A-doubling CSE, PS, MC; masers
SO IR, mm VR, R; maser CSE, PS,MC
CS mm R CSE, MC
HCN IR, mm VR, R CSE, PS,MC
HNC mm R CSE, MC
H,O mm, cm R CSE, MC
HCO™* mm R CSE, MC
H,Dt sub-mm R MC
NH3 IR, mm, cm R, maser CSE, MC, PS
H>O IR, mm R, maser, ice CSE, PS, MC
H>CO mm, cm R MC
HCi1N  cm R CSE, MC

aKey: Trangitions: E, electronic; R, rotational; VR, vibrotational.
Environments: CSE, circumstellar envelopes; PS, protostars; ISM inter-
stellar medium; MC, molecular clouds.

any cooling will lead to some structure formation. Other
molecules, particularly LiH, are expected to form fromthe
chemical mix emerging from pregal actic nucleosynthesis.

VIl. CONCLUSION

Thefield of observational astrochemistry isat animportant
stage in its development. Several large-millimeter tele-
scopes are currently operating. With increased spatial res-
olution, the sites of complex molecular processing can be
isolated from the overall structure of molecular clouds.
More important isthe fact that several interferometers are
either operating (such as BIMA in California and IRAM
near Grenoble), or under construction (ALMA in Chile).
Many large-aperture millimeter and submillimeter tele-
scopes are now available (such as the JCMT on Mauna
Kea). These provide detailed comparative maps of clouds
inthelinesof specific molecul es. Extragal actic astrochem-
istry is coming of age, and many galaxies have now been
studied in diatomic and even more complex species. The
crucia step in determining abundances, and whether these
reflect local chemistry or excitation conditions, can only
be accomplished through the comparison between species
which traceeach. The coming years promiseto realizethis
goal.
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GLOSSARY

Astronomical unit (AU) Distance of the earth from the
sun.

Ecliptic Apparent orbit of the sun, the plane of the earth’s
orbit.

Epicyclic frequency Rate at which an orbiting body
sees radial and angular oscillations in nearly comov-
ing orbits due to variations in eccentricities of the
orbits.

Mean anomaly Mean rate of motion of a body in an el-
lipse, relative to the center of the osculating circle.
Osculating circular orbit Literally, the “kissing” orbit;
the circular reference orbit that precisely matches an

inscribed ellipse along the major axis

Perigee, perihelion Distance of closest approach to the
central body, the earth or sun in this instance, respec-
tively, in a conic section. The opposite of apogee or
aphelion.

CELESTIAL MECHANICS is the study of dynamics in
gravitational fields of cosmic bodies. In recent years, this
has come to include gravitational statistical mechanics,
galactic dynamics, nonlinear stability theory and chaos,
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and the practical field of satellite dynamics and attitude
control.

[. HISTORICAL INTRODUCTION

The history of celestial mechanics is essentially the history
of classical physics. The problem of predicting the motion
of the planet is the central problem of most of the past two
thousand years of physical investigation.

The first attempts to construct mathematical or physical
cosmologies were those of the Platonists during the fourth
century B.C. These included the model of Eudoxus, who
introduced the homocentric spheres, and Aristotle, who
included physical arguments in the Eudoxian system. The
primary assumption of the immobility of the earth leads to
very complex motions, which must be reproduced using
compound circular motions in a series of nested inclined
spheres. In effect, this early approach is like a Fourier
analysis of the planetary motions into a set of periods and
inclinations of the spheres.

The first alteration in the basic schema was introduced in
Apollonius, who added the eccentricity, thereby allowing
the motion to be regular about a point displaced from the
center of the earth. In addition, he introduced the epicycle
into the system. This is a small secondary path on which
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a planet is transported and which has a period that may
not be the same as the period on the deferent circle. The
deferent isthe path along which the planet moveswith the
mean period; the epicycle causes periodic accelerations
and decelerations relative to this mean value. Apollonius
also proved atheorem for the determination of therelative
radius of the epicycle compared with the deferent using
the stationary pointsin the orhbit, those points at which the
motion of the planet appears to halt before it reverses its
projected direction of maotion.

Theequant was added by Ptolemy (second century A.D.)
as amodification of the eccentric, a point on the opposite
side of the center of the deferent circle that carries the
planet. This added point was also permitted to move, as
required for the motion of the moon and Mercury. All of
these constructionswerejustified under the rubric of “pre-
serving the appearances,” a dictum attributed to Plato. In
addition, the physical basisfor the model derived from the
Aristotelian doctrine of geocentricity and contact forces.
These Hellenistic astronomers were doing celestial me-
chanics, according to their lights.

The discovery of precession of the equinoxes by Hip-
parchos (second century B.C.) provoked little theoretical
activity until the eleventh century. Al Bitruji introduced
the trepidation, a mechanism that permitted the multiple
periodicity that appeared to berequired to explain thevari-
ation in the rate of precession. The mechanism, repeated
in Copernicus, derives from the erroneous determination
of the period of precession in which therate of precession
of the poles varied with time from about 1° per century to
0.75° per century. The mechanism demanded something
like an equant in the polar motion. As retained by Coper-
nicus, this introduced a substantial complication into the
theory of rotation of the earth and also the calculation
of celestial motions and the correction of star catalogs.
It was not until the seventeenth century that the error was
recognized and quietly suppressed, but thetrepi dation rep-
resents one of the few innovationsin the basic dynamical
theory of the heavens in the period between the Alexan-
drian school of astronomy and the early Renaissance.

To Copernicus (1472-1543) is ascribed the first con-
certed effort to break with the geocentricity of the Greek
constructions. While Aristarchushad proposed aheliocen-
tricsysteminthe second century B.C., thesystem wasnever
carried through to include the computation of planetary
orhits. Copernicus introduced the machinery for the de-
termination of planetary phenomenabut also argued phys-
ically for the added effects attendant on the overthrow of
the geocentric picture. Thisespecially included the physi-
cal explanation for the precession and the alteration of the
ascending node of the lunar orbit.

Celestial mechanics aswe now think of it really started
with Kepler (1571-1630), although in a rather oblique
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form. 1t was Kepler who first pointed to aphysical driving
influence of the sun and argued that its position at the cen-
ter of the system was more than coincidence and of more
than kinematical significance. He attributed the planetary
orbits to magnetic influence by the sun. Kepler’s basic
point, however, that some kind of action at a distance is
necessary for planetary motion, and not contiguous geo-
centric spheres, provided the critical insight for the later
development of celestial mechanics.

Kepler’s principa contribution is summarized in his
laws of planetary motion. Originally derived semiempir-
ically, by solving for the detailed motion of the planets
(especialy Mars) from Tycho’s observations, these laws
embody the basic properties of two-body orbits. The first
law is that the planetary orbits describe conic sections of
various eccentricities and semimajor axes. Closed, that
is to say periodic, orbits are circles or ellipses. Aperi-
odic orbits are parabolas or hyperbolas. The second law
states that a planet will sweep out equal areas of arc in
equal times. Thisisalso a statement, as was later demon-
strated by Newton and his successors, of the conservation
of angular momentum. The third law, which is the main
dynamical result, is also caled the “Harmonic Law.” It
states that the orbital period of aplanet, P, isrelated toits
distance from the central body (in the specific case of the
solar system asawhole, the sun), a, by P?~ a3, Inmore
genera form, speaking ahistorically, this can be stated as
G(My + M,) =a®Q?, where G is the gravitational con-
stant, 2 =2/ P isthe orbita frequency, and M1 and M»
are the masses of the two bodies. Kepler’s specific form
of thelaw holds when the period is measured in years and
the distance is scaled to the semimagjor axis of the earth’s
orbit, the astronomical unit (AU).

The dynamical foundations of celestial mechanics de-
rivefrom Newton’s (1642-1716) discovery of the Univer-
sal Gravitational Law. Thislaw statesthat, by action-at-a-
distance, every mass, M, exertsaforce proportional to the
inverse square of its distance, r, from every other mass,
m, in the proportion Fyay = —GMm/ r2. For adistended
mass, this amounts to the summation over the individ-
ual mass elements to determine the gravitational acceler-
ation, ggraw = —G [[dm(r)/r?] , and Newton produced a
proof that only the interior mass attracts a body in a ho-
mogeneous spheroid. He also added the formalism that
the gravitational force derives from a potential, ® (aterm
introduced nearly 150 years later by George Green, al-
though employed in al earlier extensions of Newtonian
formalism) F= —V ®. It was through the application of
thisgeneral principle, and the assertion that G isauniver-
sal constant independent of the composition of the body,
that permitted the generalization of dynamicsand enabled
the computation of planetary orbits. Newtonian methodol -
ogy was quickly extended even to cosmologica problems
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of large-scale distribution of massin space. The principle
of inertia, originally discussed by Galileo and Descartes,
was elevated to a basic axiom in the laws of motion and,
combined with the gravitational law, served as the basis
of modern dynamical theory. Newtonian gravitation thus
provided a basis for celestial mechanics by yielding the
meansfor deriving Kepler’sthird law from first principles
and for identifying the proportionality constant with the
mass of the bodies.

The two centuries following Newton’s statement of his
dynamical laws in the Principia saw an explosive devel-
opment of the mathematical formalism required to extend
the theory to many celestial mechanics problems. Laplace
(1749-1827), inthe Mechanique Cel este, the first compre-
hensive treatment of gravitational mechanics, succeeded
in devel oping the concept of “field” into acomplex struc-
ture capable of calculating such diverse phenomenaas or-
bital resonancesand tidal acceleration. He also introduced
the general equation for the gravitational field external
to a massive body, which solves the equation V2® =0,
the Laplace equation. Lagrange (1746-1813) stated the
general method for incorporating energy (vis viva) into
the system of dynamical equations, was the first to find
a solution to the restricted three-body problem, and de-
veloped amethod for treatment of generalized coordinate
systems by variational principles. Clairaut (1713-1765)
calculated the first example of the inverse problem, the
figure and density distribution of the interior of the earth.
Bessel (1784-1846) extended the calculation of planetary
motions. Gauss (1777-1855), among his numerous con-
tributions to mathematical physics, devel oped the method
of least squaresfor the calculation of orbitsin the presence
of observational uncertainty and introduced spherical har-
monics (also explored by Legendre) into the description
of the gravitational field of finite bodies. Poisson (1781-
1840) and Green (1793-1841) created general methodsfor
thecalculation of gravitational potentials. Maclauren, Rie-
mann (1826-1866), and Jacobi (1804-1851) succeeded in
finding general solutionsfor the gravitational equilibrium
of rotating incompressible fluid masses, work that was ex-
tended by George Darwin (1845-1912) and James Jeans
(1877-1946) to the problem of the formation of the moon
and the description of the tides.

But perhaps the pivotal event of nineteenth-century ce-
| estial mechani cswasthe successful prediction of the orbit
of Neptune through the analysis of orbital perturbations
on Uranus. Accomplished by Adams and Le Verrier, the
discovery in 1846 of this hitherto unknown planet served
to inspire much of the revived interest in orbital dynamics
and thedetailed expl oration of perturbation theory. Signif-
icant contributions were made by Delaunay, Hill, Hansen,
Brown, and Airy in thisregard, especially concerning the
motion of the moon (a problem that had even perplexed
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Ptolemy and still one of the most challenging dynami-
cal calculations). Almost immediately on their invention,
Hamilton applied quaternions and Gibbs applied vectors
to orbital computations with considerable success. The
energy principle became more prominent after the devel-
opment of potential theory, spurred by a renewed interest
in tides and the configurations of strongly perturbed ro-
tating bodies. In fact, virtually every physicist of the past
century wasinvolved intheexpl oration of the properties of
gravitational fieldsfor bodies of different shape and mass.

Modern theoretical celestial mechanicswasfounded in
the last quarter of the nineteenth century by Liapounov
and Poincaré, who were the first to detail the conditions
required for general orbital stability. Newcomb, Plummer,
Moulton, and Brouwer were among those who made sub-
stantial contributions to this problem. Much of the the-
oretical development was driven by thoroughly applied
results—the need to predict planetary positions for time
keeping and navigation, the need for a consistent geodetic
reference frame, cal culation of tides—although occasion-
aly it came from the simple desire to push the calcula-
tion to yet another decimal point (a spirit best described
by the American poet Walt Whitman in The Learned As-
tronomer).

A major advance in the twentieth century has been the
generalization of celestial mechanics to the problem of
orbits of starsin galaxies. Statistical mechanics was first
applied by Schwarzschild and Kapteyn to the velocity dis-
tribution of stars in the vicinity of the sun. The differen-
tial rotation of the galaxy was demonstrated by Oort. The
discovery of interna orbital motion in spiral nebulae by
Slipher and Hubble, generalized by many later investiga-
tions, permitted the determination of the masses of these
enormous stellar aggregates. Tidal interaction between
galaxies was discovered observationally by Vorontsov-
Veliaminov and Arp, inspiring considerable theoretical
effort in the past two decades. Chandrasekhar and von
Neumann in the 1940s began the study of dynamical in-
teraction between starsand their neighbors, afield that has
blossomed in recent years. Jeans and Contopoul os, among
others, have explored the role of resonances and integrals
of motion in the dynamics of stars in galaxies. Density
wave theory, originally developed to explain spiral struc-
tureof galaxiesby Linand Shu, hasbeen generalized tothe
study of wave phenomenain planetary rings. And the list
of applications of gravitational dynamics to astronomical
problems expands each year.

The spur in this century to developing methods for the
computation of orbits has been the advent of spaceflight.
For the first time, gravitational mechanics has played a
central role in engineering, and many of the theoretical
developments concerning control theory, nonlinear me-
chanics, and orbit prediction have resulted from this need.
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We here conclude this broadbrush overview of the his-
tory of developmental work in celestial mechanics. Keep
in mind that we have merely cataloged afew of the enor-
mous advances achieved in thisfield. More detailed histo-
ries can offer the full extent of this spectacular, and ongo-
ing, intellectual effort. More details will be found in the
subsequent sections of this article.

II. CONIC SECTIONS AND
ORBITAL ELEMENTS

Intheclassical two-body problem, theorbitisdescribed by
afinite number of elements. The eccentricity, the measure
of the flatness of the conic, is given by:

e= (1— b—2>1/2 (@D}

where aisthesemimajor axis, or half thelength of thema-
jor axis, and b isthe half-width of theminor axis. For acir-
cle,e=0, for aparabolae=1, and for ahyperbolae > 1.
The quantity a(1 — €?) occurs frequently and is called the
semilatus rectum. Theinclination, i, is defined relative to
some reference plane, usually taken to be the solar orbit
for solar system celestial mechanical calculations, which
is also called the ecliptic. The mean anomaly, M = nAt
depends on the mean angular rate n=2x /P, where P is
the period, of the orbit about the center of the conic. The
osculating circleisthe onethat just touchesthe mgjor axis
at its extrema and represents the circle that can be trans-
formed into the ellipse of the observed eccentricity by
inclining the plane of reference. The eccentric anomaly,
E, measures the difference between the mean motion, re-
ferred to the osculating circle, and the motion about the
center of the conic. The mean motion is related to the ec-
centricanomaly by the Kepler equation, one of the earliest
transcendental equations of mathematical astronomy:

M =nAt = E —esinE 2

where At is the elapsed time from some initial epoch t,.
Thetrueanomaly, f,istheangular motion relative to the
focus. Wewill returnto thismomentarily. Thelongitude of
perihelion, w, ismeasured in the plane of the orbit relative
to the ascending node. For the solar system, this point is
the vernal equinox, the point where the sun’s orbit crosses
the earth’s equator. This point is, however, an arbitrary
element that depends on the definition of the reference
plane. The same is true of the argument of perihelion,
Q, which is measured in the reference plane (in the solar
system, along with ecliptic).
For a conic section, the radial position is given by:

r =a(l—ecosk) 3
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and therefore the true anomaly, f, isgiven by:

E —
cosf — cos e @
1-—ecosE

Thisangular motionisreferred to asthe longitude of clos-
est approach and isgiven by ¢ — w where ¢ isthe angular
motion about the focus and the coordinate appropriate to
the description of the angular momentum of the orbiting
body. Another form for this equation is:

f 1+e\"2 E
tans = (%) tans
a3 (1—e> a3 ®)

These are purely geometric relations, having only a
kinematic basis. It is one of the results of classical ce-
lestial mechanics to provide a firm dynamical foundation
for these relations, especialy the Keplerian equal areas
law and the harmonic law. For more complex orbits, those
often found in multiple systems, it isusually best to calcu-
late the motion of the body exactly. However, the relative
ephemeris of an object can be expressed in terms of these
orbital elements, which may change in time depending
on the orbital stability. For instance, earth satellite orbits
(e.g., the space shuttle or the Hubble Space Telescope) are
referred to the earth’s equatoria plane, while deep space
satellites (like Voyager) are referred back to the ecliptic.

lll. THE DYNAMICAL PROBLEM
IN GRAVITATIONAL PHYSICS

A. The Two-Body or Central Field Problem

The central field problem distinguishes celestial mechan-
icsfrom other areas of classical dynamics. Thisdealswith
themotion of atest particle, whose massisnegligiblewith
respect to the central body, in the gravitational field of a
point mass. The extended version of this problem is to
allow the central massto have afinite spatial extent, to de-
part from spherical symmetry, and perhaps to rotate. The
basic Newtonian problem is the following.

The equation of motion for a single particle under the
action of an arbitrary force, F, ismr =F, where misthe
mass of the particle and r is its position vector. In most
of what follows, we will assume a cylindrical or spheri-
cal coordinate system (which will be specified), the most
appropriate one for use with planar motion. The radial
component of the momentum equation is

dr 3
Gz o (6)
and for the angular motion

d/ ,do\
a(r a) =3 (7
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and we will ignore the z component for the time being. In
the absence of any angular torques, that is, for centrally
symmetric problems, the angular motion can be collapsed
into a conserved quality, the specific angular momentum,
whichis
j =ruv, =12, (8)

and therefore the equation of motion is strictly radial for
the central force problem

b j?
-+ = 9

or r3 ©
Here the solution to the central field problem makes spe-
cific use of the gravitationa force. The substitution of

GM
-

=

(10)

completes the specification of the central field problem.
Since there is a conserved quantity for the angular coor-
dinate, we can substitute d/dt = (j/(d/r?)/d¢), so that
defining u=1/r, the equation for radial motion reduces
to

d?u GM

d¢2+u_ e (11)
Thisisthe equation for aharmonic oscillator in theradial
direction. Physically, thisisanimportant result, indicating
that the motion remains bounded within a finite range of
radius only for a limited range of j and binding energy,
and repeats periodically for the cyclically varying angle
¢. In other words, for small enough values of |j, the orbit
closes on itself precisely; if j is large enough, the orbit
is unbounded. The radia distance from a point mass is
therefore

r =a(l - €)/[1+ ecos(¢ — ¢o)] (12)

where we can now identify

j 2 1/2

e= <1 oM a) (13
as the relation between the angular momentum and the
eccentricity (notethat for a = oo, asin aparabola, e=1).
Theterm ¢ — ¢ isthetrueanomaly, f asearlier. Thetwo
retrograde for a period until the viewpoint from the earth
reaches atangent point, at which time the planet’s motion
reverses. Dynamically, a moving reference point in a dif-
ferentially revolving system of masses, like the solar sys-
tem viewed from the earth, knows of anatural frequency at
which bodies commit epicyclic or retrograde motion. The
only force that “drives” this motion is the Coriolis effect.
The frequency, called the epicyclic frequency, is given by
k = 2Q2 . Theimportancefor understanding the kinematics
within the solar system, or in any rotating system, is that
any moving observer will see epicyclic motion aslong as
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the frame of observation is assumed to be stationary. We
shall generalize this result below.

B. Gravitational Potential Theory

The primary problem in central field dynamicsis the cal-
culation of the gravitational potential ®(r). It is defined
by Poisson’s equation

V2P = —47Gp (14)

where p is the density. For a vacuum, this reduces to the
Laplace equation. The solution for this equation is

p(r')dr’

Ir—r|
wherethe kernel of thisequation is called the Green func-
tion. For nearly spherically symmetric bodies, thisreduces
to a series in Legendre polynomias, Pnm, whose coeffi-
cients depend on the density (mass) distribution.

When the central gravitating body is not spherical, ad-
ditional terms are required for this power series, and the
equations of motion reflect the presence of atorque. For
the external gravitational field, this potential is generally
expressed by the series in the radius, R, latitude, 6, and
longitude ¢:

®(r. 0, ¢) = SV G—M[ i [(?)n% Pro(cos6)

r r !

®(r)=-G

(15)

+ 2_:1 <?R> (Chm COSMP + Sim SINM¢)

x an(cose)“ (16)

Here R and M are the radius and mass of the planet, re-
spectively. ThecoefficientsC,, and S, arecalledtesseral
(m = n) or sectoral harmonic coefficients (m = n), and the
J,, arethe zonal harmonic coefficients. These coefficients
aredetermined through fitsto satellite orbits, and the same
description can be applied to any planetary gravitational
field for which in situ measurements have been accom-
plished. For instance, the coefficient J, measuresthegravi-
tational quadrupolemoment of thebody andisresponsible
for thelargest contribution to the precession of the orbit of
a planet about a nonspherical central body. The applica-
tion of thisformalism to planetary gravitational fields can
also be accomplished by the solution of satellite orbits,
but thisis likely only to provide the lowest order terms.
The specification of the potential for aplanet providesim-
portant information about the internal mass distribution,
and in this sense the study of the interior structure of a
planet through itsexternal gravitational potential isaclas-
sic inverse problem, attempting to solve uniquely for the
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distribution in the density that gives rise to the observed
gravitational field.

The definition of the potential for various classes of
distended bodies began in the el ghteenth century with the
work of Clairault, Maclauren, Laplace, and Roche. Clas-
sic work on potentials involved some of the most illustri-
ous mathematicians of the past century, including Gauss,
Riemann, Jacobi, and Poincaré. These were mainly ap-
plications of gravitation theory to the figure of the earth.
Recent discussions of the problem of calculating these
potentials are due to Kellogg and Chandrasekhar. For as-
trophysical systemsthe problem isharder because the po-
tentials are often composite, consisting of spheroids and
disks in combination and often requiring bars or triaxial
ellipsoids.

One extreme example of a nonspherical gravitational
field isthat of the three-body problem (see Section I11.F).
Here one assumes that a point mass orbits in the corotat-
ing frame of two (possibly unequal) masses. The motion
of the large masses has a period P and is assumed to be
circular about the center of mass. The third body, whose
mass is negligible, orbits with any arbitrary inclination i
to the (my, my) plane and with some initial energy, also
called the Jacobi constant. The particle is constrained by
minimum energy to move along zero velocity or equipo-
tential surfacesif the body isinitialy at rest in the coro-
tating frame. The precise form of the potential was first
discussed by Roche, who also derived the limiting radius
of aself-gravitating body being acted upontidally by aper-
turber that now bears his name. The centrifugal termisat
therate of rotation of the massive componentsand istaken
relative to the center of mass. Theindividual gravitational
terms are referred to the locations of the massive bodies:

1
Droche(X, ¥, 2) = _E(Xz + y9)Q?

B GM,
[(x —x1)2 4+ y2 + 22]1/2
GM;
- [(x — x2)2 + y2 + 22] /2 &)

where x; is the position of the jth body relative to the
center of mass. Although this potentia involves point
masses, it can be generalized to finite bodies.

C. Perturbation Theory

Gravity is a force of infinite range, and it is impossible
for any pair of objectsto betruly isolated and subject to a
point mass central field. The closed form solution of the
two-body problem thus represents an idealized orbit. The
departures from thistrajectory are treated by perturbation
theory. The action of any additional massin a system can

Celestial Mechanics

bethought of asaperturbation onthecentral field problem.
The basic assumption of perturbation theory is that the
magnitude of the disturbanceis small, so that the dynam-
ical equations remain linear. In the presence of massive,
nearby objects, or in the vicinity of resonances, nonlinear
techniques must be applied.

Perturbations introduced by the action of external bod-
ies fall into several categories. For examle, the effect of
finite size of the central object in atwo-body problem in-
troduces precession in an orbit that can be treated as a
perturbation above the point central field. These orbital
perturbations represent simple time-independent and pe-
riodic departures from the closed ellipse. They will cause
the orbiting body to evolve toward a stable trgjectory if
the central body is not rotating. Rotation of the central
body introduces an additional time scale into the problem
and can produce secular instabilities in the orbit. The ba-
sic starting point of a perturbation calculation is that one
already knows what the orbit is for a particle. Oneisin-
terested in finding out whether it is stable against small
perturbations, due to other bodies, and what the evolution
will be for the orbit.

One of the best examples of the effects of perturbations
in the solar system is provided by the gravitational inter-
action between comets and the Jovian planets, especially
Jupiter itself. New comets, that is, those coming into the
inner solar system for the first time, begin their decent to-
wardthesunin nearly parabolic orbits. Asthey comeclose
to Jupiter, the accel eration provided by the planet changes
the orbital angular momentum through a torque that, de-
pending on the phase of the kick from the interaction, can
either increase or decreasethe eccentricity of theorbit. For
capture, the eccentricity is decreased below unity. Comet
Encke is one of the best examples of this, being trapped
in an orbit that is nearly resonant with the Jovian period.
Comet Halley isin anear resonance with Neptune. On the
other hand, the eccentricity can beincreased and the comet
sent out of the solar system with an increased total energy
and angular momentum in any hyperbolic orbit. The key
factor is whether the perturbation is leading or trailing in
the orbit. Several asteroid families are trapped in resonant
orbits with Jupiter, notably the Apollo asteroida group.
The Trojans are trapped in orbits near the triangular La-
grangian points (L4 and Ls) of Jupiter. These changesin
the orbital properties occur in real time, that isto say in
the course of asingle orhit.

Tidal perturbations areimportant for the orbits of many
satellites. In the course of time, a satellite gains angular
momentum through interaction with the sun and moon, as
well as because of the nonspherical gravitational field of
the earth. Orbital ephemerides must be frequently updated
to take these changes into account, especially for geosyn-
chronous satellites.
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The interaction of the sun and moon with the earth
is responsible for several important physical effects, no-
tably the precession of the rotation axis with time (the
phenomenon first described by Hipparchos) and for the
change in the length of the day due to tidal friction and
dissipation of rotational energy. Thetidal term resultsfrom
the finite size of the earth relative to its orbital radius and
to that of the moon. The differential gravitational accel-
eration across the body produces atorque that accelerates
the moon outward and slows the earth’s rotation.

As we have discussed previoudly, an orbit is charac-
terized by a finite number of orbital elements. Under the
influence of an external force R, called thedisturbing func-
tion, all of these may vary. In particular, torques change
a and e but also cause the orbit to precess so that 2 and
o vary in time. The presence of additional mass in the
system changes the orbital frequency, n, through changes
in M. If the angular momentum changes, it is possible for
the total energy of the particle to change aswell. The dis-
turbing function has componentsin the cylindrically sym-
metric coordinate system we havebeenusing: R= 0% /ar
for the radial component, S=a%/rd¢ for the azimuthal
torque, and W = a9t /az for the force perpendicular to the
orbital plane. The full system of evolution equations for
the orbital constants under the action of these forces is
given by

da 2 _ a(l—¢€?)
(18)
dt na r a
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Noticethat the variation of the semimajor axisdependson
both the radial and the torque, but because the orhit can
be taken in the two-body problem as planar, there is no
dependence on W. Changesin w and  are equivalent to
orbital precession. All of these may be periodic or secu-
lar, depending on the details of . For a given disturbing
function, this system of equations can be well explored
using numerical methods.

D. Lunar Theory

Because of its centrality in the development of perturba-
tion theory, the motion of the moon has its own terminol-
ogy and also a specia set of treatments. More is known
about the motion of this body than of any other object
in the solar system. After the placement of laser retrore-
flectors on the surface during the Apollo mission, regular
ranging from the earth has determined the lunar distance
as afunction of time to an accuracy of tens of meters.

Historically, the departures of the moon’s motion from
circularity have been among the driving anomalies that
celestial mechanics was designed to address and explain.
Theinequalities were expressed asvariationsin thelongi-
tude of the moon relative to that expected in the simplest
theory in which its rate about the center of the deferent
circle, or later around the eccentric. The development of
theory by Newton, and workersin the past two centuries,
has derived the precise forms of all of the classical in-
equalities. All motion is referred to both the position of
the moon along the ecliptic. A and that of the sun A”. The
most important terms are

1. the evection, discovered by Ptolemy, dueto the motion
of the longitude of perigee n"?a?e? cos(2w — 21') asa
departure from the eccentric deferent;

2. the variation, which depends on n?a? cos(2x — 21),
where n’ isthe mean solar motion;

3. theannual equation, which depends only on the
longitude of the perigee: n?a%e cos(\’ — '), where €
is the eccentricity of the solar orbit;

4. the parallactic inequality, n®aecos(r’ — w)/a’,
where @’ isthe semimajor axis of the solar orbit;

5. the principal perturbation in longitude, which
depends on the inclination of the lunar orbit relative to
the ecliptic n? cos®ia? cos(2\' — 2Q).

The chief problem isthat the rotation of the earth and the
disturbing tidal accelerations from the sun change the lu-
nar orbit with time. Each of these motions must be treated
separately in the system of equations that describe the lu-
nar orbit.

The detailed study of the lunar motion hasimplications
for geophysics as well. The length of the day is affected
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by thetidal interactions between the moon, sun, and earth.
In the course of the millennia, the day has steadily length-
ened; thechangeinthelunar orbital parametersreflect this
because of the variation in the tidal torque on the moon.
These variations yield important information about the
tidal coupling mechanism and the rate of dissipation of
the angular momentum of the earth-moon system.

E. General Relativity and Celestial Mechanics

One of the first tests of the General Theory of Relativity
(GRT) was the calculation of the precession of the or-
bit of Mercury. A longstanding problem at the end of the
nineteenth century wasthat it observed orbital precession
rate exceeded the value of 5557 arcsec per century, pro-
duced by the combined effect of all of the planets, by about
43.11 4 0.45 arcsec per century. The planetary precession
value was based on the known masses of the planets and
on the solar potential and assumed a spherical shape for
the sun. It isatribute to the efforts of theorists in the past
century that a discrepancy of this tiny amount, less than
0.1%, was considered not only significant but compelling.
Several solutionswere suggested, including aslight mod-
ification to the gravitational force law by making the law
very dlightly weaker at large distance giving the sun a
quadrupole moment due to rotational distortion of about
40 milliarcsec, or the presence of a planet within the or-
bit of Mercury. The last of these suggestions, perhaps the
most widely accepted solution at the close of the century,
was made by Leverrier, whose successes in the predic-
tion of the place of Neptune on the basis of perturbation
theory led to the eventual universal acceptance of Newto-
nian methodol ogy and represented the triumph of the past
century in classical dynamics. This hypothetical planet.
Vulcan, was actually reported during several eclipses to-
ward the end of the century, but subsequent investigations
have since eliminated it as a possible member of the solar
system.

Einstein discovered the celestial mechanical conse-
guences of GRT in 1914, just before his completion of
GRT. General relativity produces a changein the gravita-
tiona fieldinthevicinity of amassive body. Thedistortion
is equivalent to introducing an additional term in the har-
monic oscillator equation

o2 GM
dT:+u=—+3GMu2 (24)

j 2
so that the magnitude of the advance of the peri-
helion is predicted to be 3GM/(a(1 — €%)) = 12r%a?/
(c?P?(1—€?)), where c is the speed of light. Although
Mercury is about 0.4 AU from the sun, thisis only about
100 solar radii, and the precession predicted by relativ-
ity is 43 arcsec per century. For the earth, in contrast, the
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rate is predicted to be only about 4 arcsec per century.
Along with the deflection of starlight observed during the
1919 eclipse expedition, this prediction stands as one of
the great triumphs of the GRT.

Two types of GRT corrections are required for orbits.
One is due to the precession of the orbit, the other is the
radiation of gravitational waves. While not important in
the vast mgjority of dynamical systems, it playsarolein
binary star systemsin which the components are massive,
compact, and revolving with very short periods. The rate
of gravitational waveradiation variesas Q8, where Q isthe
orbital frequency, so that for binaries like PSR 1913 4 21
(thebest studied of thebinary pulsars) it producesasecul ar
change in the semimgjor axis that can be measured from
severa years of observation. These effects can be incor-
porated into the standard perturbation evol ution equations
through modifications to the distubing function.

F. The Three-Body Problem

The most celebrated problem in celestial mechanics is
the so-called three-body problem. First elucidated by
Lagrange, this problem focuses on the determination of
the allowed class of periodic motionsfor amassless parti-
cleorbiting abinary system. In this case, themotionis de-
termined by the gravitational and centrifugal accelerations
and alsothe Coriolisforce. A closed form analytic solution
ispossible in only one case, that of equal massesin acir-
cular orbit. This so-called restricted three-body problem
can be specified by the curves of constant potential, also
called the zero vel ocity surfaces. Consider abinary with a
coplanar orbit for the third mass. In this case, alocal co-
ordinate system (¢, n) is defined as centered at (a, 1 — a)
so that the equations of motion are

. P
+ 200 = —— 25
¢ 0 i, (25)
i 20i = 02 (26)
an ¢

Here the gravitational potential, ®, isthe Roche potential
already discussed. The assumption required for this po-
tential isthat the two massive bodiesarein acircular orbit
about the center of mass. In the absence of eccentricity,
stable orbits are possible in several regions of the orbital
plane. These are defined by the condition that V& =0
and are critical points in the solution of the equations of
motion. These are stationary in the rotating frame. In the
presence of eccentricity, they oscillate and produce aloss
of stability, aswe shall explainin Section IV.C.

Several critical pointsin the three-body potential dom-
inate the motion of particles. They are specified as the
points at which the gravitational acceleration vanishes.
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Called the Lagrangian points, two lie perpendicul ar to the
line of centers (the L4 and L5 points) and are due to the
bal ance between centrifugal and gravitational forces mod-
ified by the Coriolis accel eration that governs the angular
momentum of the particles. These points are actually po-
tential maxima, and therefore the particle orbits are only
quasi-stable. Thesepointslosetheir stability for largemass
ratio or in the presence of an eccentricity in the massive
binary. Two Lagrangian points, the L, and L3 points, lie
along the line of centers but beyond the two massive bod-
ies. Theseareminimain @ and form abarrier to massloss.
Finally, the most important is L 1, the point of balance be-
tween gravitational accelerations of thetwo bodies, which
lies along the line of centers between the massive mem-
bers of the system. This point corresponds to the Roche
radius, the separation at which the gravitational perturba-
tion of the companion dominates over the self-gravitation
of adeformable, compressible, self-gravitating body. Or-
bits are unconditionally unstable at L1, L, and L3. They
are asymptotic at L4 and Ls. If the central orbit is eccen-
tric, the tidal component of the gravitationa field at the
Lagrangian points oscillates in the course of a single pe-
riod. Depending on the local orbital frequency of a body
about the L4 or Ls paint, this oscillation may render the
orbit unstable on a short time scale, transferring angular
momentum to a trapped particle and sending it out of the
system.

G. The Few-Body Problem

Few-body problems can be handled by conventional inte-
grators, such as Runge-Kutta or Adams-Moulton meth-
ods. Here one cal cul ates the position and vel ocity for each
particle and then the precise two-body interaction for that
body with every other particleinthe system. Both methods
are predictor-corrector procedures in which the next step
is computed and corrected iteratively. Leapfrog methods,
which use the velocity from one step and the positions
from the previous step to compute the new positions, are
also computationally efficient and stable. The basic prob-
lem is to solve the equations of motion for a particle at
positionr;,

m;m;
mi ==Y PEe ). @)
j#

supplemented by initial positionsand vel ocities of the par-
ticles. Thus, the angular momentum is initially specified
by the set of velocities and coordinates (r; (0), r;(0)). Ef-
ficient algorithms for the solution of this problem have
been presented by Aarseth and have become standard in
astrophysical calculations. For only afew bodies, Runge-
Kutta procedure can be used. For more than about a
dozen particles, this becomes computationally expen-

535

sive, and leapfrog and predictor-corrector integrators are
employed.

H. N-Body Problems

When the number of objects becomes large, more than a
few dozen, then conventiona integration techniques for
orbit calcul ation become inadequate, and new procedures
have to be introduced. The primary reason is not any
change in the physics. Rather, it is the enormous number
of individual quantities that must be tracked for the con-
stituent particles(threecoordinates, threevel ocities). Con-
ventional few-body integrators require % N(N — 1) calcu-
lations per step to determine the motion of the particles.
So the rate of calculation scales like N2. For complex
systems, like galaxies, thisis prohibitively expensive and
slow.

Instead, assume that the field is given by a statistical
gravitational field, @, derived from the instantaneous
density distribution. Thisisgiven, symbolically, by acon-
volution of thedensity distributionwith the Greenfunction
do = p+%4. Therefore, the Fourier transform of the poten-
tial isthe product of the transforms of the density and the
Green function, both of which areknown at each step. The
Greenfunction dependson thecoordinate system, but once
computed can be tabulated to be reused without modifica-
tion at every step. The potential calculation thus requires
only aset of fast Fourier transforms (FFTs) for each step.
Thedensity isdetermined by someinitial guess, the poten-
tial is computed, and the particles are then pushed within
this potential. In the next step, the density is recal culated
for the particle distribution, and the process is repeated.
Because the FFT is used for the potential, the complexity
of the computation grows slowly with particle number, N
In N, and therefore handily wins over the more conven-
tional N-body methodsfor large systems. While there are
some problems with this method due to the aliasing and
gridding effect of the particles (for instance, the particles
must be resampled at each step to a uniform grid for the
FFTSs), experiments with systems up to 10° bodies show
that the method is stable and reproducible.

A technique, called smoothed particle hydrodynamics
(SPH) has been introduced to the N-body problem. This
involves the combination of the two methods of conven-
tional few-body integrators for each body with its im-
mediate nearest neighbors and the overall computation
of the distant gravitational potential via FFTs. SPH and
FFT methods have also been merged with hierarchical
tree searching techniques to improve their speed. Com-
putation of many-body effects, while not important for
satellite dynamics, which depend primarily on the central
field approximation, may be important in the study of as-
teroid and comet orbital evolution and also applies to the
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computation of evolution of self-gravitating planetary ring
systems. Refinements of these methods have been rapidly
making inroads into astrophysical calculations and also
plasma and solid state physics.

IV. APPLICATIONS: A FEW
INTERESTING EXAMPLES

A. Satellite Dynamics: Transfer Orbits

The simplest practical application of celestial mechanics
is in the computation of satellite dynamics, in particu-
lar, the transfer orbit between two planets. This orbit is
the one that has the minimum energy and therefore has
an aphelion at the inner planet at r; and perihelion at
the outer planet, ro, SO a=(ri +r,)/2. The eccentricity
ise=r;/a, and thus the period of the orbit is given by
(@3/472GM) Y2 and the binding energy can be calcu-
lated using E = —GM/2a as before. The total change in
theenergy is(ro — ri)(v2 + v?)/(ro +ri), wherev istheor-
bital velocity at each of theradii. Theincreasein the angu-
lar momentum required for a parking orbit is smaller than
that required from the surface of the body. Asaside piece
of trivia, since 1925 thistransfer orbit has been known as
aHohmann dllipse.

B. Solar System

Long before spacecraft encounters, celestia mechanics
had been employed to determine the masses of those plan-
ets that possess moons. With the exceptions of Mercury
and Venus, for which the arguments were more indirect,
the masses of al the planets are now known from satellite
observations. Detailed examination of the periodicities of
their moonsal so reveal sthat they interact through resonant
orhits, which causes the structuring of the radial distribu-
tion of the planetary satellite systems. Detailed observa-
tions of satellite motion aso permit the determination of
internal mass distribution and oblateness for most of the
planets. These determinations have been augmented for
the outer planets by direct flybys with the Voyager 1 and
2 spacecraft. Finally, mutual phenomena of the moons of
severa of the major planets provide the determination of
satellite masses through the solution of the motion under
mutual perturbations for the satellite systems.

The evolution of cometary orbits—especially Comet
Halley for which there isa significant historical record—
showsevidencefor nongravitational forces. Theseare pre-
sumed to arisefrom themasslossfrom the comet produced
by interaction with the solar wind and radiation-induced
outgassing. Thechangeinthe massof thecomet carriesan-
gular momentum because of the finite escape velocity for
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the lost gas. The effects of these “rocketlike” forces com-
plicatetheinterpretation of cometary orbits. Thisproblem
is not merely of theoretical interest—accurate orbits are
essential for predicting trajectories for artificial satellite
encounters with comets like Halley.

C. Orbital Resonances

One of the oldest problems in celestial mechanics is that
of resonances, the near coincidence of two frequencies or
their rational multiples. Also called the problem of small
divisor, it first appeared in the theory of the solar system.
Two bodies are said to have commensurate periods when
theratio of their periodsistheratio of integers,m : n. The
problem produced by such orbitsisthat their mutual inter-
action will enhance phase-realted torques and lock bodies
into specific periods. The best example of this resonance
phenomenonisachildinaswing. Theperiod of thesystem
is given by the length of the supports for the swing. But
the child controls the amplitude of the swing by kicking
in phase, or in antiphase, with respect to the maximum
velocity along the arc. Thus, with the proper phasing, a
periodickick delivered at the minimum inthe potential en-
ergy (maximum velocity) will produce an increasing am-
plitude. The sameistruefor bodiesin gravitational orbits.
These resonances grow without limit in the linear theory
because the forces are alwaysin phase, thereby producing
asecular acceleration. Inthecase of two bodiesin near res-
onance, thetendency will befor the bodiesto attract to the
resonanceand lock. To seethisanalytically, consider asin-
gle particle one-dimensional harmonic oscillator subject
to a periodic force: mx + mw3x = F(t) = asinwt where
w is the frequency. The amplitude as a function of time
is the Fourier transform of this frequency-dependent am-
plitude, so that if there is a near commensurability, there
will be amplitudes which will grow linearly with time.
The natural frequency of the oscillator is wg so that the
amplitude is given by
a

2 2
wh—

X(w) ~

(28)

Notice that as w — wg the energy if the mode |, |? grows
without limit. In celestial mechanics as el sewhere, the pe-
riods are generally in integer ratiosif they resonate.

Inthecase of two orbiting bodies, thelargest torquesare
delivered at the point of closest approach. If thetwo bodies
are not in circular orbits, then the phasing of the kick is
important, and should the body be going at its maximum
speed at the time the acceleration is delivered, its angular
momentum will be increased and the eccentricity of the
orbit should increase secularly.

Such resonances were first realized in the problem of
the so-called “Great Inequality” of the orbits of the outer
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planets. Jupiter and Saturn have a period ratio of 5:2 for
theratio of their frequencies. Other resonanceswere noted
in the gaps in the Saturn ring system (the Cassini and
Encke divisions being the most famous) and in the ra-
tio of rotation and revolution periods for Mercury (2:3).
But perhaps the most spectacular examples are noted in
the asteroid belt, manifested as the so-called Kirkwood
Gaps. These are low population zones in the asteroidal
distribution at points in resonance with the outer planets,
especialy Jupiter. The distribution of these gaps is com-
plex because all possible commensurabilities should be
present, and in fact there is denumerable infinity of them.
The asteroid distribution, like the ring system of Saturn,
represents a good example of a chaotic system because of
the resonance and near resonance conditions.

The primary cause of resonant trapping is the beating
betweentheorbital frequency of thebody being acted upon
and that of the perturber. The phasing of the perturbation
produces an acceleration for a portion of the orbit and a
compensating deceleration elsewhere in the orbit.

For a rotating coordinate system, we can introduce a
new frequency, the epicyclic frequency, which is the rate
at which bodies appear to revolve around the point of ob-
servation. This frequency results from the gradient in the
central gravitational field and is important for resonant
orbits. To see where it comes from, consider a moving
observer in a coordinate system (r, ¢) where ¢ is the az-
imuth. Assume that this observer revolves about a central
body in agravitationa field ®(r) at adistancerg and with
an angular frequency 2. The radial velocity is therefore
assumed to vanish for this observer, and the angular speed
of theframeisalso constant. Now assumethat we can cre-
ate acomoving locally Cartesian coordinate system (¢, 1)
around this orbit. A body with higher angular momentum
than required for the circular orbit will therefore have a
radial speed ¢ and a variable angular speed ro¢ = 7. For
a corotating frame of reference, the equations of motion
are

. R
¢ =2Qn— 528 (29)
for the radial equation and
i+2Q0 =0 (30)

for the angular equation. Therefore, thereisacharacteris-
tic frequency
3%d
2 2
=3Q — 31

K + or2 (31)
which is the epicyclic frequency we were seeking. This
frequency depends on the steepness of the gravitational
field gradient. For instance, for aKeplerian orbit, ® ~ r —*
and ®” > 0, so that the epicyclic frequency isgreater than
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the orbital frequency. It should be remarked that « =0
is also alowed for any central body comoving with the
frame. In terms of the orbital frequency of the reference
circular orbit:

5 2 r dQ
kS =4Q <1+2§2dr) (32

The importance of this frequency for the resonance
problemisthat any forcethat is periodic on thistime scale
will produce a resonant interaction. For the more general
problem of galactic structure, the points at which the per-
turbation frequency isthe same asthe epicyclic frequency
are called the Lindblad resonances. These play a central
role in density wave theory, which has been applied to a
wide variety of astrophysical problems, including plane-
tary ring systems, accretion disks, and the structure and
evolution of spiral disk galaxies.

Resonances of special interest in the solar system in-
clude the lock between Neptune and Pluto (Ap — 2y —
wp = 180°), the Trojan asteroids, which are trapped at the
triangular Lagrangian point of the Jovian orbit, and the
moons of Jupiter. These last are perhaps the most acces-
sible examples, because they can be readily observed by
anyone with the patience to watch the moons for a few
days with binoculars. The best is the coupling of Europa
and Ganymede, Ag — 2\ + wg = 0, but the three moons,
including lo, display A; — 3 g + 2Ag = 180°.

D. Planetary Ring Dynamics

Planetary ring systems represent the best available celes-
tial mechanicslaboratories. Herewe can observeal of the
phenomena of resonance, trapping, collisions, and both
periodic and nearly periodic motion. The number of parti-
clesinatypical planetary ring systemlike Saturn or Jupiter
is great enough, and their masses low enough, that they
serve as tracers of the gravitational dynamics. Thus, they
constitute the best observable examples of the conditions
required for the solution of many mechanical problems.

Thefirst detailed examination of ring dynamicswas ac-
complished by James Clerk Maxwell in his 1857 Smith
Prize essay, astudy that still repaysreading. He dealt with
the question of the composition and stability of Saturn’s
rings, demonstrating that they must consist of a swarm of
small particlestrapped in planar orbits. The demonstration
of differential rotation in the Saturn rings by the observa-
tion of Doppler shiftsin a reflected solar spectrum was
first performed by Keeler about 30 years later.

In the best studied case, Saturn and Uranus, predic-
tions of the placement and evolution of rings and gaps
due to resonances predicted the great nhumber of sepa-
rate rings observed by satellite flybys. However, observa-
tions of Uranus during occultations of stars by the planet
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produced a remarkable result. The thickness of the ring
system was such that several separated rings could be ob-
served from the immersion and emersion of stars behind
theplanet. Fivedistinct ringswerediscerned from ground-
based observations, each with remarkable optical depth
but extremely geometrically thin. Thetheoretical devel op-
ment of the “shepherding moon” model has successfully
accounted for nearly all of the properties of these systems.

The basic idea is that moons with near commensura-
bilities radialy flank the orbit of a particle ring. As the
particle encounters the inner one, it is sped up and its or-
bit starts dlightly to increase. It then encounters the inner
one, and it istorqued down back into a stable orbit, around
which it executes a radial oscillation. In other words, the
fact that there are several larger bodies which are nearly
co-orbiting with the test particle serve to keep it confined
within anarrow radial distance. The basic theory, first de-
veloped by P. Goldreich and S. Tremaine to explain the
e-ring of Uranus, works especialy well for a number of
ring systems. A notable and recently observed exception
isthe Neptune ring system. This planet displayswhat can
best be described as ring-arc structures, since the particle
concentrations display resonances that enhance the den-
sity of particles in confined banana-shaped regions and
also form continuous rings around the planet. There is
some evidence that these are al so resonant, but the models
have not been fully developed for this system.

Another possibility is that waves may be produced
through resonant excitation of self-gravitating modes in
the rings. The Saturn rings show complex, wavelike pat-
terns that move with a fixed pattern speed around the
planet. These may be density waves, collisionless modes
that produceaperiodic variationinthegravitational poten-
tial and thereby produce self-consistent density variations
that support the waves. While there are serious problems
remaining in the theory of spiral galaxies, and no unam-
biguous evidence has been represented for the existence of
such wavesin galaxies, the possible application of density
wave theory to some planetary ring systems has been an
encouraging indication that the basic physical mechanism
is possibly realized in nature.

E. Binary Stars

The first test of Newtonian mechanics outside the solar
system was the discovery of dynamically bound multiple
star systems, first by Herschel and later by Bessel and
his school in the nineteenth century. The observation and
determination of orbits for visua binaries have been es-
pecially important for understanding the masses of many
star systems. In addition, after the discovery of spectro-
scopic binaries, the measurement of stellar massesbecame
routine through the observation of eclipsing binary stars.
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However, binaries provide many challenging problemsfor
dynamical theory.

Close binaries interact via tides, and the stars are de-
formable. Therefore, they are able to show changes on
relatively short time scales in the structure of the stellar
envelope and to provide important clues to the origin of
tidal coupling.

Most stellar masses have been calibrated through the
use of double line eclipsing binary stars. Knowing the
orbital parameters, such as the inclination, eccentricity,
and period of an orbit, one can determine the masses of
the two stars from their velocity amplitudes, the ratio of
which is the inverse ratio of the stellar masses, and the
period through

m3 sin’i
(Mg + my)?
=104x1077(1-)¥’K3P My (33)

f(m) =

where K is the velocity amplitude of star m;, and Mg
is the solar mass. Therefore, since my/m, = K,/ Ky, for
eclipsing systemsfor whichi = 90°, theindividual masses
can be determined.

These measurements constitute the corner stone of the
edifice of stellar evolution. The simple applicability of
Kepler’s third law to the motion of bodies highlights the
importance and astoni shing successof classical mechanics
inyielding modern and diverse results.

F. Stellar and Galactic Dynamics

Large stellar systems behave much like acollisionless gas
inwhichtheinteractionsare al at large distances between
the particles but the forces are always attractive. Work
during the past half century has made considerable strides
intheelucidation of thedetailed structureof stellar clusters
and galaxies. Thebasic premiseisthat, muchlikeagas, the
particlesprossessavelocity distribution function f (v) that
depends only on astable distribution in velocity. Unlike a
gas, however, there is a characteristic maximum velocity
for the system, the escape velocity v,. In the case of a
cluster, two conditions govern the evolution. One is that
theindividual starsdo not actually collide, but that they can
exchange momentum at large distance via gravitational
interactions. The other is that the cluster obeys the viria
theorem, which statesthat 2T + & = 0 for astable cluster
of stars. Here T is the kinetic energy of the cluster as a
whole, and ® isthe potential energy. SinceE=T + ® is
the total energy, E=® and ® < Oimpliesthat E < 0.
The conseguences of the virial theorem are important
and differentiate the behavior of agravitating cluster from
anormal gas. Because the total energy is negative, aloss
of mass causes the cluster to contract. This is familiar
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aready from the argument earlier that a loss of energy
causes the orbit of aparticlein acentral field to contract.
Thus, the orbital frequency isincreased, which is equiva-
lent to the statement that the velocity dispersionin aclus-
ter increases. This phenomenon, known as the “negative
specific heat problem” or the gravitothermal catasrophe,
isessential for understanding the evolution of gravitation-
aly dominated systems. If massor energy islost, the clus-
ter must contract, leading to an increase in the collision
frequency and enhanced loss of bodies. Eventually, the
cluster becomes so low mass that the process stops, but
one could think of the body as cooling so rapidly that it
heats catastrophically (a seemingly paradoxical situation
encountered as aresult of the binding energy).

In celestial mechanics, or in this case the newer field of
“gravitational statistical mechanics.” the lessons learned
from more traditional areas of celestial mechanics are ap-
plicable. For instance, in the case of the collision between
two bodies, there is a gravitational deflection, and mo-
mentum is exchanged between the bodies. If asingle star
moves with respect to a background of more distant and
perhaps more slowly moving stars, momentum is trans-
ferred fromthemoving star to thebackground. Thisresults
in slowing the star down, much like aviscosity. Hence, the
processis called dynamical friction. The basic theory was
developed by S. Chandrasekhar. More recent work has
included the incorporation of low velocity interactions,
tides, and more realistic specifications of the orbital dy-
namics during the encounter. Put differently, therewill be
afinite time in any stellar system over which the bodies
making up the system will collisionally relax through dis-
tant encounters with the background stars of the system.

Single particle stellar orbital mechanics is not unlike
planetary ring theory. Bodies move under the influence of
agravitational field created by the mutual interactions of
al of the stellar massesin the system, aspatially extended
and complicated potential.

Galactic differential rotation was discovered by J. Oort
in 1927, and the introduction of rotation into the interpre-
tation of stellar kinematics and dynamically fundamen-
tally changed discussions of galactic structure. What Oort
noted was the epicyclic frequency in the radial and trans-
verse velocities for stars in the solar neighborhood (that
is, stars within about 100 parsecs of the sun). For nearby
stars, the transverse velocities can be determined through
proper motion and parallax measurements. The compo-
nents of the velocity parallel to the galactic plane, and
normal to the direction toward the galactic center, and the
radial velocities alone. Since stars have different angular
momentums, their orbitswill havedlightly different eccen-
tricities, evenfor thesametotal energy. Thesedeviatefrom
precise corotation with the sun and show aperiodic depen-
dence on twicethe galactic longitude. From the amplitude
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of this effect, one can deduce the mass of the galaxy. The
Oort constants are determined from the transverse and ra-
dial velocities of stars in the solar neighborhood. They
are defined from the relation: vr =d(Acos2l,, + B) and
vr =dAsin2l, wherel;, isthe galactic longitude and the
constants A and B are given by

1/69 dO
A=-|——-— K7]
2<r0 dr )ro (34)
and
1/0y dO
B=—2|—- 35
2<ro dr )ro (39

where ®q isthe orbital velocity of the sun about the galac-
tic center. It should be noted that these coefficients are the
same as those found for epicyclic motion. The gradient in
the galactic gravitational potentia is represented by the
change in ® with radius.

G. Chaos Theory and Celestial Mechanics

The first manifestation of chaos theory was in celestial
mechanics. In his fourteenth-century arguments against
astrology, Oresme pointed out that the planetary peri-
ods were incommensurate, and therefore every planetary
configuration throughout al time was unique. The idea
that a particle could be trapped within a broad region of
phase space—where in the course of time aparticle could
have virtually any momentum at a given position within
a bound energy—was first demonstrated by Poncaré. He
showed that single particle orbits could have properties
much like the ensemble of particlesin agas at very high
entropy. This state is called ergodic. This result was ex-
tended by the ergodi ¢ theorem of Birkhoff, von Neumann,
and Wiener and by the recurrence theorem of Poincaré.
Chaos isthe stochastic behavior of deterministic physical
systems, resulting from extreme sensitivity of the dynam-
ical evolution of such a system to small changes in the
initial conditions. Strongly perturbed orbits, like those of
planetary ring systems or stellar orbits in a galaxy, will
display chaotic behavior. Two different orbits in a Roche
potential, for instance, started out near the L4 or Ls point,
will evolve along totally different trgjectoriesfor infinites-
imal changes in the initial conditions. Perhaps stellar or-
bitsin a strongly barred potential, such as those observed
in the centers of some spiral galaxies, or the orbits of
cometsintheouter solar system, constitute among the best
examples of such behavior. During galaxy collapse, after
star formation has occurred, the rapidly changing collec-
tive gravitational field causes strong perturbationsin each
of the stellar orbits and thoroughly mixes them in veloc-
ity and position, or phase space, and produces a random
initial velocity distribution. This process, called violent
relaxation, is one of the most important areas of study in
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stellar dynamics and may have analogs in the formation
of orbitsin planetary ring systems and the asteroid belt.

V. CLOSING REMARKS

Celestial mechanics, begun as an applied area of physics,
has broadened into one of the most fruitful and exciting
fields of theoretical mathematics and physics. The intro-
duction of new computing techniques has made it practi-
cal to calculate the dynamical evolution of quite complex
systems. For the first timeit is possible to study questions
related to the long-term stability of the solar system, the
structure of planetary rings, and the evolution of spiral
and elliptical galaxies. Problems related to the stability
of orbits of stars in complicated galactic potentials have
revived entire areas of classical theory with dramatic re-
sults. Renewed interest in triaxial bodies has been spurred
by the observations of tidal interactions between galax-
ies. Even the large-scale structure of the universe, a huge
N-body problem involving the expansion of the universe
asawholein addition to the gravitational interactions be-
tween individual galaxies, has amost become a routine
mechanical calculation. Now with the discovery of extra-
solar planetary systems we can learn from new examples
about the complex interactions of small bodies by natural
experiments. The riches of celestial mechanics, the most
“classical” area of al physical theory, are far from being
mined out.

SEE ALSO THE FOLLOWING ARTICLES

BINARY STARS e CHAOS e COSMOLOGY e GRAVITA-
TIONAL WAVE ASTRONOMY e MECHANICS, CLASSICAL e
MOON (ASTRONOMY) e PERTURBATION THEORY e PLAN-
ETARY SATELLITES (NATURAL) e RELATIVITY, GENERAL
o SOLARPHYSICS e SOLAR SYSTEM, GENERAL e STELLAR
STRUCTURE AND EVOLUTION

Celestial Mechanics

BIBLIOGRAPHY

Arnold, V. (1983). “Mathematical Methods of Classical Mechanics, 2nd
ed.,” Springer-Verlag, Berlin.

The Astronomical Ephemeris (formerly The American Ephemeris and
Nautical Almanac), published annually by the U.S. Naval Observatory
and the U.K. Alamanac Office containsthe most current available data
on orbital dynamics of solar system bodies.

Barow-Green, J. (1996). “Poincaré and the Three Body Problem,” (A.
Math Soc., Providence.)

Binney, J., and Tremaine, S. (1987). “Galactie Dynamics,” Princeton
University Press, Princeton.

Brouwer, D., and Clemence, G. M. (1961). “Methods of Celestial Me-
chanics;” Academic Press, New York.

Brown, E. W. (1896). “An Introductory Treatise on the Lunar Theory,”
Dover, New York.

Chandrasekhar, S. (1969). “Ellipsoidal Figuresin Equilibrium,” Dover,
New York.

Danby, J. (1988). “Fundamental s of Celestial Mechanics,” William-Bell,
Baltimore.

Diacu, F., and Holmes, P. (1996). “Celestial Encounters: The origins of
Chaos and Stability,” Princeton University Press, Princeton.

Greenberg, R., and Brahic, A, eds. (1984). “Planetary Rings,” University
Arizona Press, Tucson.

Hagihara, Y. (1970). “Celestial Mechanics” (5 vols.), MIT Press, Cam-
bridge, Massachusetts.

Mouton, F. (1914). “Celestial Mechanics,” Dover, New York.

Peale, S. J. (1976). “Orbital resonances in the solar system,” Ann. Rev.
Astron. Astrophys. 14, 215.

Plummer, H. C. (1918). “An Introductory Treatise on Dynamical Astron-
omy,” Dover, New York.

Roy, A. E. (1982). “Orbital Motion,” Adams Hilger, Bristol.

Saslaw, W. C. (1985). “Gravitational Physics of Stellar and Galactic
Systems,” Cambridge University Press, Cambridge.

Spitzer, L., Jr. (1987). “Dynamica Evolution of Globular Clusters,”
Princeton University Press, Princeton.

Sternberg, S. (1969). “Celestial Mechanics” (2 vols.), W. A. Benjamin,
Reading, Massachusetts.

Szebehely, V. G., and Mark, H. (1998). “Adventures in Celestial Me-
chanics,” J. Wiley, New York.

Wertz, J. R. (ed.) (1980). “Spacecraft Attitude Determination and Con-
trol,” D. Reidel, Dordrecht.

Wilson, C. (1985). “The great inequality of Jupiter and Saturn: from
Kepler to Laplace,” Arch. Hist. Exact Sci. 33, 15.

Winter, A. (1949). “Analytic Foundations of Celestial Mechanics,”
Princeton University Press, Princeton.



Peter L. Biermann

Max-Planck Institute for Radioastronomy
and University of Bonn

I. Introduction and History

Il. Physical Concepts
Ill. Energies, Spectra, and Composition
IV. Origin of Galactic Cosmic Rays

V. The Cosmic Rays Between 3 and 50 EeV,
the Expected GZK Cutoff

VI. Particles beyond the GZK Cutoff
VII. Outlook

GLOSSARY

Activegalacticnuclei When massive black holes accrete,
their immediate environment, usually thought to con-
sist of an accretion disk and a relativistic jet, emits a
luminosity often far in excess of the emission of all
stars in the host galaxy put together; this phenomenon
is called an active galactic nucleus.

Antimatter All particles known to us have antiparti-
cles, with opposite properties in all measures, such as
charge.

Big Bang Our universe is continuously expanding, and
its earliest stage reachable by our current physical un-
derstanding is referred to as the Big Bang.

Black holes Compressing a star to a miniscule size, in
the case of our sun to a radius of 3 x 10° cm, makes it
impossible for any radiation to come out; all particles
and radiation hitting such an object disappear from this
world. This is called a black hole.

Chemical elements In atoms the number of protons Z
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in the nucleus, equal to the number of electrons in the
surrounding shell, determines the chemical element.

Cosmicray airshower When a primary particle at high
energy, either a photon or a nucleus, comes in to the
upper atmosphere, the sequence of interactions and cas-
cades forms an air shower.

Cosmicray ankle Atanenergy of 3 x 10'8 eV, or 3 EeV,
there is an upturn in the spectrum, to an approximate
spectral index of 2.7 again.

Cosmicray GZK cutoff The interaction with the cosmic
microwave background is predicted to produce a strong
cutoff in the observed spectrum at 5 x 10! eV called
the GZK cutoff. This cutoff is not seen.

Cosmic ray knee At about 5 x 10" eV, or 5 PeV, there
is a small bend downward in the cosmic ray spectrum
by about 0.4 in spectral index, from 2.7 to 3.1.

Cosmic ray spectrum The number of particles at a cer-
tain energy E within a certain small energy interval dE
is called the spectrum. Flux is usually expresssed as
the number of particles coming in per area, per second,
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per steradian in solid angle (all-sky is 4m), and per
energy interval.

Elementary particles The natural constituents of normal
matter are the proton, neutron, and electron.

Gammaray bursts Bursts of gamma ray emission com-
ing from the far reaches of the universe, and almost
certainly the result of the creation of a stellar mass
black hole.

Interstellar matter The medium between the stars in
our Galaxy, which is composed of very hot gas (or-
der 4 x 10% K), various stages of cooler gas, down to
about 20 K, dust, cosmic rays, and magnetic fields.

Magnetic monopoles The physics of electric and mag-
netic fields contains electric charges but no magnetic
charges. In the context of particle physics it is likely
that monopoles, basic magnetically charged particles,
also exist.

Microwave background The very high temperature of
the Big Bang is still visible in the microwave back-
ground, a universal radiation field of 2.73 K tem-
perature.

Our Galaxy Our Galaxy is a flat, circular, disklike dis-
tribution of stars and gas enmeshed with interstellar
dust and embedded in a spheroidal distribution of old
stars.

Nuclear collisions When elementary particles collide
with each other or with a photon, other particles can
be created that are often unstable.

Radio galaxies In the case that an active galactic nucleus
produces a very powerful and visible jet, often with
lobes and hot spots, most readily observable at radio
wavelengths, it is called a radio galaxy.

Spallation The destruction of atomic nuclei in a collision
with another energetic particle such as another nucleus
or, commonly, a proton.

Supernovae All stars above an original mass of more
than 8 solar masses are expected to explode at the end
of their lifetime after they have exhausted nuclear burn-
ing; the observable effect of such an explosion is called
a supernova.

Topological defects It is generally believed that in the
very early times of the universe, when the typical en-
ergies were far in excess of what we can produce in
accelerators, there was a phase when the typical en-
ergies of what might be called particles was around
10?* eV, usually referred to as topological defects, or
relics.

Units: Energy Electron volts (eV); 1 eV is of the order
of what is found in chemical reactions; 1 eV =1.6 x
1072 erg.

Units: length Centimeters; the radius of the earth is
6.4 x 10% cm and the radius of the Sunis 7 x 10'° cm.

Units: mass Grams; the sun has a mass of 2 x 10** g; the
earth has a mass of 6 x 10?7 g.
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Units: time Seconds; the travel time of light from the sun
to the earth is about 8 min =480 sec; the number of
seconds in a year is 3.15 x 107.

ENERGETIC PARTICLES, traditionally called cosmic
rays, were discovered nearly a 100 years ago and their ori-
gin is still uncertain. Their main constituents are the nor-
mal nuclei as in the standard cosmic abundances of matter,
with some enhancements for the heavier elements; there
are also electrons. Information on isotopic abundances
shows some anomalies as compared with the interstellar
medium. There is also antimatter, such as positrons and
antiprotons. The known spectrum extends over energies
from a few hundred MeV to 300 EeV (=3 x 102 eV),
and shows a few clear spectral signatures: There is a
small spectral break near 5 PeV (=5 x 105 eV), com-
monly referred to as the knee, where the spectrum turns
down; and there is another spectral break near 3 EeV
(=3 x 10'%eV), usually called the ankle, where the spec-
trum turns up again. Due to interaction with the mi-
crowave background arising from the Big Bang, there is
a strong cutoff expected near 50 EeV (=5 x 10'? eV),
which is, however, not seen; this expected cutoff is called
the GZK cutoff after its discoverers, Greisen, Zatsepin,
and Kuzmin. The spectral index o is near 2.7 below
the knee, near 3.1 above the knee, and again near 2.7
above the ankle, where this refers to a differential spec-
trum of the form E~%. We will describe the various ap-
proaches to understanding the origin and physics of cos-
mic rays.

I. INTRODUCTION AND HISTORY

Cosmic rays were discovered by Hess and Kohlhorster in
the beginning of the 20th century through their ionizing
effect on airtight vessels of glass enclosing two electrodes
with a high voltage between them. This ionizing effect in-
creased with altitude during balloon flights, and therefore
the effect must come from outside the earth, so the term
cosmic rays was coined. The earth’s magnetic field acts
on energetic particles according to their charge, and hence
they are differently affected coming from east and west,
and so their charge was detected, proving that they are
charged particles; at high energies near 10'® eV or 1 EeV,
there is observational evidence that a small fraction of the
particles are neutral and in fact neutrons. From around
1960 onward there has been evidence of particles at or
above 10% eV, with today about two dozen such events
known. After the cosmic microwave background was dis-
covered in the early 1960s, it was noted only a little later by
Greisen, Zatsepin, and Kuzmin that near and above an en-
ergy of 5 x 10! eV (called the GZK cutoff) the interaction
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with the microwave background would lead to strong
losses if these particles were protons, as is now believed
onthebasisof detailed air shower data. In such an interac-
tion, protons see the photon as having an energy of above
the pion mass, and so pions can be produced in the refer-
ence frame of the collision, leading to about a 20% energy
loss of the proton in the observer frame. Therefore for
an assumed cosmologically homogeneous distribution of
sourcesfor protonsat extremeenergies, aspectrumat earth
is predicted which shows a strong cutoff at 5 x 10'° eV,
the GZK cutoff. This cutoff is not seen, leading to many
speculations as to the nature of these particles and their
origin.

Cosmic rays are measured with instruments on bal-
loon flights, satellites, the Space Shuittle, the International
Space Station, and with ground arrays. The instrument
chosen depends strongly on what is being looked for and
theenergy of the primary particle. Oneof themost success-
ful campaigns has been with balloon flightsin Antarctica,
where a balloon can float at about 40 km altitude and cir-
cumnavigate the South Pole once and possibly even sev-
eral timesduring one Antarctic summer. For very high pre-
cision measurements very large instruments on the Space
Shuttle or the International Space Station are used, such
as for the search for antimatter.

Critical measurements are the exact spectra of the most
common elements, hydrogen and helium, the fraction of
antiparticles (antiprotons and positrons), isotopic ratios
of elements such as neon and iron, the ratio of spallation
products such as boron to primary nuclel such as carbon
asafunction of energy, the chemical composition near the
knee, at about 5 x 10'° eV, and beyond, and the spectrum
and natureof the particlesbeyondtheankle, at 3 x 10'8 eV,
with specia emphasis on the particles beyond the GZK
cutoff, at 5 x 10'° eV.

II. PHYSICAL CONCEPTS

Here we expand upon the terms explained briefly in the
Glossary.

e Big Bang. Our universe is continuously expanding,
and its earliest stage reachable by our current physical un-
derstanding is referred to as the Big Bang, when energy
densities were extremely high. Within the first 3 min the
chemical elementssuch ashydrogen and helium were pro-
duced, and minute amounts of deuterium (an isotope of
hydrogen), 3He, an isotope of helium, and “Li, an isotope
of the third element, lithium.

e Microwave background. The very high temperature
of the Big Bang is dtill visible in the microwave back-
ground, a universal radiation field of 2.73 K. Thereis a
corresponding cosmic bath of low-energy neutrinos. Both
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photons and neutrinos have adensity of afew hundred per
cubic centimeter.

¢ Units: length Centimeters; the radius of the earth is
6.4 x 108 cmand theradius of thesunis 7 x 10*° cm. The
distance from earth to sun is 1.5 x 103 cm. One pc=
parsec = 3.086 x 10*® cm, 1 kpc=10° pc, 1 Mpc=
108 pc; 1 pc is about 3 light-years, the distance traveled
by light in 3 years; the speed of light cis3x10%° cm/sec,
and isthe samein any inertial reference frame. The basic
length scale of the universeis about 4000 Mpc.

e Units: mass. Grams; the sun hasamassof 2 x 10% g.
The earth has amass of 6 x 10%” g. A typical galaxy like
our own has amass of order 10'* solar masses. A proton
has amass of 1.67 x 10%" g.

e Units: time Seconds; thetravel time of light from the
sun to the earth is about 8 min =480 sec; the number of
secondsinayearis3.15 x 10”. Theageof thesolar system
is about 4.5 x 10° years, and the age of our Galaxy and
also of our universeis about 1.5 x 10 years; our galaxy
isyounger than the universe, but we do not know the two
ages well enough to determine the difference with any
reliability.

e Units: energy. Electron volts (eV); 1 eV is of the
order of what isfoundin chemical reactions, 1 eV = 1.6 x
1072 erg; 1 MeV =106 eV, 1 GeV =10° eV, 1 TeV =
102 eV, 1 PeV =10 eV, 1 EeV =10 eV.

e Elementary particles. The natural congtituents of
matter are the proton, neutron, and electron. Protons have
amass of about 938 MeV, neutrons of about 940 MeV, and
electronsof about 0.511 MeV. Thisisin energy unitsusing
Einstein’s equivalence E = mc?, where E isthe energy, m
the rest mass, and c the speed of light. The proton is pos-
itively charged, the electron negatively charged, with the
same charge as the proton, and the neutron is neutral. All
atomic nuclei are built from protons and neutrons, where
the number of protons determines the chemical element,
and the number of neutrons determines the various iso-
topes of each chemical element. The surrounding shell of
electrons has for the neutral atom exactly the same num-
ber of electrons as the nucleus has protons. Photons are
another primary stable constituent, have no rest mass, no
charge, and always travel at the speed of light, in any
frame of reference. Neutrinos comein three varieties, and
appear to continuously change among themselves; they
have avery low mass.

o Antimatter. All known particles have antiparticles,
with opposite properties in al measures, such as charge.
Thecollision of aparticle and its antiparticle dways|eads
to aburst of radiation, when both particles are annihilated.
In cosmic rays we observe antiprotons, and positrons,
the antiparticles to electrons. The search for antinuclei
has not been successful; any detection of even a single
antinucleus, such as antihelium, would provide extremely
strong constraints on the physics of matter in the universe.
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Theinstrument AMS, first on the Space Shuittle, and then
the International Space Station, will search for antimatter
particles.

e Nuclear collisions. When elementary particles col-
lide with each other or with a photon, other particles can
be created that are often unstable, i.e., they decay into
other particles and continue to do so until they reach a
state where only stable particles result. Such a processis
called a cascade. Common intermediate and fina parti-
cles are the pion, the muon, the photon, and the neutrino.
The pion comesin various forms, charged and uncharged,
the muon is aways charged, and the neutrino is always
neutral. The neutrino is characterized by avery small in-
teraction cross section with matter. The pions have amass,
againin energy equivalents, of about 140 MeV, the muons
of about 106 MeV, and the neutrinos of about 0.03 eV, a
still rather uncertain number.

e Chemical elements. In atoms the number of protons
Z in the nucleus, equal to the number of electronsin the
surrounding shell, determines the chemical element. The
number of neutronsin the nucleusis approximately equal
to the number of protons. Chemical elements are now
known to beyond Z of 110. The first and most common
elements are hydrogen (Z = 1), helium (2), carbon (6),
oxygen (8), neon (10), magnesium (12), silicon (14), sul-
fur (16), calcium (20), and iron (26). The intermediate
elementslithium (Z = 3), beryllium (4), and boron (5) are
very rare. The odd-Z elements are commonly rarer than
the even-Z elements. The overall abundance by mass is
about 73% for hydrogen, 25% for helium, and the rest all
other elements combined, with the most abundant among
these being carbon and oxygen.

e Cosmic ray airshower. When a primary particle at
high energy, either a photon or a nucleus, comes into the
upper atmosphere, the sequence of interactions and cas-
cades forms an airshower. These airshowers are domi-
nated by electrons and photons generated in electromag-
netic subshowers. Cerenkov light, abluishlight, isemitted
in a narrow cone around the shower direction, produced
when particlestravel at aspeed (always lessthan or equal
to c; particles have exactly the speed of light at zero rest
mass, such as photons) higher than the speed of light ¢
divided by the local index of refraction (which is4/3 in
water, for instance, and about 1.0003 in air). Observing
this bluish light allows observations of high-GeV-to-TeV
photon sources in the sky because Cerenkov light allows
good pointing. For particles such as protons or atomic
nuclei at high energy, air fluorescence can be used as a
means of observation, advantageous because it is omni-
directiona in its emission and gives enough light at high
energy: Such fluorescence occurs when normal emission
lines of air molecules are excited. The airshower includes
a pancake of secondary electrons and positrons as well
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as muons. The ratio between Cerenkov light and fluores-
cence light is almost constant and independent of particle
energy. Most modern observations of very high energy
cosmic rays are done either by observing the air fluores-
cence (arrayssuch asFly’sEye, HIRES, or AUGER) or by
observing the secondary electronsand positrons (in arrays
suchasHaverah Park, AGASA, Yakutsk, or also AUGER).
In the future such observations may be possible from
space by observing the air fluorescence or the refiected
Cerenkov light from either the International Space Station
or from dedicated satellites. Fly’s Eye was and HIRES is
in Utah, AUGER is in Argentina, AGASA is in Japan,
Yakutsk isin Russia, and Haverah Park was in the United
Kingdom.

e Spallation. Spallationisthedestruction of atomic nu-
clei in acollision with another energetic particle, such as
another nucleus, or commonly aproton. Inthisdestruction
many pieces of debris can be formed, with one common
result being the stripping of just one proton or neutron,
and another common result a distribution of smaller unit
nuclei. Since the proton number determines the chemi-
cal element, such debris is usually other nuclei, such as
boron.

e Cosmic ray spectrum. The number of particles at a
certain energy E within acertain small energy interval dE
is caled the spectrum. As a function of energy E thisis
usually described by power laws, such as E=27 dE; the
exponent is called the spectral index, here 2.7. Heat radi-
ation from anormal object has avery curved spectrumin
photons. Cosmic rays usually have a power-law spectrum,
which is called anonthermal behavior. Flux isusualy ex-
presssed as the number of particles coming in per area,
per second, per solid angle in steradians (all-sky is 4r),
and per energy interval.

e Cosmic ray knee. At about 5x 10'° eV, or 5 PeV,
there is a small bend downward in the cosmic ray spec-
trum, by about 0.4 in spectral index, from 2.7 to 3.1. This
feature is called the knee. There is some evidence that
it occurs at a constant energy-to-charge ratio for different
nuclei. Thereisalso considerableevidencethat toward and
at the knee the chemical composition slowly increasesin
favor of heavier nuclei such asiron. A similar somewhat
weaker feature is suggested by new AGASA and HIRES
data near 3 x 10'7 eV, where again the spectrum turns
down a bit more.

e Cosmic ray ankle. At an energy of 3 x 108 eV, or
3 EeV, there is an upturn in the spectrum, to an approxi-
mate spectral index of 2.7 again. At the same energy there
is evidence that the chemical composition changes from
moderately heavy to light, i.e., back to mostly hydrogen
and helium.

e Cosmicray GZK cutoff. Theinteraction with the cos-
mic microwave background should produceastrong cutoff
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in the observed spectrum at 5 x 10'° eV called the GZK
cutoff; thisis provided that (a) these particles are protons
(or neutrons) and (b) the source distribution is homoge-
neous in the universe. This cutoff is not seen; in fact, no
cutoff is seen at any energy, up to the limit of data, at
3 x 10% eV, or 300 EeV. Thisis one of the most serious
problems facing cosmic ray physics today.

e Black holes. Compressing a star to a miniscule size,
in the case of our sun, to aradius of 3 x 10° cm, makesiit
impossible for any radiation to come out; all particlesand
radiation hitting such an object disappear from thisworld.
Thisiscalled ablack hole. It is now believed that almost
all galaxies have amassive black hole at their center, with
masses sometimes ranging up 10'° solar masses, but usu-
aly much less. Thereare also stellar mass black holes, but
their number isnot well known, probably many thousands
in each galaxy.

e Our Galaxy. Our Galaxy is a flat, circular, disklike
distribution of stars and gas enmeshed with interstellar
dust and embedded inaspheroidal distribution of old stars.
The age of this system is about 15 billion (=15 x 10°)
years, its sizeis about 30 kpc across, and itsinner region
is about 6 kpc across. At its very center there is a black
hole with 2.6 x 10° solar masses. The gravitational field
is dominated in the outer parts of the Galaxy by an un-
known component, called dark matter, which we deduce
only through its gravitational force. In the innermost part
of the Galaxy normal matter dominates. The massratio of
dark matter to starsto interstellar matter in our Galaxy is
about 100:10:1. Averaged over the nearby universe these
ratiosare shifted in favor of gas, with gas dominating over
stars probably, but with dark matter still dominating over
stars and gas by alarge factor.

o Interstellar matter. The medium between the starsin
our Galaxy iscomposed of very hot gas (order 4 x 10° K),
various stages of cooler gas, down to about 20 K, dust,
cosmic rays, and magnetic fields. All three components,
gas, cosmic rays, and magnetic fields, have approximately
the same energy density, which happens to be also close
to the energy density of the microwave background, about
1 eV/cm?®. The average density of the neutral hydrogen
gas, of temperature afew 10%° K to afew 10° K, is about
1 partcile/cm?, but highly clumped, in adisk of thickness
about 100 pc (=3 x 10%° cm). The very hot gas extends
much farther from the symmetry plane, about 2 kpc on
either side.

o Supernovae. All starsabovean original massof more
than 8 solar masses are expected to explode at the end of
their lifetime after they have exhausted nuclear burning;
the observabl e effect of such an explosioniscalled asuper-
nova. When they explode, they emit about 3 x 103 ergsin
neutrinos and also about 10°! erg in visible energy, such
as in shock waves in ordinary matter, the former stellar
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envelope, and interstellar gas. These neutrinos have an
energy intherange of afew MeV to about 20 MeV. When
stars are in stellar binary systems, they can also explode
at low mass, but this processis believed to give only 10%
or less of all stellar explosions. The connection to gamma
ray burstsis not clear. It is noteworthy that above an orig-
inal stellar mass of about 15 solar masses, stars also have
astrong stellar wind, which for original masses above 25
solar masses becomes so strong that it can blow out alarge
fraction of the original stellar mass even beforethe star ex-
plodes as asupernova. The energy in thiswind, integrated
over the lifetime of the star, can attain the visible energy
of the subsegquent supernova, as seen in the shock wave of
the explosion.

e Gamma ray bursts. Bursts of gamma ray emission
comefromthefar reachesof theuniverse, almost certainly
the result of the creation of a stellar-mass black hole. The
duration of these bursts ranges from a fraction of a sec-
ond to usually a few seconds, and sometimes hundreds
of seconds. Some gamma ray bursts have afterglows in
other wavelengths like radio, optical, and X rays, with an
optical brightness which very rarely comes close to being
detectable with standard binoculars. The emission peaks
near 100 keV in observable photon energy, and appearsto
have an underlying power-law character, suggesting non-
thermal emission processes.

e Active galactic nuclei. When massive black holes
accrete, their immediate environment, usually thought to
consist of anaccretiondisk and arelativisticjet (i.e., where
the material flies with a speed very close to the speed of
light), emits a luminosity often far in excess of the emis-
sion of all starsin the host galaxy put together. There are
such black holes of a mass near 10® solar masses, with a
size of order the diameter of the earth orbit around the sun
and atotal emission of 1000 times that of all starsin their
host galaxy.

e Radio galaxies. In the case that an active galactic
nucleus produces a very powerful and visible jet, often
together with lobes and hot spots, most readily observable
at radio wavelengths, it iscalled aradio galaxy. Theradio
image of such a galaxy can extend to 300 kpc or more,
dissipating the jet in radio hot spots embedded in giant
radio lobes. The frequency of such radio galaxies with
powerful jets, hot spots, and lobesisrare, lessthan 1/1000
of all galaxies, but in the radio sky they dominate due to
their extreme emission.

e Topological defects. Itisgenerally believed that inthe
very early timesof the universe, when thetypical energies
werefar in excess of what we can producein accelerators,
there was a phase when the typical energies of what might
be called particles was around 10%* eV, usually referred
to as topological defects, or relics. It is conveivable that
such particles have survived to today, and some of them
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decay, emitting a copious humber of neutrinos, photons,
and also protons. These particles then themselves would
have near 10%* eV initialy, but interact strongly with the
cosmic radiation field.

e Magnetic monopoles. The physics of electric and
magnetic fields contains el ectric charges but no magnetic
charges. In the context of particle physicsit is likely that
monopoles, basic magnetically charged particles, also ex-
ist. Such monopoles are a specia kind of topological de-
fect. The basic property of magnetic monopoles can be
described as follows: (a) Just as electrically charged par-
ticles short-circuit electric fields, monopoles short-circuit
magnetic fields. The observation of very large scale and
permeating magnetic fields in the cosmos shows that the
universal flux of monopolesisvery low. (b) Monopolesare
accelerated in magnetic fields, just as electrically charged
particles are accelerated in electric fields. In cosmic mag-
netic fields, the energieswhich can be attained are of order
102t eV or more. Any relation to the observed high-energy
cosMmic raysis uncertain at present.

lll. ENERGIES, SPECTRA,
AND COMPOSITION

The solar wind preventslow-energy charged articlesfrom
entering theinner solar system due to interaction with the
magnetic field in the solar wind, a steady stream of gas
going out from the sun into all directions, originaly dis-
covered in 1950 from the effect on cometary tails: they
al point outward, at all latitudes of the sun, and inde-
pendent of whether the comet actually comes into the
inner solar system or goes outward, in which case the
tail actually precedes the head of the comet. This pre-
vents us from knowing anything about interstellar ener-
getic particles with energies lower than about 300 MeV.
Above about 10 GeV per charge unit Z of the particle, the
effect of the solar wind becomes negligible. Since cos-
mic ray particles are mostly fully ionized nuclei (with
the exception of electrons and positrons), thisis a strong
effect.

Our Galaxy has a magnetic field of about 6 x 106 G
in the solar neighborhood; the energy density of such a
field corresponds approximately to 1 eV/cm?, just likethe
other components of the interstellar medium. In such a
magnetic field charged energetic particles gyrate with a
radius of gyration called the Larmor radius, which is pro-
portional to the momentum of the particle perpendicular
to the magnetic field direction. For highly relativistic par-
ticlesthisentailsthat around 3 x 10'8-eV protons, or other
nuclei of the same energy-to-charge ratio, no longer gy-
rate in the disk of the Galaxy, i.e., their radius of gyration
is larger than the thickness of the disk. Thus, they cannot
possibly originatein the Galaxy, and must come from out-
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side; indeed, at that energy there is evidence for a change
both in chemica composition and in the slope of the
spectrum.

The energies of these cosmic ray particles that we ob-
serve range from a few hundred MeV to 300 EeV. The
integral flux ranges from about 10> per cm?, per sec, per
sterad at 1 TeV per nucleus for hydrogen or protons, to 1
particle per sterad per km? and per century around 102 eV,
a decrease by a factor of 3 x 10'° in integral flux, and a
corresponding decrease by afactor of 3 x 10?3 inthe spec-
trum, i.e., per energy interval, which meansin differential
flux. Electrons have only been measured to afew TeV.

Thetotal particle spectrum spectrum is about E 27 be-
low the kneeand about E—3* abovetheknee, at 5 PeV, and
flattens again to about E—27 beyond the ankle, at about
3 EeV. Electrons have a spectrum which is similar to that
of protons below about 10 GeV, and steeper near E—33
above this energy. The lower energy spectrum of elec-
trons is inferred from radio emission, while the steeper
spectrum at the higher energies is measured directly
(Fig. 1).

The chemical composition is rather close to that of the
interstellar medium, with afew strong peculiarities rela-
tive to that of the interstellar medium: (a) hydrogen and
helium are less common relative to silicon. Also, theratio
of hydrogen to helium is smaller. (b) lithium, beryllium,
and boron, the odd-Z elements, as well as the sub-iron
elements (i.e., those with Z somewhat less than iron) are
al enhanced relative to the interstellar medium (Fig. 3).
(c) Many isotoperatios are quite different, while some are
identical. (d) Among the cosmic ray particlestherearera-
dioactiveisotopes, which give an age of the particlessince
acceleration and injection of about 3 x 107 years. (€) To-
ward the knee and beyond the fraction of heavy elements
appears to continuously increase, with moderately heavy
to heavy elements almost certainly dominating beyond
the knee, al the way to the ankle, where the composition
becomeslight again. Thismeansthat at that energy we ob-
serve atransition to what appears to be mostly hydrogen
and helium nuclei. At much higher energies we can only
show consistency with a continuation of these properties;
we cannot prove unambiguously what the nature of these
particlesis.

The fraction of antiparticles, ie., positrons and antipro-
tons, is afew percent for the positron fraction and a few
10* for antiprotons. No other antinuclei have been found
(Figs. 3-5).

Thereisno significant anisotropy of cosmic raysat any
energy, not even at the highest energies, beyond the GZK
cutoff. Only at those highest energiesisthere a persistent
hint that events at quite different energies occasionally
cluster into pairsand tripletsin the sky in the arrival direc-
tion, and thisis hard to understand in almost any model.
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FIGURE 1 The Galaxy with some sample orbits of low energy and high energy cosmic ray particles. The Galaxy is
shown with the disk and the spherodial component of older stars.

IV. ORIGIN OF GALACTIC COSMIC RAYS

It has been long surmised that supernova explosions pro-
vide the bulk of the acceleration of cosmic rays in the
Galaxy. The acceleration is thought to be akind of ping-
pong effect between thetwo sidesof thestrong shock wave
sent out by the explosion of a star. This ping-pong effect
is a repeated reflection via the magnetic resonant inter-
action between the gyromotion of the energetic charged
particles and waves of the same wavelength asthe Larmor
motion in the magnetic thermal gas. Since the reflection
is usually thought to be a gradua diffusion in direction,
the processis called diffusive shock acceleration, or, after
its discoverer, Fermi acceleration.

For a shock wave sent out directly into the interstellar
gas this kind of acceleration easily provides particle en-
ergies up to about 100 TeV. While the detailed injection
mechanism isnot quite clear, thevery fact that we observe
the emission of particles at these energiesin X rays pro-
vides agood case and arather direct argument for highly
energetic el ectrons. Even though protons are by afactor of
about 100 more abundant than electrons at energies near

1 GeV, wecannot yet provedirectly that supernovashocks
provide the acceleration; only the analogy with electrons
can be demonstrated.

However, we observe what ought to be galactic cosmic
rays up to energies near the knee, and beyond to the ankle,
i.e, 3EeV.

The energies, especialy for particles beyond 100 TeV,
can be provided by several possibilities, with the only the-
ory worked out to aquantitative level suggesting that those
particles also get accelerated in supernova shock waves,
in those which run through the powerful stellar wind of
the predecessor star. Then it can be shown that energies
up to 3 EeV per particle are possible (mostly iron). An
aternate possibility is that a ping-pong effect between
various supernova shock waves occurs, but in this case
seen from outside. In either (or any other) such theory
it is a problem that we observe a knee, i.e., a downward
bend of the spectrum at an energy-to-charge ratio which
appearsto befairly sharply defined. The concept that stel-
lar explosions are at the origin entails that all such stars
areclosely similar intheir properties, including their mag-
netic field, at the time of explosion; thisimplies a specific
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FIGURE 2 The proton and helium spectra at low energy. [From
Suzuki, T., et al. (2000). “Precise measurements of cosmic-ray
proton and helium spectra with BESS spectrometer,” Astrophys. J.
545,1135-1142; The AMS Collaboration. (2000). “Protons in near
earth orbit,” Phys. Lett. B 472, 215-226; The AMS Collaboration.
(2000). “Helium in near earth orbit,” Phys. Lett. B 494, 193-202.]

length scale in the explosion, connected to the thickness
of the matter of the wind snowplowed together by the
supernova shock wave. While this is certainly possible,
we have too little information on the magnetic field of
pre-supernova stars to verify or fasify this. In the case of
the other concept it means that the transport through the
interstellar gas has change in properties also at a fairly
sharply defined energy-to-charge ratio, indicating a spe-
cia scaeintheinterstellar gas, for which thereisno other
evidence.

Galactic cosmic rays get injected from their sources
with a certain spectrum. While they travel through the
Galaxy from the site of injection to escape or to the ob-
server, they have a certain chance to leak out from the
hot magnetic disk of severa kpc full-width thickness of
the Galaxy; occasionadly this thick disk is referred to as
the halo. The escape of cosmic rays becomes easier with
higher energy. As aconsequence their spectrum steepens,
as shown by comparing source and observed spectrum.
Theradio observations of other gal axies show consistency
with the understanding that the average spectrum of cos-
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mic rays at least in the GeV to many GeV energy rangeis
aways the samein various locations in a galaxy and also
in different galaxies. During this travel inside a galaxy
the cosmic rays interact with the interstellar gas, and in
this interaction produce gamma ray emission from pion
decay, positrons, and also neutrons, antiprotons, and neu-
trinos. The future gamma ray emission observations of
the galactic disk will certainly provide very strong con-
straints on this aspect of cosmic rays. In these interac-
tions secondary nuclel and isotopes are also produced by
spallation. This spallation also gives secondary isotopes
such as 1°Be, which is radioactive and decays with a half-
life of 1.6 x 10° years, allowing models of cosmic ray
propagation to be tested.

One kind of evidence about where cosmic rays come
from and what kind of stars and stellar explosions really
dominate among their sourcesistheisotopic ratiosof vari-
ousisotopesof neon, iron, and other heavy elements; these
i sotoperati ossuggest that at | east one populationisindeed
the very massive stars with strong stellar winds; however,
whether these stars provide most of the heavier elements,
as one theory proposes, is still quite an open question.

Antimatter as observed today can al be produced in
normal cosmic ray interactions. However, even the de-
tection of a single antinucleus of an element such as
helium would constitute proof that the universe con-
tains antimatter regions and would radically change our
perception of the matter—antimatter symmetries in our
world.

Thereissomeevidencethat just near E€V energiesthere
is one component of galactic cosmic rays which is spa-
tially associated in arrival direction with the two regions
of highest activity in our Galaxy, at least as seen from
earth: the Galactic Center region as well as the Cygnus
region show some weak enhancement. Such adirectional
association isonly possiblefor neutral particles, and since
neutrons at that energy can just about travel from thosere-
gionsto here before they decay (only free neutrons decay,
neutrons bound into anucleus do not decay), aproduction
of neutrons in cosmic ray interactions is conceivable as
one explanation of these data.

V. THE COSMIC RAYS BETWEEN 3 AND
50 EeV, THE EXPECTED GZK CUTOFF

The cosmic rays between the ankle and the expected GZK
cutoff are readily explained by many possible sources,
almost all outside our Galaxy.

Some, but not al of these proposals can aso explain
particles beyond the GZK cutoff, discussed in a separate
section.
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FIGURE 3 The surviving fraction of 1°Be in data and a comparison with models of cosmic ray propagation. [From
Ptuskin, V. S. (2000). “Cosmic ray transport in the galaxy,” In “ACE-2000 Symposium” (R. A. Mewaldt et al., eds.), pp.

390-395, AIP, Melville, NY.]

Pulsars, especially those with very high magnetic fields,
called magnetars, can almost certainly accelerate charged
particles to energies of 10?* eV. There are severa prob-
lems with such anotion, one being the adiabatic losses on
theway from close to the pulsar out to the interstellar gas,
and another one the sky distribution, which should bevery
anisotropic given the distribution and strength of galactic
magnetic fields. On the other hand, if this concept could
be proven, it would certainly provide a very easy expla-

nation for why there are particles beyond the GZK cutoff:
for galactic particles the interaction with the microwave
background istotally irrelevant, and so no GZK cutoff is
expected.

Another proposal is gammaray bursts. However, since
weknow that the bulk of gammaray bursts arisefrom stel-
lar explosionsat cosmological distancesthisnotionishard
to maintain. The frequency of nearby gammaray burstsis
too small to provide any appreciable flux. However, since
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FIGURE 4 The positron fraction compared with various models of cosmic ray interaction. [From Coutu, St., et al.
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ultimately we do not yet know what constitutes a gamma
ray burst, their contribution cannot be settled with full
certainty.

Shock waves running through a magnetic and ionized
gas accelerate charged particles, as we know fromin situ
observations in the solar wind, and this forms the basis
of almost all theoriesto account for galactic cosmic rays.
The largest shock waves in the universe have scales of
many tens of Mpc, and have shock velocities of around

FIGURE 5 The antiproton spectrum. [From Yoshimura, K., et al.
(2000). “Cosmic-ray antiproton and antinuclei,” Advan. Space
Res., in press.]

1000 km/sec. These shock waves arise in cosmological
large-scal e structure formation, seen asasoap-bubble-like
distribution of galaxiesin the universe. The accretion flow
to enhance the matter density in the resulting sheets and
filaments is continuing, and causes shock waves to ex-
ist all around us. In such shock waves, which also have
been shown to form around growing clusters of galaxies,
particles can be accelerated and can attain fairly high en-
ergies. However, the maximum energies can barely reach
the energy of the GZK cutoff.

The most conventional and easiest explanation is ra-
dio galaxies, of which provide the hot spots an obvious
acceleration site: These hot spots are giant shock waves,
often of a size exceeding that of our entire Galaxy. The
shock speeds may approach several percent, maybe even
several tens of percent, of the speed of light. Therefore, in
this interpretation, these radio galaxy hot spots provide a
very straightforward acceleration site. Integrating over all
known radio galaxies readily explains the flux and spec-
trum as well as chemical composition of the cosmic rays
in this energy range, and quite possibly aso beyond.

VI. PARTICLES BEYOND
THE GZK CUTOFF

Since we do not observe the expected GZK cutoff, we
need to look for particles which defy the interaction with
the microwave background or for a source distribution
which reducesthetimefor interaction with themicrowave
background substantially.

Here we emphasi ze those concepts which can explain
the events beyond the GZK cutoff; these proposals do not
necessarily also explain those particlesbel ow the expected
Cutoff.
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FIGURE 6 The antihelium limits at present. [From Yoshimura, K., et al. (2000). “Cosmic-ray antiproton and antinuclei,”

Advan. Space Res., in press.]

A sourcedistributionwhichisclosely patterned after the
actual galaxy distribution in the nearby universe greatly
enhances the expected flux of events near the GZK cutoff
and may allow an interpretation of the observed events
given a properly biased version of the galaxy distribution
and a source population like a special class of galaxies.

However, the data are also compatible with a spectrum
which suggests a rise beyond the expected GZK cutoff,
and thisstrongly hints at atotally different and new event
class. This supports an interpretation as the result of the

decay of primordia relics, with an energy of 10% eV.
Such a decay produces a large number of highly ener-
getic neutrinos, photons, and only 3% of ultimately pro-
tons. Sincethese protonsstart with amuch flatter spectrum
than normal cosmic rays, and also have such extremeini-
tial energies, the lack of aGZK cuotff can be understood.
There is, however, a strong prediction: The large num-
ber of photons produced yields a cascade that gives rise
to a strong contribution to the gamma ray background.
This gamma ray background adds to all the gamma rays
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produced by active galactic nuclei. It is not finally re-
solved whether observations exclude this option because
of an excessive gamma ray background or whether the
actual spectrum of the gamma ray background in fact
supportsit.

There is an interesting variant of this idea, and that is
to consider neutrinos which come from large distancesin
the universe and interact with thelocal relic neutrinos (the
population of Big Bang neutrinos predicted by standard
Big Bang theory, akin to the microwave background). In
such atheory, the low density of relic neutrinos may be a
serious problem.

Obvioudly, if we could understand the sky distribution
of eventsat theseextremeenergies, thentheoption of using
pulsars would become very attractive. For particleswith a
single charge as protons, the anisotropiesin arrival direc-
tions would be severe, but for iron nuclel this constraint
would be much alleviated. Therefore, the option of con-
sidering pulsars entails an interpretation asiron particles,
inconsistent at the transition from galactic to extragal actic
cosmic rays at about 3 EeV, but conceivable at a possible
transition from one source population to another at the
expected GZK cutoff.

On the other hand, these particles could be something
very different, as occasionally speculated, particles sug-
gested by someversionsof an extension of particlephysics
that may not interact with the microwave background and
yet interact in the atmosphere very similarly to protons.
Inthis case, we may ask what sources produce so extreme
particles. The classof compact radio gal axieshasapower-
ful jet, and hot spots that live currently inside avery large
amount of local interstellar gas, and so provide both ac-
celerator and beam dump, i.e., make a particle physics ex-
periment in the sky. However, whether anything detectable
comes down to us is open to question.

Finally, it has been shown that radio galaxy hot spots
can in fact accelerate protons to the required energies.
Herethe difficulty isto identify the single most important
source for the events at the highest energies. One idea,
originally suggested around 1960, has been to consider
the nearby radio galaxy M87. It has several advantages,
and also disadvantages: First, the main problem with this
notion is that the events do not show any clustering in di-
rection with the direction to M87, which isin the nearby
Virgo cluster, and so magnetic scattering or bending is
required. On the other hand, M87 clearly can accelerate
protons to the required energies, and in fact one needs
such protons to explain its nonthermal spectrum. Inter-
galactic magnetic fields and also the fields in our galactic
halo can bend and maybe even scatter the orbits of very
energetic charged particles. These intergal actic magnetic
fieldsclearly play thekey rolehere, and have not beenfully
understood.
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In conclusion, the origin of the events beyond the ex-
pected GZK cutoff remainsaunsolved problemin modern
high-energy physics.

VII. OUTLOOK

The origin of cosmic rays with observed particle energies
to 300 EeV remains an unsolved problem.

A number of efforts related to cosmic rays will surely
help our understanding:

¢ The determination of gammaray spectra and maps of
the Galaxy at high energy.

¢ Moreinformation on stellar evolution including
rotation and magnetic fields. Are massive stars all
converging to asmall set of final states, which
includes the magnetic field?

* The search to determine the strength and structure of
cosmic magnetic fields, both in the halo of galaxies
and in the web of the cosmological galaxy
distribution. Clearly thisisthe key to understand the
propagation of high-energy cosmic rays.

e The search for possible correlationsin arrival
directions of high-energy cosmic rayswith
astronomical sources. If there were such a subset of
events, it would provide very strong constraints on the
nature of the particles, as aready is the case with
some events near E€V energies. At higher energiesit
might provide new constraints on models for the
fundamental properties of particles.

Progress in our understanding of cosmic rays will be
mainly determined by much better data:

* Very accurate spectra, at low energies, such as how
available from the first AM S data.

¢ \ery accurate data on antimatter, positrons,
antiprotons, and antinuclei, also from AMS and
extended campaigns of balloon flights.

* Very accurate data on isotopic ratios, from a new
generation of balloon flights.

e Accurate chemical composition near the knee and
beyond.

e Accurate spectra, sky distribution, and information on
the nature of particlesin the three energy ranges from
the knee to the ankle, through the energy range from
3 EeV to 50 EeV, the expected GZK cutoff, and
beyond.

The search for the origin of cosmic rays promises to
remain at the focus of research in physics in the 21st
century.
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GLOSSARY

Background radiation Field quanta, either photons
or neutrinos, presumably created in an early high-
temperature phase of the universe. The photons last
interacted strongly with matter before the temperature
fell below 3000 K and electrons combined with nu-
clei to form neutral, transparent hydrogen and helium
atoms. Although shifted to the radio spectrum by the
expansion of the universe, this “light” has been mov-
ing independently since this decoupling (in the standard
model, ~700,000 years after the “big bang”), provid-
ing direct evidence of how different the universe was at
this early time from its appearance now. The measured
homogeneity and isotropy of the photon background
are very difficult to account for in models, such as the
“steady-state” theories, which avoid a “big bang.”

Black hole Region of space-time with so large a curva-
ture (gravitational field) that, classically, it prevents any
matter or radiation from leaving. The “one-way” sur-
face, which allows passage into the black hole but not
out, is called an event horizon. Black holes are com-
pletely characterized by their mass, charge, and angular
momentum.

Cosmological principle The assumption that at each mo-

ment of proper time an observer at any place in the uni-
verse would find the large-scale structure of surround-
ing matter and space the same as any other observer
(homogeneity) and appearing the same in all directions
(isotropy). Combined with the general theory of rela-
tivity, this forms the basis of the standard model in
cosmology. Observational evidence for the expansion
of the universe, combined with the principle of con-
servation of mass—energy, indicates that the large-scale
average density, though everywhere the same at a given
time, is decreasing as the universe evolves. The perfect
cosmological principle seeks to avoid a “big bang” by
asserting that the homogeneous and isotropic density
of matter at all points in space is also unchanging in
time. Such an assumption could be reconciled with an
expanding universe only by postulating the continuous
creation of matter and appears untenable in light of the
microwave background radiation.

Dark matter problem The discrepancy by approxi-

mately an order of magnitude between the ordinary
matter that is directly visible through astronomical ob-
servations and the mass inferred from dynamic the-
ory applied to the observed motions of galaxies and
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clusters of galaxies. The calculated average density is
roughly the critical value for a flat universe, which is
also strongly favored by “inflationary” particle physics
scenarios. Thus, various exotic forms of astronomical
objectsand elementary particles have been proposed to
account for the dark matter assumed present.

Doppler shift Changeinfrequency (or, inversely because
of invariant speed of propagation, wavelength) of radi-
ation dueto the relative motion of source and observer.
For motion purely along theline of sight, recessionim-
pliesincreased wavel ength (redshift) and approach im-
plies decreased wavel ength (blueshift), complicated by
nonlinear relativistic effects when the relative vel ocity
of source and observer isan appreciable fraction of the
velocity of light. Purely transverse motion is associated
with arelativistic and intrinsically nonlinear redshift.

Event Point in space at a moment of time. The general-
ization, in the four-dimensional space-time continuum
of relativity theory, of the concept of apoint in a space
as ageometric object of zero “size”

General theory of relativity Understanding of gravi-
tation invented by Albert Einstein as the curvature
of space-time, described mathematically as a four-
dimensional geometric manifold. His field equations
postulate the way in which the distribution of mass-
energy tells space-time how to curve and imply the
equations by which curved space-time tells mass-
energy how to move. With the cosmological principle,
it formsthe basis of the standard model in cosmology.

Nebula Latin for “cloud,” this old term in observational
astronomy refers to a confusing variety of extended
objects easily distinguished from the pointlike stars.
Somearenow knownto bedust or gascloudsassociated
with the births or deaths of starsin the Milky Way, but
others are galaxies far outside the Milky Way.

Perfect fluid Idealization of matter as continuous and
completely characterized by three functions of space-
time: mass-energy density, pressure, and temperature.
At each event, these functions are related through a
thermodynamic equation of state.

Proper time Measure of time by a standard clock in the
reference frame of a hypothetical observer. In describ-
ing periods in the evolution of the entire universe, the
reference frame is chosen as one that at each event is
comoving with the local expansion. The proper time
sincethe “big bang” singularity is called the age of the
universe.

Singularity Event or set of events at which some phys-
ical quantities that are generally measurable, such as
density and curvature (gravitational field), are calcu-
lated to have infinite values. It represents alimit to the
vaidity of afield theory.

Cosmology

COSMOLOGY as a scientific endeavor is the attempt to
construct acomprehensive model of the principal features
of material composition, geometric structure, and tem-
poral evolution of the entire physically observable uni-
verse. The primary tools of the modern cosmologist are
those of observational astronomy and theoretical physics.
Signals are gathered over a very broad range of wave-
lengths of the el ectromagneti ¢ spectrum, from radiowaves
collected by the 300-m-diameter dish at Arecibo, Puerto
Rico, through visible quanta recorded by charge-coupled
devices attached to the twin 10-m Keck telescopes atop
Mauna Kea, Hawaii, to y rays detected by instruments
orhiting above the earth’satmosphere. In recent years, ex-
periments in particle physics have become increasingly
relevant to cosmological questions. Examples include
measurements of the solar neutrino flux which challenge
our understanding of energy generation in the stars and
attempts to detect the superpartners, axions, strings, and
other exotic objects predicted by various models in high-
energy physicsand possible solutionsto the missing-mass
problem.

The standard theoretical model in cosmology for the
past several decades has been based on Einstein’s general
theory of relativity, supplemented by assumptions about
the homogeneity and isotropy of space-time, and data
from spectroscopy, consistent with understanding gained
from nuclear physics, about the distribution of ordinary
matter among various species. Recently, progress in un-
derstanding the early universe has been made by fusing
this theory with the standard SU (3)c x SU(2). x U(D)y
model in particle physics, which seems to describe very
accurately the interactions of quarks and leptons at ener-
giesupto~2 x 10° GeV, thecurrent limit of terrestrial ac-
celerators. Traditional analytical techniquesof thetheorist
arenow often supplemented by theraw-number-crunching
power of increasingly rapid and sophisticated computers,
especially in applicationsto otherwiseintractable cal cula-
tionsinvolving real or specul ative space-timesor quantum
fields. Further synthesisisclearly dependent on continued
advances in observational astronomy, high-energy exper-
imentation, and theoretical physics.

Research in cosmology is subject to one obvious but
fundamental limitation that no other field of scientific in-
quiry shares. By definition, thereisonly one entire physi-
cal reality that we can observe and attempt to understand.
Sincewe cannot acquiredatafrom outsideal this, itisim-
possiblein principleto perform acontrolled experiment to
test atruly comprehensive theory of the cosmos. The best
we can hopefor are ever morerefined models, constrained
by data from increasingly diverse observational sources,
which become more broadly successful aswe continueto
measure and to think.
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I. ISSUES FROM PRESCIENTIFIC
INQUIRIES

A. Philosophical Speculations and Myths

Cosmological thought recorded in diverse cultures dur-
ing past millennia displays a continued fascination with
arelatively small number of fundamental questions about
the physical universe and our place within it. Many at-
tempts to provide satisfying answers have been made,
It is not appropriate to present here a comparative sur-
vey of the myriad world views that have been proposed,
but there is value in understanding those issues raised by
early thought that are still at the core of modern scientific
cosmology.

Logically, the first issue is that of order versus chaos.
Indeed, the word cosmology implies an affirmative an-
swer to the question of whether the totality of physical
experience can be comprehended in ameaningful pattern.
We should be aware, however, that adherents of the view
that natureisfundamentally inscrutable or capricioushave
presented their arguments in many cultures throughout
recorded history.

Is matter everywhere in the universe of the same type
as that which is familiar to us on earth, or are there some
distinctively “celestial” substances? Specul ationsfavoring
one view or the other have been stated with assurance as
long as humans have engaged in intellectual debate.

Is the space of the universe finite or infinite, bounded
or unbounded? To this, also, pure thought unfettered by
empirical evidence has, in many places and times, offered
dogmatic pronouncements on either side. The logical in-
dependence between the issues of finiteness and bound-
edness was not fully clarified until the invention of non-
Euclidean geometricsin the nineteenth century. Thus, we
now see that the opening question of this paragraph actu-
aly comprises two distinct but related questions. Of the
issues discussed in this section, this is perhaps the only
one in which progress in pure thought has raised ques-
tions not addressed by ancient philosophers and myth
makers.

Is the universe immutable in its total structure, or does
it evolve with the passage of cosmic time? If the latter,
did it have a creation in time, or has it always existed?
Similarly, will achanging cosmos continueforever, or will
there be an end to timethat we can experience? Such ques-
tions have sometimes been distinguished from the struc-
tural questions of cosmology and said to be of a different
order called cosmogony. We shall see that in scientific
cosmology such a separation is artificial and unproduc-
tive. Indeed, al the questions posed in this section are, in
all current scientific models, inextricably interrel ated.
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B. Value of Some Early Questions

All modern science is predicated on the philosophical
assumption that its subject is comprehensible. Although
even Albert Einstein remarked that this is the most in-
comprehensible thing about the universe, it is difficult to
see how this can be a question for scientific debate. The
presumption of discoverable regularities, not meaningless
chaos, is a necessary underpinning of any scientific en-
deavor. Although twentieth-century quantum mechanics
hascompelled reappraisal of earlier determinism, thework
of physicistsisfounded upon belief in objective laws cor-
relating observations of natural phenomenaand confirmed
by successful predictions.

Philosophical speculationsin earlier agesabout the sub-
stance of the cosmos often assumed an insurmountable
qualitative distinction between the “stuff” of terrestrial
experience and the matter of the celestial spheres. The
heginnings of modern science included an explicit rejec-
tion of thisview in favor of onein which all the matter of
the universeis of fundamentally the same type, subject to
lawsthat holdin all placesand at all times. It isinteresting
that some recently proposed solutions to the dark matter
problem in astrophysics suggest that the vast majority of
the matter of the universe may be in one or more exotic
formsthat are predicted by elementary particle theory but
for which we do not yet have experimental evidence. This
is not areturn to prescientific notions. It is still assumed
that, no matter what the substance of theuniverse, al phys-
ical reality is subject to one set of laws. Most important,
it is assumed that such laws can be discovered with the
aid of data obtained from terrestrial experiments as well
as astronomical observations.

Although most early cosmol ogistsimagined afinite and
bounded universe, somethinkers (e.g., the Greek philoso-
pher Democritus in the fifth century B.C.) argued elo-
quently for an infinite and unbounded expanse of space.
Until the latter part of the nineteenth century, however, a
finite space was presumed synonymous with a bounded
one. The non-Euclidean geometries of Riemann, Gauss,
and L obachevsky first presented the separation of the ques-
tions of extension and boundedness in the form of logi-
cally possible examples amenable to mathematical study.
Originally, generalizationsof thetheorem of Pythagorasto
curved spaces assumed that the square of the distance be-
tween two distinct pointsisgreater than zero, described by
a positive definite metric tensor. In relativity theory, time
istreated as an additional “geometric” dimension, distin-
guished by the fact that the square of theinterval between
two events may be a quantity of either sign (depending on
whether there is aframe of reference in which they are at
the same place at different timesor aframe of referencein
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whichthey are at different places at the sametime) or zero
(if they can berelated only by the passage of asignal at the
speed of light). Gravitation isunderstood to betherelation
between the curvature of space-time and the mass-energy
contained and moving within it. Modern research on the
asymptotic structure of space-timesis based on the anal-
ysis of four-dimensional geometries of indefinite metric
within the framework of relativistic gravitational theory.
All viable models consistent with minimal assumptions
about our lack of privileged position describe spaces that
are without a boundary surface at each moment of time,
although some are finite in volume.

Mythsof creation, whether based on purely philosophi-
cal speculationsor carrying the authority or religious con-
viction, are commonplace in amost al cultures of which
we have any knowledge. Some supposethebirth of astatic
universe in a past instant, but most describe a process of
formation or evolution of the cosmos into its present ap-
pearance. In many eras, some individuals or groups have
championed an eternal universe. Most of these models
of the universe are static or cyclic, but occasionally they
represent nature with infinite change, never repeating but
with no beginning. In earlier times, a beginning in time
was almost always taken to imply finiteness in a bounded
space. The new geometries mentioned earlier have made
possible serious consideration of a universe that began at
adefinite moment in the past, is not bounded in space, and
may befinite or infinitein extent. The question of whether
there will be an end to time or whether there will be eter-
nal evolutionisintimately related to the question of finite
or infinite spatial extent in these models. At present, the
empirical evidence about whether time will end isincon-
clusive. The “inflationary scenarios” that are currently in
vogue favor auniverse remarkably closeto the marginally
infiniteand thus eternally unwinding “asymptotically flat”
model, but allow the possibility of aminiscule difference
from flatness of either sign, resulting in ultimate closure
or eternal expansion. Although the observed density of
visible matter appears much too small to halt the present
expansion, there are numerous hypothetical candidatesfor
the dark matter.

Il. ORIGINS OF MODERN COSMOLOGY
IN SCIENCE

A. Copernican Solar System

Centuries before the Christian era, several Greek philoso-
phers had proposed heliocentric models to coordinate the
observed motions of the sun, moon, and planetsinrelation
to the “fixed” stars. However, the computational method
of Alexandrian astronomer Claudius Ptolemy which he
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developed during the second century A.D. using a struc-
ture of equantsand epicyclesbased on the earth asthe only
immovable point also made successful predictions of ap-
parent motions. Although additional epicycles had to be
added from time to time to accommodate the increasingly
precise observations of later generations, this system be-
came dominant in the Western world. Its assumption of a
dichotomy between terrestrial experience and the laws of
the “celestial spheres” stifled fundamental progress until
the middle of the sixteenth century. In 1543, the Polish
cleric Mikolg Kopernik, better known by the Latin form
of his name, Nicholas Copernicus, cleared the way for
modern astronomy with the publication of De Revolution-
ibus Orbium Coelestium (Concerning the Revolutions of
the Celestial Worlds). Appearingin hislast year, thiswork
summarized the observations of alifetime and presented
logical arguments for the simplicity to be gained by an
analysis based on the sun as a fixed point.

More important, this successful return to the heliocen-
tric view encouraged the attitude that a universal set of
laws governs the earth and the sky. In the generations
following Copernicus, the formulation of physical laws
and their empirical testing were undertaken in a manner
unprecedented in history: Modern science had begun. The
Dane Tycho Brahe observed planetary orbitsto an angular
precision of 1 arc min. The German Johannes Kepler used
Brahe’s voluminous and accurate data to formulate three
simplebut fundamental lawsof planetary motion. Theltal-
ian Galileo Galilei performed pioneering experiments in
mechanics and introduced the use of optical telescopesin
astronomy. From these beginnings, ascientific approachto
the cosmological questionsthat humanity had been asking
throughout its history developed.

B. Newtonian Dynamics and Gravitation

Thefirst great conceptual synthesisin modern sciencewas
the creation of a system of mechanics and a law of grav-
itation by the English physicist |saac Newton, published
in his Principia (Mathematical Principles of Natural Phi-
losophy) of 1687. His “system of the world” was based
on a universal attraction between any two point objects
described by aforce on each, along the line joining them,
directly proportional to the product of their massesand in-
versely proportional to the sguare of the distance between
them. He also presented the differential and integral cal-
culus, mathematical tools that became indispensable to
theoretical science.

Onthisfoundation, Newton derived and generalized the
laws of Kepler, showing that orbits could be conic sections
other than ellipses. Nonperiodic comets are well-known
examples of objects with parabolic or hyperbolic orbits.
The constant in Kepler’s third law, relating the squares
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of orbital periods to the cubes of semimajor axes, was
found to depend on the sum of the masses of the bodies
attracting one another. This was basic to determining the
masses of numerous stars, in units of the mass of the sun,
through observations of binaries. As Cavendish balance
experiments provided an independent numerical valuefor
the constant in the law of gravitation, stellar masses in
kilograms could be cal culated. L ater, analysis of observed
perturbations in planetary motions led to the prediction
of previously unseen planetsin our solar system. Studies
of the stability of three bodies moving under their mutual
gravitational influence led to the discovery of two clusters
of asteroids sharing the orbit of Jupiter around the sun.
These successes fostered confidence in the view of one
boundless Euclidean space, the preferred inertial frame
of reference, as the best arena for the description of all
physical activity. Lacking direct evidence to the contrary,
theoretical cosmologists at first assumed that the space of
the universe was filled, on the largest scales, with matter
distributed uniformly and of unchanging density. Analysis
soon disclosed that Newtonian mechanics implied insta-
bility to gravitational collapse into clumpsfor aninitialy
homogeneous and static universe. This stimulated the ob-
servational quest for knowledge of the present structure
of the cosmos outside the solar system.

C. Technology of Observational Astronomy

Galileo’sfirst telescopeshad reveal ed many previously un-
seen stars, particularly inthe Milky Way, wherethey could
resolve numerousindividual images. Based on elementary
observations and careful reasoning, the ancient concept of
asphere of fixed stars centered on the earth had been sup-
planted by a potentialy infinite universe with the earth
at aposition of no particular distinction. Further progress
in understanding the distribution of matter in space was
dependent on actual measurements of the distances to the
stars. The concept of stellar parallax, variation in the ap-
parent angular positions of nearby starsin relation to more
distant stars as seen from earth at various pointsin its or-
bit around the sun, became useful when the observational
precision of stellar location surpassed the level of 1 arc
sec. An important contribution was the development of
the micrometer, first used by William Gascoigne, later in-
dependently by Christiaan Huygens, and systematically
appearing in the telescope sights of Jean Picard and others
after the latter part of the seventeenth century. The first
parallax measurements were reported by Bessel in Ger-
many, Henderson in South Africa, and Struve in Russia,
in rapid succession in 1838 and 1839. By 1890, distances
were known for nearly 100 stars in the immediate neigh-
borhood of the sun, and the limits of the trigonometric
parallax approach (~100 parsec, based on limits to the
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useful size of an optical telescope looking through the
earth’s atmosphere) were being approached.

As long as sufficient light can be gathered from a star
to be dispersed for the study of its spectrum, much can be
learned about it evenif oneisnot certain how far away it is.
Spectroscopic studies of stars other than the sun were first
undertaken by William Huggins and Angelo Secchi in the
early 1860s. In 1868, Huggins announced the measure-
ment of a Doppler redshift in the lines of Siriusindicating
arecession velocity of 47 km/sec, and Secchi published a
catalog of 4000 stars divided into four classes according
to the appearance of their spectra. The introduction of the
objective prism by E. C. Pickering in 1885 tremendously
increased therate at which spectracould be obtained. The
publication of the Draper catalogs in the 1890s, based
on the spectral classification developed by Pickering and
Antonia Maury, provided the data that led to the rise of
stellar astrophysics in the twentieth century.

D. Viewing the Island Universe

Some hazy patches among the fixed stars, such as the
Andromeda nebula or the Magellanic Clouds, are clearly
visible to the unaided human eye. When Galileo observed
the band called the Milky Way through his telescope
and was surprised to find it resolved into a huge number
of faint stars, he concluded that most nebul osities were
composed of stars. Early in the eighteenth century, the
Swedish philosopher Emanuel Swedenborg described the
Milky Way as a rotating spherical assembly of stars and
suggested that the universe was filled with such spheres.
TheEnglish mathematician and instrument maker Thomas
Wright also considered the Milky Way to be one among
many but supposed its shape to be a vast disk contain-
ing concentric rings of stars. By 1855, Immanuel Kant
had further developed the disk model of the Milky Way
by applying Newtonian mechanics, explaining its shape
through rotation. He assumed that the nebulae are similar
“island universes.”

Early in the nineteenth century, however, William
Herschel discovered the planetary nebulag, stars in as-
sociation with true nebulosities. This reinforced a possi-
ble interpretation of nebulae as planetary systems in the
making, in agreement with the theory of the origin of
the solar system developed by Pierre Simon de Laplace.
John Herschel’s observations of 2500 additional nebu-
lae, published in 1847, emphasized that they were mostly
distributed away from the galactic plane. The “zone of
avoidance” was used by some to argue for the physical
association of the nebulae with the Milky Way. (It is now
known that dust and gas in the plane of the galaxy dimin-
ish theintensity of light passing through it, whether from
sources inside it or beyond.) In 1864, Huggins studied
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the Orion nebula and found it to display a bright line
spectrum similar to that of a hot gas. Also, photographs
of Orion and the Crab nebula did not show resolution
into individua stars. As the twentieth century began, the
question of the nebulae was intricately linked with that
of the structure of the Milky Way. The size of nebu-
lae was dtill quite uncertain in the absence of any reli-
able distance indicators, but most astronomers believed
the evidence favored considering the nebulae part of the
Milky Way, thusreducing the universeto thisoneisland of
stars.

lll. REVOLUTIONS OF THE
TWENTIETH CENTURY

A. New Theoretical Models

The two great conceptual advances of theoretical physics
in the twentieth century, relativity and quantum mechan-
ics, have had profound implications for cosmology. The
general theory of relativity providesthebasisfor theevol v-
ing space-time of the now standard model, and fundamen-
tal particle identities and interactions are keys to under-
standing the composition of matter in the universe.

In 1905, Albert Einstein established the foundations of
the special theory of relativity, which connects measure-
ments of space and time for observersin all possible in-
ertial frames of reference. He devoted the next decade to
developing anatural way of including observersin acceler-
ated frames of reference, using asafundamental principle
the fact that all test masses undergo the same acceleration
inagiven gravitational field. Theresult wasEinstein’sthe-
ory of space-time and gravitation, the general theory of
relativity (GTR), completed in 1916. It was immediately
apparent that the GTR would have a substantial impact
on cosmological questions. Although many model space-
times have been studied in the GTR, in 1922 Alexander
Friedmann showed that the assumptions of spatial ho-
mogeneity and isotropy can be embodied in only three.
They are presented here in the modern notation of the
Robertson-Walker metric with the choice of units com-
monly used in theoretical research. Theintimate relation-
ship of space and time in relativistic theories is recog-
nized through units of measure in which the speed of light
is numerically 1, eliminating the letter ¢ representing its
value in units such as those of SI. We may think of the
units as geometrized (e.g., time measured in meters) or
chronometrized (e.g., length measured in seconds), where
1 sec=299, 792, 458 m (exactly, by definition).

The invariant element of separation ds between two
neighboring events in a homogeneous and isotropic
universe can be expressed by:
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ds? = —dt? 4 R[dr2/(1—kr?)+r?(d6? + sin6 d¢?)]

D
where R(t) is the scale factor that evolves with cosmic
time and k is the curvature constant, which may be pos-
itive, negative, or zero. The invariant separation depends
on k only through the pure number kr2, wherer is a co-
moving space coordinate, for which matter is locally at
rest. Without loss in generality, we may choose k (and
hence also r) dimensionless and set the scale of r so that
kis+1, —1, or 0. Although R carries the units of spatia
length, it is not possible to interpret it as a “radius of the
universe” if k is not positive, since the volume of amodel
withk=0or k= —1isinfinite.

To ensure that the physics is described in a manner in-
dependent of arbitrary choices, it is useful to introduce
the scale change rate, also known as the Hubble parame-
ter, defined as H = (dR/dt)/R. Since H has dimensions
of velocity divided by length, 1/H isacharacteristic time
for evolution of the model. For an expanding empty uni-
verse, 1/H would be the time since the beginning of the
expansion. Assuming that the distribution of matter on a
large scale can be described in terms of a perfect fluid of
total density p and pressure p, the coupled evolution of
space-time and matter in the GTR are determined by the
Friedmann equations,
H2=87Gp/3—k/R> and d(pR®)=—pd(R®

2

where G is the Newtonian gravitational constant. (Note
that theterm density can betaken aseither massper volume
or energy per volume in unitswherec=1.)

Although the GTR implies that a homogeneous and
isotropic space generally expands or contracts, at thetime
the theory was formulated the common presumption held
that the real universe was static. Thisled Einstein to mod-
ify his original simple theory by introducing a “cosmo-
logical term” into the field equations. The “cosmological
constant™ in this term was chosen to ensure a stable static
solution. When the evidence for an expanding universe
became apparent in the next decade, Einstein dropped
consideration of this additional term, calling its introduc-
tion the biggest blunder of his career. We shall leave it
out of the presentation in this section but later remark
on recent motivations for a possible reinstatement of the
cosmological constant with a value other than that which
makesthe universe static. Thus, there are only three possi-
ble homogeneous and isotropic universesin the GTR, the
Friedmann models. In view of Eq. (2), which determines
the evolution of the Hubble parameter, the curvature con-
stant can be positive only if the density exceeds the value
pait=3H2/87 G. Thus, an expanding universe in which
k =41 must halt its growth and begin to collapse before
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its mean density drops below this critical value. Such a
space-timeis finite in volume at each moment but has no
boundary. While this model is expanding, the Robertson-
Walker coordinate time since the expansion began is less
than 2/3H, depending on how much the density exceeds
the critical value. The classical GTR implies that a finite
proper time passes between its beginning in a singular-
ity of zero volume and its return to such a singularity.
(However, Charles Misner has argued that a logarithmic
time scale based on the volume of the universe is more
appropriate as a measure of possible change that may
occur, giving even this closed cosmology a potentially
“infinite” future and past.) If the density is less than the
critical value, space-time has negative curvature and will
have a positive velocity of expansion into the infinite fu-
ture of proper time, when H approaches zero. The time
since expansion began is greater than 2/3H, depending
on how much the density is less than the critical value,
but never exceeds 1/H. Although such an open universe
still had a beginning in proper time at a singularity, its
volumeisawaysinfinite and it contains an infinite mass-
energy. If the density precisely equals the critical value,
then the curvature vanishes. Such a flat universe has been
expanding for atime 2/3H, it has infinite mass-energy
in an infinite volume described by Euclidean geometry at
each moment, and its expansion velocity as well as Hub-
ble parameter will approach zero asymptotically as proper
time in comoving coordinates continues toward the infi-
nite future. Which of these three models best describes
the universe we inhabit is an empirical as well as theo-
retical question that remains central to current research in
cosmol ogy.

B. New Observational Evidence

Beginninginthelate 1920s, Vesto Slipher, Edwin Hubble,
and Milton Humason used the Hooker telescope at Mt.
Wilson, California, then the largest optical instrument in
theworld, to measure Doppler shiftsin the spectraof neb-
ulae that they realized were outside the Milky Way. Con-
vincing reports of arelationship between recession veloci-
ties v deduced from Doppler redshiftsand estimates of the
distances d to these galaxies were published in 1929 and
1931. Hubble pointed out that the velocities, in kilome-
tersper second, weredirectly proportional to thedistances,
in megaparsecs (1 Mpc = 3.08 x 10'° km). The observa-
tional relationis‘‘smooth” only when the distancesconsid-
eredareat least of theorder of afew megaparsecs, allowing
the averaging of the distribution of galaxiesto produce an
approximately homogeneous and isotropic density. Since
theratiov/d isclearly the current value of the scale change
rate H in a Friedmann universe, this was the first obser-
vationa evidence in support of GTR cosmology.
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The parameter H was at first called the Hubble con-
stant but is now recognized as a misnomer, because the
early data did not extend far enough into space to cor-
respond to looking back over a sustantia fraction of the
time since the expansion began. Hubble’s initial value of
H was so large that the time scale for expansion derived
from it was substantially less than geological estimates
of the age of the earth, ~4.7 x 10° years. Subsequently,
the numerical value of the Hubble parameter has under-
gone several revisions due to reevaluations of the cosmic
distance scale, yielding a universe older than originally
supposed and thus a much larger volume from which sig-
nals at the speed of light can be observed at our position.
Allowing for present uncertainties, H is now believed to
be between 50 and 80 (km/sec)/Mpc. Thus, the time scale
of the cosmic expansion, 1/H, is between approximately
1.2 and 2 x 10'° years.

When early large values of the Hubble parameter were
in conflict with geological and astrophysical estimates of
theage of the solar system, it was suggested that thesimple
GTR cosmol ogiesmight not beviable. One solutionwasto
reinstate the cosmological constant, not to halt the univer-
sal expansion but merely to slow it down in a “coasting”
phase. Recently, some observations of supernovae sug-
gest an extragalactic distance scale with H greater than
70 (km/sec)/Mpc. If we accept this and also believe that
stellar evolutionary theory is sufficiently established to
yield precise ages of globular cluster stars in excess of
1.3 x 10'° years, then invoking a nonzero cosmological
constant would be a way of avoiding the unacceptable
conclusion that the universe contains stars older than its
expansion time. Models studied by George Lemaitre and
others after 1927 often had unusual features, such as a
closed space of positive curvature that could continue ex-
panding for an infinite proper time. A more radical idea,
which had other motivations aswell, was to abandon con-
servation of energy in favor of a““steady-state” cosmology
based on the continuous creation of matter throughout an
infinite past. In such a theory, introduced by Hermann
Bondi, Thomas Gold, and Fred Hoyle in 1948, thereisno
initial singularity, or “big bang,” to mark the beginning
of the expansion. In 1956, George Gamow predicted that
aresidual electromagnetic radiation at a temperature of
only afew kelvins should fill “empty” space as arelic of
thehigh temperaturesat which primordial nucleosynthesis
occurred soon after theinitial singularity inaGTR cosmol-
ogy. In 1965, engineers Arno Penzias and Robert Wilson
detected a microwave background coming from all direc-
tions in space into a communications antenna they had
designed and built for Bell Laboratoriesin Holmdel, New
Jersey. Cosmologists Robert Dicke and P. J. E. Peebles
a nearby Princeton quickly explained the significance of
this 2.7 K blackbody spectrum to them and thus dealt a
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severe blow to the viability of any cosmological model
that avoids a “hot big bang.”

A direct determination of whether the universe is spa-
tially closed or open would necessitate precisely measur-
ing density over volumes of many cubic megaparsecs,
detecting the sign of departures from Euclidean geom-
etry in an accurate galactic census over distances exceed-
ing several tens of megaparsecs, or finding the change in
the Hubble parameter associated with looking back to-
ward the beginning over distances exceeding several hun-
dred megaparsecs. Unfortunately, these conceptually sim-
ple observations appear to be somewhat beyond the scope
of our present technology. However, there are various in-
direct ways to estimate, or at least place bounds on, the
present mean density of the cosmos. To eliminate the in-
fluence of uncertainties in the Hubble parameter on the
precise value of the critical density, it is now common to
describe the resulting estimates or bounds in terms of the
dimensionless quantity 2 = p/ pqit. Clearly, 2 > 1 corre-
sponds to a closed, finite universe and 2 < 1 corresponds
to an infinite universe. On the basis of the amount of ordi-
nary visible matter observed as stars and clouds in galax-
ies, weconcludethat ©2 > 0.01. Requiring the present den-
sity to below enough so that the age of the universe (which
dependsinversely on H and, through amonotonically de-
creasing function, on 2) is at least as great as that of the
oldest stars observed, estimated to be 10'° years, yields
an upper bound 2 < 3.2. Of theinfinite range of conceiv-
ablevalues, it is quite remarkabl e that the universe can so
easily be shown to be nearly “flat.” Further evidence and
theoretical insight suggest that near coincidence (within
one or two powers of 10) of the density and the critical
density is not an accident.

The most severe constraints on the contribution of or-
dinary matter to © presently come from demanding that
primordial synthesis of nuclei during the “hot big bang”
of a standard Friedmann model produces abundance ra-
tios in agreement with those deduced from observation.
In nuclear astrophysics, it is customary to specify tem-
peraturesin energy unitswhich correspondsto setting the
Boltzmann constant equal to 1. Thus, the relation between
the megael ectronvolt of energy and the kelvin of absolute
temperatureis

1MeV = 1.1605 x 10'° K

Primordial nucleosynthesis models are based on the as-
sumption that the temperature of the universe was once
higher than 10 MeV, so that complex nuclei initially could
not exist as stable structures but were formed in, and sur-
vived from, a brief interval as the universe expanded and
cooled to temperatures of lessthan 0.1 MeV, below which
nucleosynthesis does not occur. Computing all relevant
nuclear reactions throughout this temperature range to

Cosmology

determine the final products is a formidable undertaking.
Of the various programs written since Gamow suggested
the idea of primordial nucleosynthesis in 1946, the one
published by Robert Wagoner in 1973 has become the ac-
cepted standard. With updates of reaction rates by several
groups sincethen, the numerical accuracy of the predicted
abundancesis now believed to be ~1%. Since the weakly
bound deuteron is difficult to produce in stars and eas-
ily destroyed there, its abundance, 1 x 10~° relative to
protons as determined in solar system studies and from
ultraviol et absorption measurementsin thelocal interstel-
lar medium, is generally accepted as providing a lower
bound to its primordial abundance and hence an upper
bound of 0.19 to the contribution of baryonsto 2. Anal-
ogous arguments may be applied to establishing a con-
cordance between predicted and observed abundances of
3He, “He, and ’Li, the only other isotopes calculated to
be produced in significant amounts during this primor-
dia epoch. Theresulting constraint on the contribution of
baryonsto thecritical density, 0.010 < Qg < 0.080, shows
clearly that baryons alone cannot close the universe. Of
course, this does not eliminate the possibility that the uni-
verse may have positive curvature due to the presence of
less conventional forms of as yet unseen matter.

IV. UNSOLVED CLASSICAL PROBLEMS

A. Finite or Infinite Space

Although concordance between the standard model and
observed nuclear abundanceslimitsbaryon density to well
below the critical value needed for closure of aFriedmann
universe, the question of finite or infinite space remains
observationally undecided owing to other complications.
In principle, it should be possible to determine the cur-
vature constant k by direct measurement of the deviation
from Hubble’s simple linear relationship between veloc-
ity and distance. Unfortunately, substantial deviation is
not expected, until sources at distances of the order of
1/H are studied, and galaxies are too faint to have their
spectrameasured adequately at such distances by present
technology. Furthermore, observing galaxies at such dis-
tances implies seeing them at earlier times, and estimates
of their distance could be subject to systematic errors due
to unknown evolution of galactic luminosity.

Since the discovery of quasars by Maarten Schmidt
at the Palomar Observatory in 1963, cosmologists have
hoped that these most distant observed objects could be
used to extend the Hubble relationship to the nonlinear
regime and decide the sign of the curvature. Quasars are
now known with spectral featuresup to 6.0 timestheir ter-
restrial wavelengths, corresponding to Doppler recession
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velocities up to 96% of the speed of light, placing them
at substantial fractions of the distance from usto the hori-
zon of the observable universe. However, uncertaintiesin
estimating very large distances in the universe due to in-
sufficient understanding of the evolution of galaxies, not
to mention the structure of quasars, have prevented un-
ambiguous determination of the sign of the curvature. In
fact, Hubble’s law is till used to estimate distances to
the quasars, rather than they being used to determine both
distance and redshift and thus test their relationship. The
question of whether space is finite or infinite remains un-
resolved by observation at thistime.

B. Eternal Expansion or an End to Time

In the Friedmann cosmologies of the GTR, afinite space
implies an end to proper time in the future, but this is
not required in some nonstandard models. Assuming the
Robertson-Walker form of the metric for ahomogeneous
and isotropic space-time, it is convenient to discuss the
future evolution of any such expanding universe in terms
of adimensionless deceleration parameter, defined as:

q = —R(d?R/dt?)/(dR/dt)?

Throughout most of its history, the dynamics of the uni-
verse have been dominated by matter in which the average
energy density isvery much greater than the pressure. Ne-
glecting the pressure of nongravitational fields, space will
reverse its expansion and collapse in finite proper time if
and only if q > % From the Friedmann equation for the
Hubble parameter, it is easy to show that q=/2 in a
space-time described by the GTR with zero cosmological
constant. In nonstandard models, the deceleration param-
eter depends on the density, the cosmological constant,
and the Hubble parameter in more complicated ways. For
some choices of cosmological constant, it iseven possible
to have an accelerating universe (q < 0) with a positive
density. However, a cosmological constant whose mag-
nitude substantially exceeded the critical energy density
would produce detectable local effects that are not ob-
served. Thus, we can conclude that a sufficiently large
density must imply an end to time.

Applications of the virial theorem of Newtonian me-
chanics to galactic rotation and the dynamics of clusters
indicate that masses often exceed those inferred from vis-
ible light by about an order of magnitude. Such results
push at the upper bound of the baryon density inferred
from nucleosynthesis but are still far short of supporting
q> % However, if only one-tenth of the ordinary matter
in galaxies and clusters may bevisibleto us, isit not pos-
sible that there exists mass-energy, in as yet undetected
forms or places, of sufficient quantity to produce deceler-
ation exceeding the critical value? Primordial black holes,
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formed beforethetemperature of the universe had dropped
to 10 MeV, would not interfere with nucleosynthesis in
the standard model but could substantially increase the
vaue of Q. (Noticethat black holes due to the collapse of
stars are made of matter that contributed to Qg during the
time of primordial nucleosynthesisand thusarelimited by
the nuclear abundance data.) Calculations of the primor-
dial black hole mass spectrum, such as those by Bernard
Carr, have demonstrated that present observational data
areinsufficient to decide whether the contribution of black
holesto the density will reverse expansion. More conven-
tional astronomical candidates for the dark matter includ-
ing brown dwarfs (examples have been detected in the
halo of the Milky Way through gravitational lensing) and
dead (radio-quiet) pulsars (almost certain to exist but not
as yet detected) are unfortunately constrained by the nu-
cleosynthesis limits on baryon density. Some speculative
ideas in high-energy particle physics present other exotic
candidates for dark matter that may dominate the gravita-
tional dynamics of the universe asawhole. Theseinclude
massive neutrinos (although observations of e ectron neu-
trinos from SN1987A [Supernova Shelton] constrain the
electron neutrino mass to probably less than 10 eV, tau
and mu neutrinos could be heavier), the axions required
to banish divergences in grand unified theories (GUTS)
(as yet undetected), and the supersymmetric partners of
al known fermions and bosons (none yet found experi-
mentally). Empirically, whether there will be an end to
time remains an unresolved question.

C. Observations and Significance
of Large-Scale Structure

The measured homogeneity and isotropy of the cosmic
microwave background radiation temperature (AT/T ~
1079) is strong evidence that the observable universe is
rather precisely homogeneous and isotropic on the largest
scale(1/H is~3000 Mpc). However, itiswell known that
ononly slightly smaller scales, upto 120 M pc, theuniverse
today is very inhomogeneous, consisting of stars, galax-
ies, and clusters of galaxies. For example, the variation
in density divided by the average density of the universe,
8p/p, is of the order of 10° for galaxies. The density of
visible matter in large “voids” recently discovered istyp-
ically less than average by about one order of magnitude.
Since gravitational instability tends to enhance any inho-
mogeneity as time goes on, the difficulty is not in cre-
ating inhomogeneity but rather in deviating from perfect
homogeneity at early times in just the way that can ac-
count for the structural length scales, mass spectra, and
inferred presence of dark matter that are so obviousin the
universe today. Opinions about the structure of the uni-
verse a early times have run the gamut from Misner’s
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chaotic “mixmaster” to Peebles’s quite precisely homo-
geneous and isotropic space-times. Theissue of theorigin
of structure in the universe on the largest scales remains
unresolved, because conflicting scenarios that adequately
account for galaxies and clusters can involve so many tun-
able parameters that it is difficult to distinguish among
competing models observationaly.

The three-dimensional map of more than 1.1 x 10*
galaxies within a sphere of diameter 400 Mpc centered
on the Milky Way, created by Huchra and Geller on the
basis of more than 5 years’ data gathered with an earth-
bound telescope comparable in aperture to the Hubble
Space Telescope (HST returneditsfirstimagesMay 1990),
shows voids and filamentary structures on scales up to
about 120 Mpc. They strain “top down” scenarios of the
evolution of cosmic structure, since it is difficult to have
gravitationally bound structures so large which “later”
fragmented to form quasars when the universe was less
than 7% of its present age. Advocatesof such pictureshave
questioned the statistical significance of asample only on
the order of 10~ of the galaxies within our horizon. The
HST, despiteinitial difficultiesin forming optimally sharp
images (corrected in 1993), has gathered spectraof asam-
plefrom roughly an order of magnitude deeper into space
(implying roughly 10° timesasmany gal axies). Combined
with evidence of galaxy formation at early times visible
in the Hubble deep fields, this enlarged sample supports
a two-component model of structure formation. Hot dark
matter provides a gravitational field which fragments on
the large scale of galaxy clusters, while cold dark matter
pockets act as seeds for the concurrent formation of sub-
unitsof galaxies. HST will spend part of itsremaining life
in orbit further improving statistics to refine the interpre-
tation of an enlarged sample. It might finally gather data
that might unravel the contributions of galactic evolution
from that of the cosmological deceleration to the redshift-
distance relation of the most distant active galaxies and
quasars.

D. Viability of Nonstandard Models

The assumption that the universe is homogeneous and
isotropic on a sufficiently large scale has been called
the cosmological principle. This principle, applied to the
Riemannian geometry of space-time using the methods of
group theory, leads to the Robertson-Walker form of the
invariant separation between events. This mathematically
elegant foundation for theoretical cosmology is indepen-
dent of aparticular choice of gravitationa field equations.
However, the evolution of the scale factor and the rela-
tion of the curvature constant to the matter distribution
are, of course, intimately related to the structure of the
gravitational theory that is assumed.
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Previous mention was made of thelogical possibility of
complicating the egquations of the GTR by introducing a
cosmological constant. Though hints of apossible conflict
between ages of galactic halo stars and the Hubble time
might be resolved by a nonzero cosmological constant,
there is abundant evidence that it cannot be significantly
larger than the critical density. Attemptsto derive avalue
from quantum theories of fundamental interactions yield
estimates too large by many orders of magnitude. This
embarrassing failure leaves advocates of a cosmological
constant only the unpleasant option of arbitrarily adjusting
it to asuitable small value. Critics then ask why it should
not be chosen to vanish exactly.

Numerous alternatives to the GTR consistent with the
special theory of relativity have been proposed. Some may
be eliminated from further consideration by noncosmo-
logical tests of gravitational theory. For example, theories
based on aspace-time metric that isconformally flat, such
as that published by Gunnar Nordstrom in 1912, are un-
tenable because they fail to predict the deflection of light
raysin the gravitational field of the sun, first measured by
Dyson, Eddington, and Davidson during a solar eclipse
in 1919. Others, such as the scalar—tensor theory pub-
lished by Carl Brans and Robert Dicke in 1961, may be
made consistent with current observational data by suit-
ableadjustment of aparameter. Their cosmological conse-
guences present distinct challenges to the standard model
for some times during the evolution of the universe. How-
ever, sufficiently close to singularities, the predictions of
most such theories become indistinguishable from those
of the GTR. For example, in 1971 Dykla, Thorne, and
Hawking showed that gravitational collapsein the Brans-
Dicketheory inevitably leadsto the ““black hol€” solutions
of the GTR. Hence, cosmological models based on these
theoriesmake predictionsvery much likethoseof the GTR
for the strong fields near the “big bang” and the nearly flat
space-time of today. If they are very different in somein-
termediateregime, perhaps oneimportant to theformation
of structures such as galaxies, there currently appear to be
no crucia tests that could cleanly decide in their favor.
Thus, by an application of Occam’s razor, most contem-
porary modelsare constructed assuming thevalidity of the
GTR.

Aninfluential exceptionto thedominanceof GTR mod-
elswasthe “steady-state”” cosmol ogy of Bondi, Gold, and
Hoyle. The philosophical foundation of this work was
the extension of the cosmological principle to the “per-
fect cosmological principle,” which asserted that there
should be uniformity in time as well as spatial homo-
geneity and isotropy. As remarked earlier, observations
of the microwave background presently render this model
untenable. It isalso unable to account for the abundances
of various light nuclel synthesized when the universe was
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much hotter and denser than it is now. The apparent over-
throw of the perfect cosmological principle encouraged
questioning of the assumption of spatial homogeneity and
isotropy. Since the empirical evidence in favor of spatia
uniformity on very large scales is quite strong, most cos-
mologists today would like to deduce the cosmological
principle rather than assume it. That is, we would like
to demonstrate that, starting with arbitrary initial condi-
tions, inhomogeneities and anisotropies are smoothed out
by physical processesin a small time compared with the
age of the universe. A serious difficulty in attempts to
derive the cosmological principlewas first emphasized by
Misnerin 1969. Relativistic space-timesof finite age have
particle horizons, so that at any moment signals can reach
a given point only from limited regions, and parts of the
universe beyond a certain distance from one another have
not yet had any possibility of communicating. The corre-
lationin conditionsat distant regionsthat isasserted by the
cosmological principle can be derived only if chaotic ini-
tial conditions smooth themselves out through an infinite
number of processes, such as the expansions and contrac-
tionsalong different axesin “mixmaster” universes. Inthe
standard model, the cosmological principleisregarded as
an unexplained initial condition.

V. INTERACTION OF QUANTUM PHYSICS
AND COSMOLOGY

A. Answers from Particle Physics

The interaction between elementary particle physics and
cosmology hasincreased greatly since 1980, to the benefit
of both disciplines. Several initial conditions of classical
cosmology are given atentative explanation in “inflation-
ary universe” scenarios, proposed by Alan Guth in 1981
and modified by Linde, Albrecht, and Steinhardt in 1982.
These model s assume a time when the energy density of a
“falsevacuum” inagrand unified theory (GUT) dominated
the dynamics of the universe. Since the density was es-
sentially constant throughout this period, the Robertson-
Walker scale factor grew exponentialy in time, allowing
an initialy tiny causally connected region (even smaller
thanthesmall valueof 1/H at thestart of inflation) to grow
until it included al of the space that was to become the
currently observableuniverse. Theoriginal version (1981)
assumed that this occurred while the universe remained
trapped in the false vacuum.

Unfortunately, such auniverse that inflated sufficiently
never made a smooth transition to a radiation-dominated,
early Friedmann cosmology. In the “new inflationary”
models (1982), the vacuum energy density dominates
while the relevant region of the universe inflates and
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evolves toward the true vacuum through the spontaneous
breaking of the GUT symmetry by nonzero vacuum ex-
pectation values of the Higgs scalar. The true vacuum is
reached in arapid and chaotic “phase transition” when the
universe is of the order of 10~ sec old, resulting in the
production of alarge number and variety of particles (and
antiparticles) at a temperature of the order of 10 GeV.
It is supposed that the universe evolves according to the
standard model after this early time.

Sincethe entire observable universe evolvesfrom asin-
gle causally connected region of the quantum vacuum, in-
flationary models obviously avoid horizon problems. The
homogeneity and isotropy of the present observable uni-
verse are aconsequence of the dynamic equilibriuminthe
tiny region. Since the density term in the Friedmann equa-
tion for the evolution of the Hubble parameter remains
essentially constant throughout the inflationary era, while
the curvature term is exponentially suppressed, these sce-
narios aso offer a natural explanation for the present ap-
proximate flatness of the universe. In fact, plausible sup-
pression of the curvature greatly exceeds that required by
any astrophysical observations. Only by artificialy con-
trived choices of parameters in an inflationary universe
could weavoid the conclusion that any difference between
the current value of Q and unity is many orders of mag-
nitude less than 1. If this result and the bounds on Qg
from primordial nucleosynthesis are both true, we must
conclude that dark matter of as yet undetermined form
dominates the dynamics of the universe. Since GUTs pre-
dict the nonconservation of B (baryon number), C (charge
conjugation), and CP (product of charge conjugation and
parity), the decay of very heavy bosons far from thermo-
dynamic equilibrium offers a way of dynamically gener-
ating the predominance of matter over antimatter rather
than merely asserting it as an initial condition. In the ab-
sence of observation of the decay of the proton or ac-
celerators capable of attaining energies at which GUTs
predict convergence of coupling “constants,” the apparent
baryon asymmetry of the universe is perhaps the best em-
pirical support for some sort of unified theory of quarks
and leptons.

B. Constraints from Cosmology

Even as elementary particle theory solves some prob-
lems of cosmology, it is subject to limitations derived
from cosmological data involving energies far beyond
the 2 x 10% GeV limit of existing terrestrial accelerators.
An important example involves the production of mag-
netic monopoles in the early universe. In 1931, P. A. M.
Dirac showed that assuming the existence of magnetic
monopoles led to a derivation of the quantization of
magnetic and electric charge and a relation between
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them implying that magnetic charges would have to be
very large. However, other properties of the hypothetical
monopoles, such as mass and spin, were undetermined
in his theory. In 1974, Gerhard t"Hooft and Alexander
Polyakov showed that monopoles must be produced in
gauge theory as topological defects whenever a semisim-
ple group breaks down to a product that contains a U (1)
factor, for example,

U(5) — SU(3) x SU(2) x U(D)

All proposed GUTS, which attempt to unify the strong and
the electroweak interactions, are examples of gauge theo-
ries in which monopoles are required and have masses of
the order of the vacuum expectation value of the Higgs
field responsible for the spontaneous symmetry break-
ing. The present experimental lower limit, of the order
of 10% years, for the mean life of the proton implies a
lower limit for this mass of the order of 10'® GeV. Only
within atime of at most 10~2° sec after the “big bang” was
any place in the universe hot enough to produce particles
of so great amass, either astopological “knots” or aspairs
of monopoles and antimonopoles formed in the energetic
collisions of ordinary particles.

Inadditiontotheir enormousmassesandrel atively large
magnetic charges, monopoles are predicted by GUTs to
serve as effective catalysts for nucleon decay. Thus, if
present in any appreciable abundance in the universe to-
day, monopol esshould maketheir presence obviousby do-
ing some conspicuously interesting things. If monopoles
were made in about the same abundance as baryons, their
density aone would exceed the critical value for a closed
universe by afactor of ~10'*. Monopoles would use up
the potential energy of stationary magnetic fields, such
as that of the Milky Way, by converting it to increasesin
their own kinetic energy. Collecting in astar throughout its
history, they would render its collapsed “final state” short-
lived by catalyzing nucleon decay. The observational up-
per bound on €2, lower l[imitsonthegal actic magnetic field,
and the life spans of neutron stars place severe constraints
on the flux of monopolesat present and hence on their rate
of production during the spontaneous symmetry-breaking
era. In fact, unacceptably large magnetic monopole pro-
duction in the simplest GUTs was one of the primary
motivations for the development of the new inflationary
universe models, which solve the problem through an ex-
ponential dilution of monopole density that leaves very
roughly one monopole in the entire observable universe
at present. While such a scenario appears to make the
experimental search for monopoles essentially futile, it
is important not to ascribe too much quantitative signifi-
cance to this result, because the predicted number is ex-
ponentially sensitive to the ratio of the monopole mass
to the highest temperature reached in the phase transi-
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tion at the end of spontaneous symmetry breaking. Thus,
an uncertainty of a mere factor of 10 (theoretical uncer-
tainties are at least this large) in this ratio changes the
predicted number of monopoles by a factor of the order
of 10%.

On the experimenta front, Blas Cabrera claimed the
detection of a magnetic monopole on February 14, 1982,
after 150 days of searching with a superconducting quan-
tum interferometer device (SQUID). If this observation
were correct and even approximately corresponded to the
typical distribution of monopolesin space, then neither the
excessive production of a naive GUT model nor the ex-
treme scarcity of anew inflationary model could be credi-
ble. Confirmation of this monopole detection would leave
current theory totally at a loss to explain the monopole
abundance, but neither Cabrera nor other observers have
yet claimed another detection. After more than 3000 days
had passed, most workers were of the opinion that the
single “event” was due to something less exotic than a
magnetic monopole.

The apparent smallness of the cosmological constant is
a fact that has not yet been explained in any viable the-
ory of particle physics or gravitation. Below some critical
temperature in electroweak theory or GUTS, the effec-
tive potential function of the Higgs fields behaves like
a cosmological constant in contributing a term equal to
this potential function times the space-time metric to the
stress—-energy—momentum tensor of the universe. Empir-
ical bounds on the vacuum energy density today imply
that this potential at the spontaneous symmetry-breaking
minimum was already less than 10719 times the effec-
tive potential of the false vacuum. There is no derivation
of this extremely small dimensionless number within the
framework of GUTSs. In fact, the assumption that the cos-
mological constant is negligible today is an unexplained
empirical constraint on the otherwise undetermined scale
of the effective potential in a gauge theory.

Another possible success of inflationary modelsis the
natural development of nearly scale-independent density
inhomogeneities from the quantum fluctuations in the
Higgs field of GUTSs during inflation. Inhomogeneities
should later evolve by gravitational clumping into galax-
ies and clusters of galaxies. This opens the possibility of
calculation from first principles of the spectrum of later
structura hierarchies. Comparison of the results of such
calculations with the observed large-scal e structure of the
universe may provide the most stringent constraints on
new inflationary models.

C. Singularities and Quantum Gravity

This survey has looked back nearly 10%® sec from the
present to the “big bang” with which the standard
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cosmological model claims the universe began. The at-
tempt to understand its evol ution reveals a number of sig-
nificant eras. Let us review them from the present to the
initial singularity in reverse chronological order, whichis
generaly the order of decreasing direct experimental ev-
idence and thus increasing tentativeness of conclusions.
At atime of the order of 103 sec after the universe began,
when the temperature was ~0.3 eV, the photons that now
compose the cosmic microwave radiation background last
appreciably interacted with matter, which then “recom-
bined” into transparent neutral atomsof hydrogen, helium,
and lithium and began to form the large-scale structures
familiar to us. stars, galaxies, and clusters of galaxies.
At a time of the order of 10~2 sec after the beginning,
when the temperature was ~10 MeV, the free neutrons
and some of the free protons underwent the primordial
synthesis that formed the nuclei of these atoms, and the
cosmic background neutrinos ceased having significant
interactionswith matter. At atime of the order of 105 sec
after the beginning and atemperature ~300 MeV, quarks
became “confined” to form the hadrons as we now know
them. At atime of the order of 10712 sec after the begin-
ning, the temperature was ~10° GeV, the present limit of
terrestrial accelerators. The distinction between electro-
magnetic and weak interactions was not significant before
then. The reconstruction of earlier history is of necessity
much moretentative. Thespontaneoussymmetry breaking
of the grand unification of electroweak and strong inter-
actions is thought to have occurred at a time of roughly
10-%* sec and a temperature of the order of 10* GeV.
During the “inflation” preceding this epoch the baryon
asymmetry of the universe may have been generated by
fluctuations from thermal equilibrium in GUTSs, and mag-
netic monopoles may have been produced by symmetry
breaking. Any attempt to analyze events at substantially
earlier times must address the unfinished program of con-
structing a quantum theory that unifies gravitation with
the strong and electroweak interactions.

In the absence of complete understanding, the time and
temperature scales of quantum gravitational effects can
be estimated by dimensional analysis applied to the fun-
damental constants that must appear in any such theory.
These are the quantum of action, the Newtonian grav-
itational constant, the speed of light, and the Boltzmann
constant. Theresults, atime of the order of 104 secand a
temperature of the order of 10'° GeV, delineate conditions
so near the classically predicted singularity of infinite den-
sity and curvatureat the “big bang” that the very concept of
adeterministic geometry of space-time breaks down. Vi-
olent fluctuations of space-time should generate particles
in a manner analogous to that which occurs in the vicin-
ity of a collapsing black hole, as first studied by Stephen
Hawking in 1974. Such processes could conceivably be
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the source of all existing matter, and the possible removal
of aninfinite-density singularity at time zero would make
it scientifically meaningful to ask what the universe was
doing before the “big bang.”

Not only the existence and structure of matter but even
the topology and dimensionality of space-time become
propertiesto be derived rather than postul ated in the quan-
tum gravity era. In 1957, John Wheeler suggested that
space-time need not necessarily be simply connected at
the Planck scale (of the order of 10-3° m) but could have
a violently fluctuating topology. If so, its description in
terms of a smooth continuum would not be appropriate
and would have to be replaced by some other mathe-
matical model. The first viable unification of electromag-
netism and gravitation, proposed by Theodor Kaluza in
1921 and independently by Oskar Klein in 1926, used
a five-dimensional space-time with an additional “com-
pact” spatial dimension subject to constraints that re-
duced their model to a sterile fusion of Maxwell’s and
Einstein’s field equations. Removing these constraints al-
lows Kaluza-Klein spaces to be used for aternate for-
mulations of gauge field theories. Models with a total of
11 dimensions are currently being actively exploredin re-
lation to supersymmetry theories, which seek to provide
a unification of bosons and fermions and all interactions
among them. Another approach, string field theory, in-
volves replacing the pointlike particles of conventional
quantum field theory with fundamental objects with ex-
tent in one spatial dimension. It has been demonstrated
that topology-changing processes can be explicitly re-
alized in a Kaluza—Klein superstring theory, encourag-
ing the hope that this could be the long-sought basis
for a theory of everything. The full implications of such
studies for particle physics and for cosmology are not
yet clear.

VI. THOUGHTS ON SOURCES
OF FUTURE PROGRESS

A. Emerging Observational Technologies

Since the pioneering research of Galileo, advancesintele-
scope capabilities have been the source of moreand richer
data to constrain cosmological speculation. The current
generation of astronomers has seen photographic tech-
niquesincreasingly augmented by electronic imageinten-
sifiers. Improvementsin photon detectors, such as charge-
coupled devices, are beginning to approach their limits,
so that achieving substantial gains will involve increas-
ing the aperture in the next generation of optical and in-
frared instruments. The twin Keck telescopes, which can
be used as an optical interferometer of 85-m baseline, are
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the largest general-purpose telescopes on earth. A con-
sortium of nations have built Gemini, a matched pair of
8-m telescopes, one in Hawaii and one in Chile. Ari-
zona astronomers have built the Large Binocular Tele-
scope, which will carry two 8.4-m mirrors in a single
mounting. The European Southern Observatory has com-
pleted the first of four 8.2-m telescopes that will even-
tually observe as a single Very Large Telescope from
the Andes in Chile. Even larger telescopes are planned,
and the use of adaptive optics will endow modern tele-
scopes with “seeing” much better than that possible in
the past.

As more powerful telescopes |ooking farther into outer
space observe signals from earlier in the history of the
universe, higher energy accelerators probing farther into
inner space measure particle behavior under conditions
simulating earlier times during the “big bang.” The in-
stallation of superconducting magnets in the tevatron at
the Fermi National Accelerator Laboratory at Batavia,
Illinois, enabled it to produce protons with an energy of
10° GeV in 1984. In 1986, it made available a total en-
ergy of 2 x 10% GeV by accommodating countercircul at-
ing beams of protons and antiprotons that are madeto col-
lide. Since the pioneering effort toward the detection of
gravitational waves by Joseph Weber in thelate 1960s, as-
trophysicists have eagerly anticipated the maturing of this
technology to open a new window on the universe. Long
experience with the Hulse-Taylor binary pulsar is strong
evidencethat gravitational wavesdo indeed exist and have
thepropertiespredicted by Einstein’sgeneral theory of rel-
ativity. The development of large dedicated facilities such
asthelaser interferometer gravitational-wave observatory
(L1GO) at last promises to soon move gravitational wave
astronomy from a curiosity with isolated applications to
atool for the exploration of any cosmic environment in-
volving strong gravitational fields. As usual in the open-
ing of a new area of science, the unexpected discoveries
will surely be the most exciting. Continued experiments
at energies of several thousand GeV will lead to important
new insightsinto the structure of matter on a scale of less
than 1071° m.

B. Concepts and Mathematical Tools

The search for a viable extension of GUTs to atheory of
everything (TOE), which would include quantum grav-
ity as well as the strong and electroweak interactions, is
an active area of particle theory research. The energies at
which such unification was achieved in nature are presum-
ably even higher than those for GUTSs. Thus, no datafrom
accelerators, even in the most optimistic projections of
foreseeabl e futuretechnology, can serveto constrain spec-
ulation as well as does information from cosmology. The
currently fashionable attempts to derive a TOE are based
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on “supersymmetry,” which istheideathat the fundamen-
tal Lagrangian contains equal numbers of Bose and Fermi
fields and that they can be transformed into each other by
a supersymmetry. This immediately doubles the particle
spectrum, associating with each particle thusfar observed
(or predicted by GUTSs) a“superpartner” of opposite quan-
tum statistics. Thereisat present no experimental evidence
for the existence of any of these superpartners, inviting
doubt as to the necessity of the supersymmetry assump-
tion. However, supersymmetric theories have the potential
to address one otherwise unanswered issue of cosmology:
Why is the cosmological constant so small, perhaps pre-
cisely zero? Supersymmetric theories are the only known
guantum field theories that are sensitive to the vacuum
energy level. This appears to imply that a derivation of
the cosmological constant from first principles should be
possible within a supersymmetric theory, but the problem
remains unsolved.

Asthe number of degrees of freedom being considered
in field theoriesincreases, increased computing speed and
power become more important on working out the conse-
guences of various proposed models. Some new hardware
architectures such as concurrent processing appear to bea
means of achieving performance beyond the limits of any
existing machines but require the further development of
software exploiting their distinctive features to achieve
their full potential. Progress in discrete mathematicsis of
benefit to both computer science and pure mathematics.
In the past, fundamental insights have often been derived
from mathematical analysis without the benefit of “num-
ber crunching,” and there is no reason to expect that this
process has come to an end. It is, of course, impossible
to predict what new closed-form solution of arecalcitrant
problem may be discovered tomorrow, or what impact
such a discovery may have.

Inthelast analysis, any attempt to predict the direction
of progressin cosmology further than the very near future
seemsfutile. By the nature of the questionsthat cosmol ogy
seeksto answer, the scope of potentially relevant concepts
and information is limitless. It is entirely possible that
within a decade carefully reasoned thought, outrageous
unexpected data, or some combination of the two may
overthrow some of today’s cherished “knowledge.” Aware
of the questions still unanswered and of the possibility
that some of the right questions have not yet been asked,
we can only hope that future discoveries, anticipated or
unforeseen, will result in ever greater insights into the
structure, history, and destiny of the universe.
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GLOSSARY

Accretion disk A flattened, circulating disk of material
drawn in and heated to high temperatures under the
influence of the intense gravitational field associated
with a black hole or other compact object (such as a
neutron star or white dwarf).

Active galactic nuclei (AGN) A collective term for active
galaxies whose emission is observed to come predom-
inantly from the central nuclear region of the galaxy.
Of these, blazars form a subclass that is observed to
emit gamma radiation. It is likely that the viewing an-
gle toward these latter objects is directed along jets
of relativistic material ejected from the nucleus of the
galaxy by supermassive black holes.

Bremsstrahlung The “braking” radiation given off by
free electrons that are deflected (i.e., accelerated) in
the electric fields of charged particles and the nuclei of
atoms.

Cherenkov light Radiation produced by a charged parti-
cle whose velocity is greater than the velocity of light in
the medium through which it travels. Cherenkov light is
strongly directed along the line of travel of the particle.

W. Thomas Vestrand

Los Alamos National Laboratory

Compton scattering The dominant process by which a
medium-energy gamma ray interacts with matter by
scattering and transferring a part of its energy to an elec-
tron. “Inverse” Compton scattering refers to the same
process, but where a lower-energy photon is scattered
to higher energy after interaction with a relativistic
electron.

Cosmicrays High-energy charged particles, such as elec-
trons, protons, alpha-particles (helium nuclei), and
heavier nuclei that propagate through interstellar space.

Diffuse emission Radiation that is extended in angular
size on the sky, such as the gamma-ray emission aris-
ing from the decay of radioactive nuclei dispersed
throughout the interstellar medium. A diffuse source
is distinguished from a pointlike or point source of
emission that is not resolvable into further individual
components given the limited angular resolution of a
telescope.

Electromagnetic cascades A phenomenon that occurs in
the upper atmosphere of the Earth when a very high-
energy gamma ray interacts by the pair-production pro-
cess, followed by further interactions resulting in exten-
sive air showers (or EAS) of particles and photons. The

397
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relativistic cascade particles emit optical Cherenkov
light that is observable from the ground. Electromag-
netic cascades are distinguished from the nucleonic (or
hadronic) cascades produced by high-energy cosmic-
ray particlesin the upper atmosphere.

Electron volt (eV, and keV, MeV, GeV, TeV, PeV) The
electronvolt (eV) isafundamental unit of energy com-
monly used in high-energy astrophysics. Itisdefined to
bethe energy acquired by an electron when accelerated
through a potential difference of one volt. One eV is
equal to 1.602 x 10~1° Jor 1.602 x 10~? ergs.

Gamma rays The highest-energy form of electromag-
netic radiation, above the X-ray portion of the spec-
trum. Gammarays have energies measured in millions
of electron volts and higher.

Pair production and annihilation The processby which
the most energetic gammarays (of MeV energies and
above) interact with matter, producing an electron-
positron pair (the positron, with positive charge, is
the antiparticle to the electron). The inverse process
is pair annihilation, in which an electron and positron
mutually annihilate and produce a pair of high-energy
gammarays.

Parsec (pc, and kpc, Mpe, Gpe) A unit of dis
tance commonly used in astronomy (an abbrevia-
tion for “parallax-arcsecond”). One parsec is equal to
3.086 x 10%® m, or 3.26 light-years.

Point source A source of emission that is not further re-
solvable into individual components given the limited
angular resol ution of atelescope. In gamma-ray astron-
omy angular resolution is relatively poor compared to
other branches of astronomy. Thus, in someinstancesa
gamma-ray point source may in fact consist of a num-
ber of individual sources whose summed emission is
measured by the gamma-ray tel escope.

Supernova An endpoint of stellar evolution for the most
massive stars, an explosion triggered by the gravita-
tional collapse of the stellar core following the exhaus-
tion of fuel for nuclear burning. The collapsed stellar
core, depending on its final mass, can become either a
black hole or aneutron star (and some of the latter may
be observable as pulsars).

Synchrotron radiation The emission produced by
charged particlesasthey spiral (i.e., accelerate) around
magnetic fields.

THE GAMMA-RAY regime constitutes one of the last
regions of the electromagnetic spectrum to be opened
to detailed astrophysica investigation. Only within the
past decade has the field of gammarray astronomy be-
comefirmly established asaproductiveand dynamicdisci-
pline of modern observational astrophysics. Thishasbeen
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largely dueto the successful operation during the 1990s of
the Compton Gamma Ray Observatory, whose tel escopes
carried out the first comprehensive surveys of the sky at
gamma-ray energies (as shown in Fig. 1). Gamma rays
form the highest-energy portion of the electromagnetic
(E-M) spectrum with individual photon energies extend-
ing from millions of electron volts (MeV) to values in
excess of 10 eV (optical photonsin contrast carry ener-
gies of only afew eectron volts). Observations of these
highest-energy photons provide the means of investigat-
ing the largest transfers of energy occurring in the Uni-
verse and offer the key to understanding a host of chal-
lenging cosmic phenomena occurring in a wide variety
of astrophysical settings. The environmentsin and around
gamma-ray sources are among the most extreme to be
found in the Universe, permitting the testing of models
and hypotheses regarding high-energy phenomena under
conditionsimpossibleto achieve on the Earth. Further, the
Universe is essentially transparent to the propagation of
gammaradiation, and since, likeall electromagneticradia-
tion, gammaraysare electrically neutral they are not devi-
ated fromtheir trajectoriesunder theinfluence of magnetic
fields. Gamma rays arriving at the Earth therefore serve
as direct messengers from high-energy celestial sources
within our own Milky Way galaxy and beyond, extend-
ing to the most distant reaches and earliest epochs of the
cosmos. Gammarray astronomy quite literally provides a
new window into space that extends our view out to the
edge of the observable Universe.

I. INTRODUCTION AND
HISTORICAL OVERVIEW

A. Fundamental Concepts and Terminology

To place the discipline of gamma-ray astronomy in con-
text, we review some basic concepts and nomenclature.
The electromagnetic spectrum encompasses the entire
range of radiation from the radio through gamma rays,
and includes the subregions of radio, infrared (IR), op-
tical (or visible), ultraviolet (UV), X-rays, and gamma
rays, in order of increasing energy or frequency of radi-
ation. The fundamental relation between photon energy,
frequency, and wavelength is the well-known expression
due to Planck,

E =hv = hc/A,

where E is the photon energy, v the frequency, A the
wavelength of the radiation, ¢ the speed of light (=3 x
10® m/s), and & is Planck’s constant (=6.626 x 107** J s
=4.135x 10715 eV s). The speed of an electromagnetic
wave in vacuum is the speed of light, thus the product of
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Skymap E > 100 MeV
Phase 1 -4
1606+106 1510-089 3C273
1622-253 1406-076
1633+382
3C279
0827+243
Cygnus Region PSR1055-52
Geminga
Crab
PSR 1951+32 0628+134
0446+112
0235+164 Orion Region
Vela
3C454.3 LMC
0208-512 0537-441
2230+114 PSR 1706-44

FIGURE 1 A map of the gamma-ray sky obtained with the high-energy EGRET telescope aboard the Compton
Gamma Ray Observatory. The map is an all-sky Aitoff equal-area projection in Galactic coordinates with the direction
of the Galactic Center at the middle of the map. The bright horizontal band is predominantly diffuse gamma-ray
emission from the disk of the Milky Way. Prominent gamma-ray sources are indicated and labeled around the periphery
of the figure. (Courtesy NASA, the Max Planck Institute, and the CGRO EGRET Instrument Team.)

frequency and wavelength equals ¢ (or, vA =c). At en-
ergies below or near the optical, sub-bands of the E-M
spectrum are traditionally referred to either in terms of
their wave properties (in the radio, for example, there are
the meter, centimeter, millimeter, submillimeter, and mi-
crowave bands), or in terms of their relation to the cen-
tral optical band (the near versus far infrared bands, for
example, of shorter and longer wavelength, respectively,
and the extreme ultraviolet beyond the optical and UV).
Oncein the X-ray band, however, one enters the realm of
high-energy astrophysics and tends to abandon the wave-
length/frequency nomenclature in favor of particle and
energy terminology that is better suited to the descrip-
tion of photon interactions at these energies. Thus X-rays
are generally referred to in broad terms as either soft or
hard inenergy content (with aloosely defined boundary in
thekeV energy range). Similarly, gammarays themselves
have been subdivided into soft and hard regimes, or other-
wise characterized as of low, medium, or high gamma-ray
energy. Giventhevery broad range of gamma-ray energies

that are now observable (spanning more than 10 orders of
magnitude in energy) one now usualy refers to gamma
rayshy their energy designationalone, aseither MeV, GeV,
TeV, or even PeV, gamma rays, where standard order-of-
magnitude prefixes apply (for the above, 10°, 10°, 10%?,
and 10% eV, respectively).

Much of the radiation with which we are familiar in
everyday life is of thermal origin, arising by definition
from matter in thermal equilibrium. In an ideal atomic
gasin thermal equilibrium, for example, the upward ver-
sus downward transitions of bound e ectrons between en-
ergy levels in individual atoms are in close balance due
to the exchange of energy between particles via colli-
sions and the absorption and emission of radiation. The
velocities of particles in an ideal therma gas follow
the well-known Maxwellian distribution, and the collec-
tive continuous spectrum of the radiating particlesis de-
scribed by the familiar Planck black-body radiation curve
with its characteristic temperature-dependent profile and
maximum.
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Gammarays, in contrast to other forms of electromag-
netic radiation, are most often of nonthermal origin, aris-
ing usually from interactions involving high-energy, rela-
tivistic particles in an ionized plasma whose constituents
are not in thermal equilibrium with their surroundings. A
relativistic particle is one whose kinetic energy is compa-
rableto or exceedsitsrest-massenergy given by Einstein’s
famous relation, E = mc2. Thus,

total particle energy = (rest-mass—+ kinetic)energy
= ymcz,

wherey = (1—v?/c?)~Y/2isthereativistic Lorentz factor
for aparticletraveling at velocity v. Interactionsinvolving
relativistic particles are properly treated within the frame-
work of relativity. For sufficiently low vel ocitiesthe famil-
iar nonrelativistic case (v/c < 1, y — 1) isre-obtained in
which the relations of classical Newtonian physics ap-
ply. In the standard relativistic regime the particle ve-
locity approaches ¢, v/c — 1 and y > 1 (for example, a
particle traveling at 90% of the speed of light will have
v/c=0.9andy = 2.3), whereasinthemost extremeultra-
relativistic case (v/c ~1, y > 1) the total energy of the
particleisdominated by itskinetic energy. Photons of suf-
ficiently high energy in cosmic sources can be diminished
inintensity viathe photon—photon pair-production process
(yy — ete™) whichismost likely to occur just above the
reaction threshold when the product of the two photon en-
ergiesisequal to the product of the electron—positron rest—
mass energies, E,1E, 2~ 2(m.c?)?~0.52 (MeV)?2. Inas-
trophysical sources, then, the energy density of gamma
rays may be sufficiently high to prevent their escape due
to their greater likelihood of producing pairs. Such media
are said to have a high pair-production opacity.

Given the relativistic nature of the major gammarray
production mechanismswe adopt in thisreview the energy
corresponding to the rest-mass energy of the electron,
m,c?~511 keV ~0.511 MeV, as a natura reference
energy defining the lower boundary of the gamma-ray
regime. (We note that, historically, among physicists of
acertain age, gammarays were defined smply as the ra-
diation resulting from nuclear transitions, independent of
the energies involved, in recognition of the predominant
nuclear origins of gamma radiation. We adopt here the
more current view of a specific energy regime.)

Gamma-ray astronomy isclosely linked to several other
branches of modern observational astrophysics. A number
of these subdisciplines of astronomy are described else-
where in these volumes. Gamma-rays, by virtue of their
high energy, also play aparticularly key rolein broadband
multiwavelength astronomy, by which is meant the study
of acelestial object or phenomenon over asbroad aportion
of the electromagnetic spectrum as possible.
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B. The Production of Cosmic Gamma Rays

A wide variety of production mechanisms give rise to
gamma radiation, resulting in either continuum or
spectral-lineemission. Gammaraysmost often result from
high-energy collisionsbetween nuclei, particles, and other
photons, or from the interactions of charged particles
with magnetic fields. Line emission can arise from the
deexcitation of nuclear states, from radioactive decay, or
from matter—antimatter annihilation. The primary produc-
tion mechanisms of interest to gammarray astronomy are
summarized in the following.

1. Particle—Nucleon Interactions

High-energy nuclear collisions frequently yield charged
and neutral mesonsas unstabl e reaction products. Charged
pions (™ and 7~) decay into positive and negative
muons that decay in turn into relativistic electrons and
positrons. Neutral pions (7°) decay almost immediately
(t1/2 ~ 1071 5) into two gammarays of total energy equal
to approximately 68 MeV in the rest frame of the decay-
ing meson. Theresulting gamma-ray spectrum dependson
the distribution of particle energies of the original emit-
ted pions, and is generally a broad continuum centered
and peaked at E, ~ mc?/2 ~ 68 MeV. Nucleon-nucleon
interactions play an important role in the production of
diffuse high-energy gammaraysin the disk of the Galaxy
following the collision of high-energy cosmic rays (pri-
marily protons) with thenuclei of the atomsand molecules
of theinterstellar gas.

Collisions between high-energy particles and ambient
matter can also result in the copious production of numer-
ous other secondary particles, including neutrons. High-
energy neutrons are capable of exciting nuclei in sec-
ondary collisions, leading to gammaray line emission (see
following). Further, neutrons can be slowed in the inter-
acting medium to thermal energieswhereupon they can be
quickly captured by nuclei, again giving rise to gamma-
ray lines. Neutron processes play animportant rolein solar
flares, and in the production of gamma rays on planetary
surfaces after cosmic-ray bombardment.

2. Nuclear Gamma-Ray Lines

Nuclear deexcitation following energetic collisions or ra-
dioactive decay givesriseto spectral line radiation whose
specific energies are characteristic of the emitting nu-
clides. Nuclear gamma-ray line radiation extends up to
~9 MeV in energy for the most commonly abundant el-
ements and likely interaction processes. The intensities
and ratios of observed gamma-ray lines can provide de-
tailed information on elemental composition and relative
abundances (for example, in solar flares).
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3. Relativistic Electron Interactions

Relativistic electrons can interact with charged particles
via the bremsstrahlung process, with photons through
Compton scattering, and with magnetic fields by emitting
synchrotron radiation. These processes dominate many
of the energy regimes in the field of high-energy astro-
physics. They give rise to continuum gamma radiation,
whose spectral characteristics can be used to deduce the
physical conditions at the astrophysical source.

(a) Bremsstrahlung. Bremsstrahlung (or “braking
radiation”) is the radiation given off by free electrons
that are deflected (i.e., accelerated) in the electric fields
of charged particles and the nuclel of atoms. Thermal
bremsstrahlung is the emission given off by an ionized
gas of plasmain thermal equilibrium at a particular tem-
perature, where the distribution of electron velocities fol-
lows the well-known Maxwellian distribution. Relativis-
tic electrons, whose distribution of energies often follows
a power-law shape in astrophysical settings, give rise to
relativistic bremsstrahlung radiation that is also of power-
law shape with the same spectral index as the emitting
electrons.

(b) Compton scattering. Another major source of
cosmic gamma radiation is the Compton scattering of
lower-energy photonsto gamma-ray energies by relativis-
tic electrons. This processis often referred to as “inverse”
Compton scattering since it isthe low-energy photon that
gains energy from the high-energy electron, in contrast to
themore standard view of the Compton mechanism. Inthe
ultrarelativistic case, it can be shown that the energy of the
photons scattered by high-energy electrons is E ~ y2E
(in the Thomson limit when the energy of the photon in
the center-of-momentum frame of reference is much less
thanm.c?), wherey isthereativistic Lorentz factor of the
electrons. For relativistic electronswith y ~100-1000, as
observed in many astrophysical sources, thisimplies that
low-energy photons can be up-scattered to very high en-
ergiesindeed, well into the gamma-ray regime.

(c) Synchrotron radiation. Synchrotron emission
results when an electron gyrates around a magnetic field.
For electrons of sufficiently high energy, or for magnetic
fields of sufficiently high strength, high-energy photon
emission readily results. Again, for a power-law distribu-
tion of electron energies, a power-law synchrotron emis-
sion spectrum follows. Therelation between the observed
intensity (1) of the synchrotron radiation as a function of
frequency (v), the magnetic field strength (B), and the
power-law index (p) of the electron particle distribution
isgiven by I(v) & B+1/2),=(r=1)/2,
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Collectively, these emission processes represent the
primary energy-loss (or “cooling”) mechanisms for rel-
ativistic electrons in astrophysical sources, the other
major process being “ionization” losses via particle col-
lisions. Observations of high-energy emission from ce-
lestial sources that can be decomposed into synchrotron,
bremsstrahlung, and Compton components from charac-
teristic spectral signatures therefore provides a wealth of
information on the physical conditions within the emit-
ting regions (such as particle densities, and the strengths
of radiation and magnetic fields).

4. Electron—Positron Annihilation

A freeelectron and itsantiparticle, the positron, may inter-
act to produce annihilation radiation yielding two gamma
rays(ete™ — yy). Thetota energy of the two photonsin
the center-of-momentum frame of referenceisequal tothe
combined rest-mass energy of the electron—positron pair,
2m,c? ~ 1.022 MeV. (Three-photon annihilation can also
occur for free electrons and positrons, but is much less
likely.) If an electron and positron are essentially at rest
upon annihilation then two gamma rays of equal energy
(0.511 MeV) areproduced. Inthe more general astrophys-
ical case, however, one or both particles are at relativistic
velocities, and a more complicated emergent gamma-ray
spectrum usually results.

Aneélectronand positron of sufficiently low energy (typ-
ically thermal, <5 eV) may combine to briefly form a
hydrogen-like state of matter referred to as positronium.
Positronium almost immediately self-annihilates yield-
ing either atwo- or three-photon decay into gamma rays
(‘L'2V ~10710 S, T3, ~ 1077 S).

C. A Brief History of Gamma-Ray Astronomy

It was quickly recognized at the dawn of the nuclear age
that the potential existed for the detection of celestial
gamma rays from high-energy sources in the cosmos. In
the early 1950s discussions were already underway onthe
likelihood of gamma-ray production viacosmic-ray inter-
actionsininterstellar space (cosmic rays are high-energy,
relativistic particlesand nuclei of celestia origin). In now-
classic papers Burbridge, Burbridge, Fowler, and Hoyle,
in 1957, laid out the principles governing the synthesis
of heavy elements in stellar nuclear burning and during
explosive nucleosynthesisin supernovae, and Morrisonin
1958 similarly described many of the fundamental mech-
anisms and sources for the production of cosmic gamma
rays.

Through the 1960sanumber of balloon and early space-
craft observations (e.g., the Ranger spacecraft missionsto
the Moon) provided intriguing but inconclusive evidence
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for the existence of cosmic gamma-rays. Thefirst positive
detection of celestial gamma radiation was made with an
instrument aboard the third Orbiting Solar Observatory
(OS0-3), whose investigators reported in 1972 the detec-
tion of gamma rays from the Galactic disk, with a peak
intensity observed toward the Gal actic Center. Inthe early
1970s several high-atitude balloon experimentswere aso
beginning to report positive results, including detection of
the Crab pulsar and of diffuse gamma radiation from the
disk and central region of the Galaxy. Nuclear gamma-ray
linesfrom the Sun were detected from large solar flareson
August 4 and 7, 1972, with a spectrometer aboard OSO-7.
The first reported detection of likely positron annihilation
radiation (at 0.511 MeV) from the direction of the Galac-
tic Center was based on balloon measurementsfrom 1971,
and later confirmed by other investigators with a detector
of higher spectral resolution in 1977. As described else-
where in this review, gamma-ray spectrometers carried
to the Moon by both U.S. and Russian spacecraft in the
late 1960s and 1970s provided extensive orbital and in
situ measurements of the elemental composition of the
lunar surface. Similar experiments in the 1970s were car-
ried to Mars aboard the U.S. Viking landers, and to Venus
on the Russian Venera landers. Most intriguing was the
announcement in 1973 of the discovery of the mysteri-
ous cosmic gammarray bursts with instruments aboard
the Vela series of nuclear surveillance satellites (launched
originally to verify compliancewith the 1963 Nuclear Test
Ban Treaty).

A major advance in the field of gammaray astron-
omy came with the launch in 1972 of the second Small
Astronomy Satellite (SAS-2). Over its 7-month lifetime
SAS-2 carried out a survey of high-energy gamma-ray
emission (>50 MeV) from the Galactic plane, and pro-
vided afirst measure of the extragalactic diffuse gamma-
ray background. This pioneering mission was followed
with the launch of the COS-B gamma-ray satellite by the
European Space Agency in 1975. Over its 7-year lifetime
COS-B greatly extended our knowledge of the gamma-ray
sky, providing detailed maps of the diffuse gamma radia-
tion arising from the Galactic plane, aswell as cataloging
anumber of point sources of high-energy gammarays, in-
cluding the first detected extragalactic source, the quasar
3C 273.

Two gamma-ray instruments were carried into space
in the late 1970s as part of NASA’s High Energy Astro-
nomical Observatory (HEAO) seriesof satellites. HEAO-1
conducted a survey of the sky from 10 keV to 10 MeV in
energy, andidentified anumber of activegal axiesand char-
acterized their spectra in the 10- to 100-keV range. The
HEAOQO-3 experiment discovered the first nonsolar nuclear
gamma-ray line of celestial origin, the 1.809-MeV spec-
tra line emitted by radioactive 2°Al that is produced in
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massive stars and is a tracer of recent star formation in
the Galaxy. In 1980, NASA launched the Solar Maximum
Mission (SMM) satellitewhich carried agamma-ray spec-
trometer among its suite of instruments. Over its extended
10-year lifetime SMM provided a wealth of new infor-
mation on gamma-ray processes occurring during flares
on the Sun, and also made fundamental contributions to
nonsolar gammarray astronomy. These included the dis-
covery of greater-than-MeV emission from gamma-ray
bursts, confirmation of the diffuse 2°Al emission detected
by HEAO-3, and further observation of the positron an-
nihilation radiation coming from the central region of the
Galaxy. Particularly notable was the SMM detection of
radioactive %Co line emission from the Type Il super-
nova SN 1987A in the Small Magellanic Cloud, provid-
ing a long-awaited first direct measure of explosive nu-
cleosynthesis in supernovae. The French coded-aperture
SIGMA telescopewas carried into space aboard the Soviet
GRANAT satellite in 1989. Among other observations,
thislower-energy (up to ~1.3 MeV) instrument identified
a number of black-hole candidate sources in the central
region of the Galaxy based on the observed spectral and
temporal behavior.

The ream of ground-based gammarray astronomy,
where different observational challenges present them-
selves, begins at photon energies of ~50 GeV (some-
times termed the very-high-energy, or VHE, gamma-ray
regime). Gamma-rays approaching TeV energies become
increasingly rare in number, and cannot be well sampled
by existing spacecraft-borneinstrumentation. Further, the
absorbing medium of the Earth’s atmosphere precludes
their direct observation from the ground. Their presence,
however, can be inferred indirectly from the electromag-
netic cascades of electrons and positrons that they pro-
duce upon interaction in the upper atmosphere. (These
cascades are also referred to as extensive air showers, or
EAS.)) The relativistic cascade particles emit Cherenkov
light over a wide area that can be detected with optical
telescopes on the ground. A particular difficulty, however,
isdistinguishing such photon-induced events from the nu-
cleonic (or hadronic) cascades produced by high-energy
cosmic-ray particlesintheatmosphere, which exhibit very
similar observable effects. Atmospheric Cherenkov imag-
ing telescopes were originally proposed in the 1970s, but
only in the 1990s did the techniques and instrumentation
become sufficiently developed to achieve breakthrough
detections of several high-energy gammarray sources. In
thelate 1980sthe Whipple Observatory first detected TeV
emission from the Crab pulsar and nebula, and this has
been followed in recent years with detections by sev-
era groups of TeV emission from a small number of
both Galactic and extragalactic sources (outlined in later
sections).



Gamma-Ray Astronomy

403

FIGURE 2 Schematic of the four gamma-ray telescopes aboard the Compton Gamma Ray Observatory and their
corresponding overlapping energy ranges. Also indicated are classes of prominent gamma-ray sources by energy

band. (Courtesy NASA.)

D. The Compton Gamma-Ray Observatory

The great potential of gammarray astronomy as a vi-
able, productive branch of observational astrophysics
was not fully realized until the launch of the Comp-
ton Gamma Ray Observatory (or CGRO) in April 1991.
The Compton Observatory was the second of NASA’s
four planned Great Observatory missions that were de-
signed to study the sky from space in different key re-
gions of the electromagnetic spectrum. The first of these
was the Hubble Space Telescope (launched in 1990), the
second the CGRO (launched in 1991), and the third the
Chandra X-ray Observatory (launched in 1999). At the
time of writing, the Space Infrared Telescope Facility
(SIRTF) is awaiting an anticipated launch in 2002. The
CGRO was named in honor of the American physicist
Arthur Holly Compton (1892-1962), whose pioneering
investigations into the scattering of X-rays and gamma
rays by charged particles earned him the Nobel prize
for physics in 1927. After more than 9 years of suc-
cessful operation, the CGRO mission was terminated in
June 2000, when the spacecraft was deorbited for safety
reasons.

The CGRO carried four separate, complementary
gamma-ray telescopes with overlapping energy ranges,

each designed for specific scientific objectives and de-
veloped by an international collaboration of scientists.
The combined energy coverage of the CGRO detectors
extended over 6 orders of magnitude from ~30 keV to
30 GeV (see Fig. 2). The key characteristics of each
of the four CGRO instruments are summarized in the
following.

The Burst and Transient Source Experiment (BATSE)
was an al-sky monitor consisting of eight separate de-
tectors mounted on the corners of the main platform of
the CGRO spacecraft. Its primary objective was to de-
tect and measure rapid brightnessvariationsin gamma-ray
bursts and solar flares down to microsecond time scales
over the energy range from 30 keV to 1.9 MeV. BATSE
continually monitored the sky for transient phenomena,
searching for variable emission from both known and new
Sources.

The Oriented Scintillation Spectroscopy Experiment
(OSSE) was designed to carry out pointed spectral obser-
vations of gamma-ray sources in the range from 0.05 to
10 MeV, with capability above 10 MeV for solar gamma-
ray and neutron observations. The four OSSE detectors
werecollimated scintillators (witha4°® x 11° field of view)
that were movable over a single axis, alowing a rapid
response to targets of opportunity such as solar flares,
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FIGURE 3 An all-sky map of gamma-ray sources detected with the COMPTEL and EGRET telescopes aboard
the Compton Gamma Ray Observatory. Classes of sources are indicated by symbol, with increasing symbol size
representing higher source intensity. The map is an Aitoff equal-area projection in Galactic coordinates (as in Fig. 1).
(Courtesy NASA, the Max Planck Institute, and the CGRO COMPTEL and EGRET Instrument Teams).

transient X-ray sources, and other explosive astrophysi-
cal phenomena.

The Imaging Compton Telescope (COMPTEL) de-
tected gamma-raysby means of adoubl e-scatter technique
whereby an incident gamma photon Compton scattered
once in an upper detector module, and then was totally
absorbed in alower detector module. The COMPTEL in-
strument was sensitive over the energy rangefrom approx-
imately 0.75 to 30 MeV, and was al so capabl e of detecting
neutrons from solar flares. With its large field of view
(~1 steradian) COMPTEL carried out the first survey of
the gamma-ray sky at MeV energies.

The Energetic Gamma Ray Experiment Telescope
(EGRET) covered the broadest energy range of the CGRO
instruments, from~20MeV to 30 GeV. Thesehigh-energy
photons interact primarily via the pair-production pro-
cess, and the EGRET spark chamber was designed to de-

tect the electron—positron pairs produced by high-energy
gamma rays. EGRET also had a relatively wide field of
view (~0.6 sr), good angular resolution, and very low
background.

Thecoaligned COMPTEL and EGRET instrumentsop-
erated as wide-field imaging telescopes and together car-
ried out a comprehensive survey of the gammarray sky
from MeV to GeV energies (see Figs. 1 and 3). Taken
together the four CGRO telescopes represented a major
improvement in sensitivity, energy coverage, and spectral
and angular resolution, compared to previous generations
of gamma-ray instruments. It can be said without exagger-
ation that observations carried out with the CGRO have
completely revolutionized our view of the high-energy
Universe. The bulk of the scientific results discussed in
the sections to follow are based on observations obtained
with the four CGRO telescopes.
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Il. SOURCES OF COSMIC GAMMA RAYS

Our view of the gamma-ray sky has changed dramatically
in recent years, and has been particularly influenced by the
results obtained with the instruments aboard the Compton
Gamma Ray Observatory. The energetic and variable cos-
mos revealed by gamma-ray telescopes stands in marked
contrast to the quiescent night sky viewed in visible light
on aplacid summer evening. The Universein the light of
gammaraysis adynamic, diverse, and constantly chang-
ing place.

A. The Sun

The Sunisapowerful sitefor the accel eration of energetic
particles. The source of energy for particle accelerationis
believed to be the tangled magnetic field in the solar atmo-
sphere. However, our understanding of both the properties
of the accelerated particles and the nature of their acceler-
ation during the explosive release of energy inasolar flare
is still emerging. Gamma-ray measurements have proved
to be an essentia tool for studying particle acceleration
during flares.

Therich energy spectrum of gammarray emission from
solar flares is quite complex and shows the signatures of
many radiation processes. Below ~1 MeV the observed
emission is dominated by a strong line at 0.511 MeV
from positron annihilation and a smooth continuum of
bremsstrahlung radiation from mildly relativistic elec-
trons. In the energy band from 1 MeV to 10 MeV the
emission results predominantly from the deexcitation of
nuclear levels following the bombardment of nuclei in
the solar atmosphere by energetic particles. This nuclear
deexcitation emission is composed of four components:
(1) promptly emitted narrow lines from the excitation of a
heavy atmospheric nucleusby an energetic proton or al pha
particle, (2) broad lines from the excitation of an acceler-
ated heavy ion by collision with an atmospheric hydrogen
or helium nucleus, (3) delayed line emission such as the
strong line at 2.22 MeV from the capture of secondary
neutrons by atmospheric hydrogen to form deuterium,
and (4) a quasi-continuum produced by the blending of
linesfrom high-level transitions excited in both the accel-
erated and target nuclei. Above 10 MeV the emission is
dominated by two mechanisms: bremsstrahlung from both
ultra-relativistic primary electrons and secondary elec-
trong/positrons from meson decay, and gamma rays from
the direct decay of neutral pions. The complexity of the
gamma-ray spectraof flares provides many diagnosticsfor
probing the properties of flare-accelerated electrons and
ions (see Fig. 4).

Measurements of the bremsstrahlung continuum dur-
ing solar flares indicate that relativistic electrons are a
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common product of energy release in flares. The gamma-
ray bremsstrahlung generated by relativistic electrons in-
dicatesthat theyieldinrelativistic electronsscalesroughly
with the total energy released in thermal X-rays by the
flare. Further, increasingly sensitive searches for gamma-
ray bremsstrahlung over the last 2 decades have found
no evidence of a flare-size threshold for relativistic elec-
tron accel eration. The gamma-ray evidence therefore sug-
gests that relativistic electron acceleration is a property
of al flares. The gamma-ray observations also show that
the relative amount of high-energy bremsstrahlung in-
creases as the position of the flare approaches the so-
lar limb. Since high-energy bremsstrahlung is directed
more strongly along the electron’s velocity vector than
bremsstrahlung at lower energies, the limb brightening
can be explained by a distribution of emitting electrons
that increases in directions away from the surface normal
at the flare site. The nature of this electron distribution is
regulated by the complex magnetic field structure in flar-
ing regions. Future techniques that can measure the angu-
lar distribution of gamma-ray bremsstrahlung will alow
usto explorethe nature of relativistic electron transport in
flaring regions.

Nuclear deexcitation emission during flares indicates
that energetic ion acceleration is also acommon property
of solar flares. Gamma rays from nuclear deexcitations
were first detected from two giant flares that occurred in
August 1972. The enormous size of those flares and the
fact that they were the only ones detected during that so-
lar cycle led to an initial suspicion that ion acceleration
might only occur when the flare energy surpasses a rela-
tively high threshold. Sensitive detectors aboard the Solar
Maximum Mission (SMM) satellite and the Compton Ob-
servatory, however, showed that nuclear line emission is
present even in relatively small flares. While the relative
importance of accelerated ions and electrons is observed
to vary by approximately an order of magnitude, existing
measurements are consi stent with the hypothesisthat both
components are accelerated in all solar flares.

Thetemporal structure of variationsin gamma-ray flux
during flarescan bequiterich. Gamma-ray flarescanrange
from a single spiked pulse of 10-s duration to a complex
series of pulses with total duration of more than 1000 s.
Typically flares are composed of two or more pulses. An
interesting property of the pulse structure is that the time
of peak intensity is often energy dependent. When this
energy dependence is present, the peak at higher energies
tends to lag the peak intensity at lower energies by as
much as 45 s. At one time, these delays were interpreted
asreflecting thetimescal e needed for particle acceleration
during flares. However, we now know that there are many
flares where the peaks at X-ray through gamma-ray en-
ergies show time coincidence to better than 2 s and that,
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even when significant peak delays are present, the pulse
starting times are simultaneousto within 2 s. Those obser-
vations show that both electrons and nuclei can be rapidly
accelerated to relativistic energies within seconds during
solar flares. Wenow believethat thedelaysarelargely gen-
erated by propagation and interaction effects as particles
move from a low-density acceleration region high in the
solar atmosphere to a higher-density interaction region
deeper in the atmosphere where the high-energy emission
is generated.

B. The Solar System

The question of the origin and evolution of the solar sys-
tem is one of the most fundamental in astronomy. It bears
directly on such related issues as stellar evolution, thefor-
mation of planetary systems, and on the existence of life
itself. Gamma-ray observationsfrom spacecraft, either via
remote sensing fromorbit or through in siru measurements

from landers, contribute directly to the testing of evolu-
tionary models of solar-system formation. Specifically,
they provide ameans of directly determining the elemen-
tal chemical composition of planetary surfaces, thus pro-
viding clues important to reconstructing the geochemical
history of the solar system. Related complementary obser-
vational techniques include X-ray fluorescence measure-
ments, and the detection of albedo neutrons and charged
particles from planetary surfaces.

Thegamma-ray observationsrelevant to planetary stud-
ies are spectroscopic in nature, aimed at identifying
specific key elements present in planetary surfaces via
their characteristic emission energies. The abundances of
elements with different condensation temperatures and
geochemical behavior relatedirectly to the origin and evo-
lution of planetary bodies. For example, the K/U ratio
providesameasure of theremelting of primordial conden-
sates, whilethe K/Thratioindicatestherel ative abundance
of volatileto refractory elements.
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Gamma-ray spectral lines originate in nuclear pro-
cesses, either from radioactive decay or from nuclear de-
excitation following particle collisions. Natural radioac-
tivity results from the decay of the primordial radioactive
elements 0K, 13| a, 176_u, and those in the uranium and
thorium decay seguences. Collisions of primary Galactic
cosmic rays (of which ~90% are protons) with planetary
material can give rise to numerous interactions and sec-
ondary particles, leading to gammarays. Extensive model
calculations of cosmic ray-induced gamma-ray emission
from planetary bodies have been carried out and can be
readily compared to the available observations.

Since the 1960s measurements of X-rays, gammarays,
alpha particles, and neutrons from the Moon, Mars, and
Venus have been undertaken successfully with avariety of
instruments aboard both U.S. and Russian spacecraft. The
two U.S. Viking landerson Mars, for example, carried out
X-ray fluorescence measurements of the Martian surface,
while the Russian Venera 8, 9, and 10 spacecraft mea
sured the natural radioactivities of potassium, uranium,
and thorium at three landing sites on Venus.

Until very recently the most detailed and extensive
remote-sensing observations of aplanetary body were car-
ried out during the Apollo 15 and 16 flights to the Moon
(1971, 1972) when instruments aboard the orbiting com-
mand modules mapped approximately 20% of the lunar
surface in X-rays, gamma rays, and alpha particles. The
Apollo missions were al'so unique in that a detailed com-
parison could be made between the results of the remote
mapping and follow-up compositional analysis of actual
returned samples of lunar material.

The Apollo measurements clearly demonstrated that
the Moon’s crust is chemically differentiated, with a pro-
nounced distinction between maria and highland regions,
with the maria primarily basaltic in nature. On amorelo-
calized scale, material around craterstendsto exhibit asig-
nificant chemical contrast relative to surrounding regions,
suggesting an excavation of material from the subsurface
due to impacts from asteroids and comets. Distribution
patterns seem to favor an impact rather than a volcanic
dispersal. The observed K/Th ratio has provided a mea-
sure of the volatile-to-refractory material variation over
the lunar surface, which is found to be consistently lower
than the terrestrial value, reflecting a global depletion of
volatiles on the Moon compared to the Earth.

More recently the U.S. Lunar Prospector mission suc-
cessfully obtained (1998-1999) global maps of the lu-
nar surface using gamma-ray and neutron spectrometers.
The results have generally confirmed the earlier Apollo
findings. As a follow-up to the Apollo measurements,
there is a particular interest in determining the distribu-
tion of “KREEP’-rich material on the Moon. KREEP
refersto an unusua mixture of elements containing potas-
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sium (K), rare-earth elements (REE), and phosphorous (P)
that is believed to have formed at the lunar crust-mantle
boundary as the final product of the initial differentia-
tion of the Moon. Understanding the composition and
distribution of KREEP-rich material is thus considered
key to reconstructing the evolution of the lunar crust. The
Lunar Prospector data have demonstrated that KREEP-
rich rocks tend to be found on the rims and boundaries
of major lunar impact basins where there are surmised to
have been exposed, dredged up, and dispersed as a result
of these cataclysmicimpact events. The most intriguing of
the recent lunar neutron observations point to the possible
presence of subsurface water ice at thelunar poles (whose
existence was first indicated by radar measurements car-
ried out with the Clementine spacecraft in orbit around the
Moaoon in 1994).

In 2001, inan engineering tour deforce, the Shoemaker-
NEAR (Near Earth Asteroid Rendezvous) spacecraft com-
pleted its successful year-long orbital study of the aster-
oid 433 Eros with a spectacular unplanned landing on the
asteroid’s surface, transforming its on-board X-ray and
gamma-ray spectrometers from remote-sensing to in situ
instruments. Initial analysis of the NEAR spectrometer
data suggests that Eros may remain in an undifferentiated
state, unaltered by melting, constituting some of the most
primitive material in the solar system yet studied. Alsoin
2001, the NASA’s Mars Odyssey spacecraft is scheduled
for launch, carrying agamma-ray spectrometer among its
suiteof instruments. If the goalsof these missionsarefully
realized complete global maps of elementa distribution
for the Moon, Eros, and Mars, representing three bodies
with distinct evolutionary histories, will be available for
detailed comparative studies.

C. Galactic Sources

As anyone who has gazed at the night sky from a dark
location knows, the distribution of visible starsis not ran-
dom. Rather, starstendto cluster inabright band called the
Milky Way that delineatesthe plane of theflat spiral galaxy
inwhichwelive. Likethestars, thereisal so apopulation of
gamma-ray sources that cluster in the plane of the Galaxy
and that are believed to residewithinthe Milky Way. How-
ever, our ability to associate them with visible counterparts
in the crowded Galactic planeis hampered by the fact that
the angular resolution of the best gamma-ray telescopesis
till ahundred times coarser than even small backyard op-
tical tel escopes. Asaconsequence, many Galactic “point”
gamma-ray sources have multiple counterpart candidates
and, even worse, in many directionsin the Galactic plane
we know that the gamma emission from several “point”
sourcesis actually blended together and gamma-ray tele-
scopes are “‘source confused.” Nevertheless, by studying
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the temporal variations of the gamma-ray emission and
correlatingit withintensity variationsmeasured by higher-
resolution X-ray, optical, or radio tel escopes, wehavebeen
able to identify with certainty several classes of Galactic
gamma-ray Sources.

1. Isolated Pulsars

Among the best clocks known, natural or man-made, are
the spinning, magnetized neutron stars called pul sars. Pul-
sars emit short bursts of electromagnetic radiation at in-
tervals from one every few seconds to thousands of times
a second with a regularity that exceeds that of watches
of the highest precision. In some cases this electromag-
netic pulse extends across the entire spectrum from radio
to gamma-ray wavel engths, thereby allowing usto unam-
biguously identify these Galactic gamma-ray sources.

The best-known gamma-ray emitting pulsar is the so-
called Crab pulsar. It is embedded in and is the source
of power for the famous Crab nebula in the constellation
Taurus, the first object (M1) listed in the renowned cata-
log of diffuse, nebular objects compiled by the French as-
tronomer Charles Messier in the late 18th century. From
medieval Chinese records describing the temporary ap-
pearance of a “guest star” near the star we now call Zeta
Tauri, we know that the Crab pulsar was the product of a
supernova explosion that occurred in the year 1054 AD.
Every 33 ms, the Crab pulsar emits a pair of radiation
pulses that are detectable from the radio band all the way
up to TeV gamma-ray energies. While pulsar physics still
has many open questions, it is generally agreed that the
emission from isolated pulsars is generated by energetic
particles that are accelerated by electric fields induced by
the spinning magnetic field of a rapidly rotating, mag-
netized, neutron star. The energy reservoir that ultimately
powersall theobserved emissionisthereforetherotational
energy of the rapidly spinning pulsar.

At least six other isolated gamma-ray pulsars are cur-
rently known to exist and from that small sample a few
general patterns are apparent. First, for all known isolated
gammarray pulsars the gamma emission represents the
largest observable fraction of the total power emitted by
the pulsar. As a consequence, observational study of the
gamma rays provides important diagnostics on the over-
all efficiency for particle acceleration and interactions in
the extreme pulsar environment. Second, the gamma-ray
visibility increases with the spin-down luminosity (or, the
ratio of the magnetic field strength to the square of the spin
period). Finaly, all of theisolated gamma-ray pulsars ap-
pear to be unvarying point sources when their emission is
averaged over the spin period.

Perhaps the most remarkable object in the sample
of known gamma-ray-emitting pulsars is Geminga. For
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nearly 20 years this source, which is the second bright-
est source in the gamma-ray sky, was a puzzle because it
did not appear to emit radiation in any other energy band.
The unusual name, Geminga, was coined by Italian as-
tronomers and is derived both from the source’s location
in the constellation Gemini and from a play on words,
geminga meaning “is not there” in the Milanese dialect.
The breakthrough in our understanding of Geminga oc-
curred in 1991 when pulsating soft X-ray emission with a
period of 0.237 s (=237 ms) was detected from the direc-
tion of Gemingaby the ROSAT X-ray satellite. Identifica-
tion of Geminga as pulsar was therefore clinched when a
phase analysis reveaed that the gamma-ray emission was
also modulated at the same 0.237-s period (see Fig. 5). A
particularly interesting property of Gemingaisthat, unlike
other rotation-powered pulsars, it isnot detectable asara-
dio pulsar even though it isthought to be only 100 parsecs
fromthe Sun. Since our censusof the population of pulsars
isbased on radio observations, it is possible that Geminga
is just the nearest member of a large population of pre-
viously unknown pulsars that are only visible at X-ray
and gamma-ray energies. Many of the steady, unidenti-
fied gamma-ray sources could therefore be Geminga-type
pulsars with still unknown spin periods.

2. Accreting Pulsars

Not all pulsars are isolated. Some reside in binary stellar
systems and some of these pulsars are X-ray sources that
arepowered by the gravitational energy released when gas
from the companion star is accreted onto the neutron star.
Those accreting pulsars are also likely sources of gamma-
ray emission. Indeed, severa groups using ground-based
Cherenkov telescopes have reported the detections of TeV
gamma-ray emission from systems containing an accret-
ing pulsar. Unfortunately, most of the reported detections
have been of low statistical significance and/or not con-
firmed with subsegquent more sensitive observations. If
real, they indicate that the gamma-ray emission from ac-
creting pulsars is sporadic. On theoretical grounds, such
behavior is plausible because accretion flows are often un-
stable and shocks in the flow could efficiently accelerate
gamma-ray emitting particles.

Support for the idea that accreting pulsars sporadically
emit gamma-ray emissionwasal sofoundwiththe EGRET
telescope aboard the Compton Gamma Ray Observatory.
In October 1994 aweek-long outburst of GeV gamma-ray
emission was detected from the direction of the massive
X-ray binary system Centaurus X-3. During the outburst,
the accreting pulsar in Cen X-3 underwent an interval of
rapid spin-down. Phase analysis of the gamma-ray emis-
sion showed evidence for spin modulation in step with the
rapidly drifting X-ray period.
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from Geminga, with the gamma rays binned according to the pulsar period of 237 milliseconds. Below: Gamma-ray
images of the region of the sky containing the Geminga pulsar, showing the brightening of the source (in the upper
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a different pulse period of 33 ms) which appears as a steady source in this representation. (Courtesy NASA and the

CGRO EGRET Instrument Team (P. Sreekumar)).

3. Black-Hole Binary Systems

Some X-ray binary systemsarebelieved to contain stellar-
mass black holes that are embedded in disks of inwardly
spiraling accreted gas. These accretion disks are known
sources of both soft and hard X-ray emission and, in some
cases, are also sources of soft gammarray emission. Per-
hapsthe best-known exampleis Cygnus X-1, the brightest
X-ray source in the constellation Cygnus. The X-ray |u-
minosity of this high-mass X-ray binary (in which the
normal companionisan O or B star many times the mass
of the Sun) is variable and is correlated with different
high-energy spectral “states.” These states of activity are
composed of different admixtures of two principal com-
ponents: a soft thermal blackbody-like component and a
hard nonthermal power-law component. It is this power-
law component that can, at times, extend up to gamma-ray
energies of at least an MeV.

The origin of the MeV gamma ray emission from
Cygnus X-1 is not well understood. Most models as-
sume that the gamma rays are X-rays that were Comp-

ton scattered by mildly relativistic electrons. The pre-
cise origin of those energetic electrons is still unclear.
Some modelers have speculated that reconnecting mag-
netic fields or shocksin disk outflows accelerate the elec-
trons. However, a particularly attractive idea is that the
scattering electrons arise naturally in the convergent ac-
cretion flow from the innermost stable orhit of the accre-
tion disk. If the accretion rate is high, Compton emission
fromthebulk flow could generate the observed gammaray
emission.

Finally, Galactic sourcesthat generate intense outbursts
of X-ray emission that can persist for months before fad-
ing are termed X-ray novae. They are known to occur in
|low-mass binary systemsin which the normal companion
star is of approximately solar massin close orbit around a
compact object. Such binary systems can undergo recur-
rent outbursts that for a brief period can make them the
brightest high-energy sourcesin the sky. Optical observa-
tions of these low-mass X-ray binary systemsduring their
quiescent states indicate that the compact object is typi-
cally more massive than 3.0 solar masses and is therefore
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most likely a black hole. Some outbursts of X-ray novae
are also accompanied by low-energy gamma-ray emis-
sion. At least one such novaoutburst, that of NovaMuscae
in 1991 observed with the SIGMA instrument, displayed
a variable positron annihilation line. Later observations
with telescopes aboard the Compton Observatory of Nova
Persei 1992 confirmed that X-ray novae can give rise to
gamma-ray emission extending up to photon energies of
at least 2 MeV.

D. Gamma-Ray Lines of Galactic
and Extragalactic Origin

Oneof thegreat triumphs of modern astrophysicshasbeen
an increasingly detailed understanding of the nuclear re-
action processes that govern the production of energy in
stars and that determine the course of stellar evolution.
It is now clear that nucleosynthesis, or the production of
elements from the primordia building blocks of hydro-
gen and helium, occurs amost exclusively in the cores
of dtars, or in the cataclysmic explosive events, super-
novae and novae, that mark the end of a star’s lifetime.
The study of gamma-ray spectral lines provides one of the
few direct means of verifying the predictions of the vari-
ousmodelsof stellar nucleosynthesis, and of the explosive
events that disperse this material back into the interstel-
lar medium, out of which new generations of stars are
formed.

Gamma-ray lines result predominantly from nuclear
processes, either from the decay of radioactive nuclides
and thedeexcitation of excited nuclei (see Tablel), or from
the collisions of high-energy particles. The advantages of
gammarray line spectroscopy are manifest. Spectral line
transitions occur at specific characteristic energies that
provide immediate identification of the isotopic species
that produced them. The comparison of line strengths or
intensities between different el ements and i sotopes can be
trand ated into i sotopic abundances, densities, and temper-
atures in the emitting region. Similarly, the presence of
broad, narrow, or Doppler-shifted lines provides a mea-

TABLE | Primary Radioactive Nuclear Decay Lines from
Nucleosynthesis

Line energies

Decay process Mean halflife (MeV)
56Ni — %6Co — Fe 111d 0.511, 0.847, 1.238
57Co — S'Fe 272d 0.014,0.122
2Na— 2Ne 26y 0.511, 1.275
“Ti > Msc— *“Ca ~60y 0.068, 0.078, 0.511, 1.157
%Al > BMg 7x10%y 0.511, 1.809

60Fe —» 60Co — SONj 2x10%y 0.059, 1.173, 1.332
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sure of gas motions and velocities, all of which can be
interpreted in terms of specific models of production.

1. Nucleosynthesis in Stars and Supernovae

Gammearray line radiation in the Galaxy results primarily
from two broad categories of production: either steady-
state thermal or explosive nucleosynthesis. In the former
case, starsin hydrostatic equilibrium throughout the bulk
of their lives generate energy viathermonuclear fusion re-
actionsin their high-temperature cores. Depending on the
stellar mass (which determines core temperature), these
fusion reactions may progress over time through succes-
sive stages of nuclear burning, leading to a buildup of
different layers of nuclear reaction products at the center
of the star. For low- and intermediate-mass stars such as
the Sun, nuclear burning ceases with the fusion of helium
into carbon. For the most massive stars (10-100 timesthe
mass of the Sun), however, with much higher core tem-
peratures, nuclear burning leads ultimately to aniron core
surrounded by layers of silicon, magnesium, neon, oxy-
gen, and carbon, along with remnant amounts of helium
and hydrogen in the outer envelope of the star. Toward
the end of itslife, asit runs out of nuclear fuel, a star be-
comes increasingly unstable, and the heavier elements at
the center of the star are brought to the surface via mix-
ing and convective processes, and are ultimately dispersed
back into theinterstellar medium through high-speed stel-
lar winds, flares, outbursts, and variable pulsations of
the outer envelope and atmosphere of the star. Mixed in
with al of the reaction products are long-lived radioiso-
topes that act as tracers of the various stages of nuclear
burning.

Elements beyond iron in the periodic table are formed
in the course of supernovae explosions that result either
from the cataclysmic collapse of a white dwarf into a
neutron star due to the accretion of matter from a bi-
nary companion (a Type | supernova), or from the catas-
trophic core-collapse of the most massive stars at the end
of their lives when nuclear fuel is exhausted (a Type Il
supernovae). Subcategories of each type also exist. Inthe
former case, the entire star isdisrupted, liberating approx-
imately 10°* ergs in the explosion and about 0.5 to 1.0
solar masses in synthesized radioactive material, whilein
thelatter classof event slighter higher energiesmay belib-
erated (upto ~10% ergs) but thick layersof ejectapartially
mask for atime the 0.1 solar masses of radioactive mate-
rial synthesized in the explosion. Supernovae are among
the most violent and luminous events known in the Uni-
verse, with gected material attaining speeds of thousands
of kilometers per second. A supernova at peak light may
completely outshineits host galaxy (containing billions of
stars), and its light curve decays at the exponential rates
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characteristic of the primary radioactive species produced
in the explosion.

The gamma-ray lines of primary observational inter-
est associated with nucleosynthesis are of MeV energies,
and are listed in Table I. The radioisotopes %®Ni, >'Ni,
44Ti, and %Al are particularly important since they span
arange of half-lives, from days to millions of years, thus
together providing a measure of both the “prompt” emis-
sion from individua events, aswell as of the “delayed” or
integrated cumulative emission dispersed throughout the
interstellar medium of the Galaxy arising from generations
of star formation. The lines originally predicted to be the
most luminous from individual events are the %Ni and
%6Co lines from Type lasupernovae. The long-anticipated
breakthrough in gamma-ray line detection, however, oc-
curred for the now-famous SN 1987A, a type Il super-
novawhich occurred at adistance of 55 kpc in our neigh-
bor galaxy, the Large Magellanic Cloud (the LMC). The
gamma-ray spectrometer aboard the Solar MaximumMis-
sion (SMM) satellite detected and studied the 56Co lines
from this event. The gamma-ray lines were detected ear-
lier after the event than predicted, implying that the inner
layers of material containing the radioactive Co were
more thoroughly mixed than expected, or indicating per-
haps that the g ecta were clumpier, allowing clearer lines
of sight to the inner regions of the exploding star through
which the gamma rays could escape. After the launch of
the Compton Observatory in 1991, several years after the
event, the OSSE i nstrument detected thelonger-lived °Co
line (112 ~ 272 days) at 122 keV in energy. Its intensity
implied a ratio of synthesized >'Ni to *®Ni (from %Fe
and °"Fe, respectively) of about 1.5 times the solar value,
providing constraints on models of the progenitor star’s
evolution. Inother supernovaobservations, thereweretan-
talizing hints of gamma-ray detections with COMPTEL
of the 0.847- and 1.239-MeV lines of 5Co from the Type
lasupernova SN 1991T in the galaxy NGC 4527 at adis-
tance of about 13-17 Mpc, at the limit of this telescope’s
range of detectability.

Of particular interest in gamma-ray line astronomy is
the detection of “Ti (f1/2 ~ 60 years) at 1.157 MeV from
young, distant obscured supernovae in the Galaxy. About
two to three supernovae per century are predicted to oc-
cur in the Milky Way, but most have remained undetected
because they are believed to remain hidden behind in-
tervening clouds of interstellar gas and dust in the spi-
ra arms. Gammarrays, in contrast to optical light, easily
penetrate the interstellar material and provide a means of
detecting directly these interesting objectsand confirming
predictions regarding star formation rates in the Galaxy.
Further, “Ti is formed in the deepest layers of the super-
nova gjecta, and its predicted line strength is sensitive to
the details of the explosion models and to the likelihood

411

of fall-back onto the collapsed, compact stellar core. The
COMPTEL instrument aboard the CGRO hasreported the
detection of “*Ti fromthe Cas A supernovaremnant (arel-
atively close remnant about 3 kpc distant, believed to have
exploded about 250 years ago) and from the Velaregion of
the Galaxy. The next generation of gamma-ray spectrom-
eter and imager aboard the INTEGRAL spacecraft will
provide critical confirmation of these first detections and
should also be able to map out in detail the spatia distri-
bution of the emitting radioisotope, and, from a determi-
nation of the exact shape of the gamma-ray line profiles,
provide ameasure of the symmetry of theinitial explosion
and subsequent expansion of the g ected material.

The longer-lived radioisotope 2°Al with adecay line at
1.809 MeV (t;,2 ~ 710,000 years) traces the sites of mas-
sive star formation and nucleosynthesisin the Galaxy over
the past million years. Thisinterstellar linewas originally
detected by the HEAO-3 and SMM spacecraft, followed
by anumber of balloon instruments. In along-awaited re-
sult, the first all-sky map in the light of this radioisotope
was produced by the COMPTEL instrument team follow-
ing extensive observationsand analysis. Clearly evidentis
the disk of the inner Galaxy, with enhancements of emis-
sionin particular regions (see Fig. 6). These tend to coin-
cidein direction to spiral armsin the Galaxy, where recent
star formation and supernova activity are most likely to
occur (e.g., the Cygnus, Vela, and Carina regions). Fur-
ther measurements of the spectral line of 25Al with high-
resol ution spectrometersand imagersareexpected toyield
detailedidentification of specific sourcesfor thisemission.

2. Electron—Positron Annihilation Radiation

A gammaray line at 0.511 MeV results from the mu-
tual annihilation of an electron and a positron, a particle-
antiparticle pair. A number of radioactive decay chains
(see Tablel) result in the emission of apositron asadecay
product, which will annihilate upon first encounter with
an electron. Also of astrophysical importance is the pro-
duction of electrons and positrons via the photon—photon
pair-creation process. Such pair plasmas are found in the
vicinity of compact objects, such asneutron starsand black
holes, that are associated with heated accretion disks and
relativistic flows and jets, within which particle acceler-
ation is known to occur. Thus, relatively narrow lines of
0.511-MeV annihilation radiation are expected to arise
intheinterstellar medium through the decay of dispersed,
nucleosynthetic radionuclides, while broadened, Doppler-
shifted, and possibly time-variable lines may occur in the
high-energy and dense environmentsassociated with com-
pact objects.

Direct annihilation of an electron—positron pair leads
to the emission of two photons. If the particles are at
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FIGURE 6 An all-sky map of the gamma-ray line emission at 1.809 MeV due to the decay of radioactive 26Al in
the Galaxy, obtained with the COMPTEL instrument aboard the Compton Gamma Ray Observatory. The map is an
Aitoff equal-area projection in Galactic coordinates (as in Fig. 1). The gamma-ray line from 26Al traces the sites of
massive star formation and nucleosynthesis in the Milky Way. Regions with enhanced emission are identified. Inset:
A gamma-ray spectrum showing the emission line from 28Al at 1.809 MeV observed in the inner Galaxy. (Courtesy
NASA, the Max Planck Institute, and the CGRO COMPTEL Instrument Team.)

rest two gamma rays of egqual energy, 0.511 MeV, are
produced, while in-flight collisions will result in arange
of possible photon energies (whose sum must equal the
kinetic plus the rest-mass energies of the two particles,
2m,c?). If the velocities of the two particles are small,
a bound state consisting of a positron and an electron is
possible, the positronium atom. Positronium decays after
avery short lifetime (<10~7 s) via one of two channels.
Two-photon decay results again in the emission of two
gamma photons of energy 0.511 MeV, while three-photon
decay leads to a continuum of emission below the main
0.511-MeV spectral peak. The observed positronium frac-
tion, or continuum-to-line ratio, provides a unique diag-
nostic measure of the physical conditions of the emitting
region.

Prior to the launch of the CGRO, from the 1970s on,
a number of balloon and early satellite instruments de-
tected the presence of apparently variable annihilation ra-
diation from the direction of the Galactic Center. Thisled

to the widespread supposition that the observed emission
arose from two types of sources: a steady, dispersed dif-
fuse component of nucleosynthetic origin in the disk of
the Galaxy, and a time-variable point source (or sources)
near the Galactic Center. Extensive observations of the
0.511-MeV line from the inner Galaxy with the CGRO
OSSE instrument (see Fig. 7), however, have revealed a
somewhat different picture: a central bulge, along with
diffuse emission in the Galactic plane, and an apparent
extension of emission above the Galactic disk in the di-
rection of the Galactic Center. No temporal variability of
the annihilation radiation is evident in the OSSE observa-
tions. The annihilation emission observed by OSSE can
be explained entirely in terms of radioactiveisotopesfrom
supernovae and similar sources. The apparent enhance-
ment of 0.511-MeV radiation abovethe Galactic planehas
been varioudly interpreted asa “positron fountain” arising
from an asymmetric outflow of positrons from the region
of the Galactic Center following aperiod of enhanced star
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FIGURE 7 The gamma-ray spectrum of the positron annihila-
tion line at 0.511 MeV and associated positronium continuum to-
ward the region of the Galactic Center, obtained with the OSSE
instrument aboard the Compton Gamma Ray Observatory. The
data were fit with a model consisting of a narrow annihilation line,
a positronium component, and an underlying power-law contin-
uum, indicated by the dashed lines. (Adapted from W. R. Purcell
et al., “OSSE mapping of galactic 511 keV positron annihilation
line emission,” Astrophys. J. 491, 725-748, Copyright 1997, re-
produced with permission of the AAS.)

formation and supernovae activity, or the result of jet ac-
tivity from one or more black-hole sourcesin or near the
center of the Galaxy, or even the result of a single cat-
aclysmic gamma-ray burst-like event occurring near the
Galactic Center about amillion years ago.

E. Diffuse Galactic Gamma-Ray Emission

The most conspicuous feature in the gamma-ray sky is
the diffuse continuum radiation arising from the Galaxy
itself, originating in the interstellar clouds of gas and dust
that reside within the spiral arms, disk, and bulge of the
Milky Way. A narrow band of diffusegammarray emission
is observed along the Galactic plane, with enhancements
toward the inner Galaxy and in directions that are tangent
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tothe spiral arms (wherethe column density of interstellar
materia is greatest along the line of sight) and with hot
spots of intensity in particular directions that may be due
to unresolved point sources of emission (see Fig. 1). First
detected by the OSO 3 satellite, this diffuse radiation was
also observed and mapped at medium resolution by the
SAS 2 and COS B satellites. The two wide-field gamma-
ray telescopesaboardthe CGRO, COMPTEL and EGRET,
were specifically designed to carry out as one of their
primary scientific objectives a complete mapping of the
entire sky in gamma rays. A key result of this all-sky
survey was the first complete map of the Galactic diffuse
radiation from approximately 1 MeV to 30 GeV in energy.
The OSSE instrument aboard the CGRO also derived a
measure of the Galactic diffuseradiation toward the center
of the Galaxy up to an energy of approximately 10 MeV.
The Galactic diffuse emission arises from the interac-
tion of energetic cosmic-ray particles, predominantly elec-
trons and protons, with ambient material and low-energy
photons in the interstellar medium. The primary interac-
tion mechanisms are (1) nucleon—nucleon collisions of
cosmic-ray protonsthat result in the creation of neutral pi-
onsthat decay into gamma-rays, (2) bremsstrahlung from
high-energy electrons, and (3) Compton up-scattering by
cosmic-ray electrons of the low-energy photons (IR, opti-
cal, and UV) that comprise the interstellar radiation field
(or ISRF). Each of these gammarray production mecha-
nisms is dominant over a particular energy range. Below
about 100 MeV the bremsstrahlung component is impor-
tant, while above that energy the decay of neutral pions
from nucleon-nucleon collisions is key. The relative im-
portance of the Compton component is dependent on the
spectral index (or “hardness”) of the cosmic-ray electron
population, and onthedetailsof the | SRF, neither of which
iswell determined, hence the added interest in studies of
thediffusegamma-ray emissionto hel p fix these contribut-
ing physical quantities. Finally, there is also an isotropic
component of the diffuse gammaradiation that isbelieved
to beextragalacticin origin (described in the next section).
Since the interstellar medium is essentially transparent
to the propagation of gamma rays, the observed gamma-
ray intensity in a particular direction represents the to-
tal, cumulative emission from all particle interactions and
sources along that line of sight. Thus, the diffuse gamma
radiation provides a simultaneous measure of both the
cosmic-ray and matter distribution throughout the Galaxy.
The challenge isto disentangle the cosmic rays (the “pro-
jectile” particles) from the interstellar matter (the “target”
particles) in the observed gamma-ray signal. The study
of the Galactic diffuse gamma radiation is therefore inti-
mately related to Galactic radio astronomy. The distribu-
tion of matter inthe Galaxy isderived primarily fromradio
surveys, in particular, those at 21-cm wavel ength that map
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the distribution of atomic hydrogen, and the millimeter
CO surveys that serve as tracers of molecular hydrogen.
A major advantage of the spectral-line radio observations
isthat Doppler shiftsin the observed line emission can be
interpreted in terms of a kinematic model of differential
Galactic rotation, which allows adetermination of thedis-
tance to the emitting gas based on its measured radia ve-
locity. Continuum radio surveys of the synchrotron emis-
sion from electrons interacting with Galactic magnetic
fields al so provide important observational constraints on
the distribution and properties of the cosmic-ray elec-
tron population. In turn, studies of the diffuse gamma-ray
emission complement the radio observations in that they
serveto constrain acritical parameter in the molecular ra-
dio surveys, namely, the CO-to-H, conversion factor (the
so-called “X-value” for which the EGRET-determined
average over the whole Galaxy is (1.56 4 0.05) x 10%°
H-moleculescm=2 (K km s~1)~1).

The diffuse gamma-ray studies, when combined with
theradio data, provide the best measure to date of the dis-
tribution of high-energy cosmic rays within the Galaxy.
Cosmic rays presumably arise following particle accel-
eration via shocks in supernovae and their remnants in
the interstellar medium. As charged particles, however,
their trgjectoriesareinfluenced by magnetic fieldsand thus
their exact sites of origin and acceleration, aswell astheir
composition, modes of propagation, and overal lifetime
in the Galaxy are still not well understood. This situation
is most severe for cosmic-ray electrons, since these less-
massive particles “cool” rapidly due to energy losses via
synchrotron, bremsstrahlung, and Compton emission, and
consequently haverelatively little timeto diffuse far from
their place of origin in the Galaxy to be detected.

A number of approaches have been followed to model
the diffuse gamma-ray observations. They can be char-
acterized as either parametric models that are fit to the
data to study intensity and spectral variations as a func-
tion of Galactic radius, dynamic balance modelsthat seek
to balance the gravitational attraction of interstellar mat-
ter against the expansive pressures due to cosmic rays,
matter and magnetic fields, and cosmic-ray propagation
model sthat mimic the propagation of cosmic raysthrough
the Galaxy by including such processes as diffusion, con-
vection, reaccel eration, fragmentation, the production of
secondary particles, and the generation of gamma-ray
and synchrotron radiation, as constrained by all available
observations.

Analysis of the results obtained with the COMPTEL
and EGRET instrumentsaboard the Compton Observatory
suggest that the inverse Compton process may be a more
important contributor to the Galactic diffuseemission than
previously thought. The bremsstrahlung component of the
medium-energy (1- to 50-MeV) diffuse emission, though
comparatively small, remains of interest in that it can be
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combined with surveys of the Galactic radio synchrotron
emission (whichtraceselectronswith energiesintherange
100 MeV to 10 GeV) to derive the shape of the cosmic-
ray electron spectrum. Historically, the electron spectrum
below ~10 GeV has been difficult to determine since
these particles are excluded from direct detection near the
Earth due to the periodic modulation of the solar wind. At
higher energies in the EGRET sensitive range (30 MeV
to 30 GeV) the observed gammarray spectrum is softer
in the direction of the outer Galaxy compared to the in-
ner Galaxy, suggestive of a corresponding change in the
spectrum of cosmic-ray nuclei with Galactic radius. This
could be explained if cosmic rays are accelerated pref-
erentialy in the inner Galaxy and then propagate to the
outer Galaxy, or if the high-energy cosmic rays are less
well-confined in the outer Galaxy. While overall agree-
ment between model predictions and the gamma-ray data
is quite good, one surprising finding is an excess in the
diffuse emission observed above ~1 GeV (see Fig. 8).
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FIGURE 8 Spectrum of the diffuse gamma-ray emission from
the inner Galaxy compared with calculations based on cosmic-
ray propagation models. The data were obtained with the
OSSE, COMPTEL, and EGRET instruments aboard the Comp-
ton Gamma Ray Observatory. Curves show the calculated con-
tributions to the observed gamma-ray emission due to inverse
Compton, bremsstrahlung, and 7°-decay processes, and the
summed total. (Adapted from Strong, A. W., Moskalenko, I. V.,
and Reimer, O. (2000). “Diffuse continuum gamma rays from the
Galaxy,” Astrophys. J. 537, 763—784, Copyright 2000, reproduced
with permission of the AAS.)
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This has been the subject of some debate and may reflect
uncertainties in the neutral pion production function used
in the model calculations, or perhapsis due to variations
in the cosmic-ray spectrum with Galactic radius. Another
possible explanation is enhanced Compton emission from
a harder interstellar electron spectrum that may also give
rise to an electron/inverse-Compton gammarray halo sur-
rounding the disk of the Galaxy. Finally, at the very low
end of the gamma-ray regime, it has been suggested that a
population of unresolved Galactic sourcesmay be respon-
sible for the upturn in emission observed at low gamma-
ray energies.

Future space missions (such as GLAST) will be ableto
confirm any spectral variationsin the diffuse emission on
sufficiently small angular scales (afew degrees) to permit
a serious test of the various production models. Further
observations with the next generation of ground-based
air-Cherenkov GeV and TeV telescopes (where to date
only tantalizing upper limits have been obtained) should
also provide important confirmation of the GeV excess
observed by EGRET.

F. Active Galaxies

Active galaxies, though they comprise only a small per-
centage of all known galaxies, rank among the most ener-
getic and exotic objects in the Universe. They are excep-
tionally luminous (up to 10,000 timesbrighter than normal
galaxies), and their emission is typically broadband and
nonthermal in nature, spanning the entire el ectromagnetic
spectrum. Their luminosity is concentrated in the central
nucleus, which completely outshinestherest of the galaxy
by factors of 100 or more, hence the alternate designation
of “active galactic nuclei” (or AGNS). The emission from
AGNs is highly variable and fluctuates rapidly enough
(=<day) to indicate that the source, or central engine, that
drivesthe active behavior must occupy an extremely small
region at the very unresolved core of the galaxy. AGNs
are also associated with collimated bipolar jets and lobes
of relativistic material emanating from the nucleus of the
galaxy, withinwhich g ected bl obs of plasmacan appear to
travel at superluminal velocities, in apparent violation of
the laws of physics (though thislatter effect isnow known
to be a consequence of highly relativistic motion viewed
along the direction of travel). For decades, as discoveries
mounted, sub-categories of AGN proliferated, usually de-
rived from some observational characteristic by which a
particular classwas originally identified. Thus, AGNs are
categorized as radio-loud or radio-quiet, flat-spectrum or
steep-spectrum sources, core-dominant or lobe-dominant
in their emission, with broad spectral lines (indicative of
high-vel ocity gas motions), narrow lines, highly polarized
lines, or no lines, Seyfert galaxies of typel or |1, Fanaroff-
Riley galaxies of type | or Il, and, at the most energetic
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extreme, the quasars, optically violent variables, and BL
L acertae objects (or BL Lacs) which collectively make up
the class known as blazars (with luminositiesin excess of
10® ergss™?).

With the successful launch and operation of the Comp-
ton Gamma Ray Observatory (CGRO), aremarkable new
class of active galaxy was discovered, the gamma-ray
blazars. The high-energy EGRET experiment aboard the
CGRO detected over 90 definite or probable gammarray
AGNSs (see Figs. 1 and 3), all but a few associated with
active galaxies of the blazar class. These discoveries com-
prise the single largest category of gamma-ray source de-
tected with EGRET and areall the more noteworthy in that
prior to thelaunch of the CGRO only one such gamma-ray
AGN was known, the quasar 3C 273 (discovered with the
COS-B satellite). Gammarray blazars exhibit strong flar-
ing behavior, and during active periods their gamma-ray
luminosity can exceed that in other wavebands by factors
of 100 or more. The gamma-ray blazars also span alarge
range in redshift (z ~ 0.03 to 2.3) and thus serve as cos-
mological probesof theintervening intergal actic medium.
The discovery and study of the gamma-ray blazars has
greatly enhanced our understanding of the blazar phe-
nomenon in general, and has also provided strong con-
firmation of the relativistic jet model for active galax-
ies, since energy considerations require that the observed
gamma-rays must be beamed in our direction viarelativis-
tic Doppler boosting.

In recent years, it has become clear that the vast mgjor-
ity of AGNs can be explained in terms of asingle “unified
model” for active galaxies. According to this concept the
various subclasses of AGN can be explained as arising
from geometric effects due to different viewing angles
of the observer with respect to the central source. In the
now-standard picture, the central engine of an AGN is
a supermassive black hole (of ~10%-10% solar masses)
that is powered by the accretion of surrounding infalling
material. It is the partial conversion via accretion of the
huge reservoir of gravitational potential energy into ther-
mal energy dueto the presence of the black holethat drives
the energetic behavior of AGNSs. In the standard scenario
the central supermassive black hole is surrounded by an
accretion disk and athicker outer obscuring torus of ma-
teria in the equatoria plane of the rotating black hole
(see Fig. 9). Highly collimated bipolar jets of relativistic
plasma are formed and gjected along the rotational axis,
and intervening clouds of material of varying velocity,
subject to bombardment from accelerated particles and
radiation from the accretion disk and jets, giveriseto the
broad and narrow spectral lines observed. Predominantly
thermal emission, extending up to X-rays, arisesfrom the
heated accretion disk and surrounding torus, while broad-
band nonthermal synchrotron and Compton emission,
including gamma radiation, is given off by the relativistic
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FIGURE 9 Schematic diagram of the central region of an ac-
tive galaxy illustrating the main components of the “unified model”
for active galactic nuclei (AGN). According to this model the var-
ious subclasses of AGN can be interpreted as arising from the
observer’s viewing angle with respect to the central source (a su-
permassive black hole) and the surrounding accretion disk, torus,
intervening clouds, and relativistic jets. Gamma-ray blazars are
presumed to arise when the observer’s viewing angle is very
closely aligned with the relativistic jets. (Adapted from Urry, C. M.,
and Padovani, P. (1995). “Unified schemes for radio-loud active
galactic nuclei,” Publication of the Astronomical Society of the Pa-
cific 107, 803—-845, Copyright PASP 1995, reproduced with per-
mission of the authors.)

particles in the jets. The appearance of an active galaxy
thus depends critically on one’s observing angle with re-
spect to the central source and the surrounding accretion
disk, torus, and relativistic jets. The most extreme variable
behavior will be noted when the observer’s viewing angle
isvery closely aligned to one of the jets, when relativistic
effects reach their maximum.

Therapid variability observed in gamma-rays (< days)
indicates that the high-energy emission arises from re-
gions very near the central engine of the galaxy, where
jet formation and the acceleration of relativistic plasma
occurs, phenomenathat are not yet well understood. The
gamma rays therefore constitute a new direct probe of
theinner-jet region, heretofore unobservable, even by the
techniques of very long baselineradio interferometry. Rel-
ativistic beaming plays a critical role in the explanation
of the luminous time-variable gamma-ray emission from
blazars, allowing rapid variations in the observed high-
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energy emission, without the penalty of severe attenua-
tion of the radiation due to the pair-production opacity.
Shocks and instabilities in the bulk flow of relativistic
particles can lead to variable nonthermal emission over a
wide range of energies. Given the broadband nature of the
emission from blazars it has become increasingly clear
that coordinated multiwavelength observations of flares
from blazars offers the prospect of determining the phys-
ical structure and properties of the inner-jet region. A key
ingredient of such multiwavelength campaignsisthe abil-
ity to measure time delays, between wavebands, of the
brightness variations occurring during a flare. The rela-
tive order and delay of these frequency-dependent vari-
ations differ according to the predictions of the various
models.

The emission mechanism most often employed to
model gammarray production in AGNs is the Comp-
ton scattering of lower-energy photons by high-energy
electrons. The scattered “seed” photons are typically ei-
ther synchrotron photons generated within the jet by
the electrons themsel ves (the so-called Synchrotron Self-
Compton, or SSC, model) or photons propagated directly
or scattered into the jet from the accretion disk sur-
rounding the central engine (labeled “external” Comp-
ton scattering). The broadband spectra predicted by these
model s present a characteristic double-peaked appearance
(see Fig. 10). The low-energy peak, broadly centered in
the millimeter radio to UV bands, is representative of
the low-energy photons (usually of synchrotron origin)
that are then Compton-scattered to higher gamma-ray en-
ergies via the relativistic electrons. Of particular inter-
est in this regard are the recent measurements of TeV
gammarays from relatively nearby BL Lac objects (most
notably MRK 421 and MRK 501, both at z ~ 0.03) with
ground-based Cherenkov detectors. These detectionshave
revealed high-energy emission extending up to 30 TeV,
combined with the most rapid variability (flux-doubling
times of less than 15 min!) observed to date at gamma-
ray energies. Further confirming TeV measurements of
gamma-ray AGN are eagerly anticipated to place more
precise observational constraints on the models described
above.

Finally, it isimportant to note the utility of gamma-ray
blazars as cosmological probes of the extragalactic dif-
fuse background radiation, sometimes referred to as the
extragal actic background light (or EBL). The propagation
of high-energy gamma rays through intergalactic space
is fundamentally limited by the pair-production opacity
of the intervening medium. That is, the likelihood of in-
teraction of the gamma radiation with the lower-energy
photons that make up the universal background radiation.
Though the cosmic microwave background radiation, relic
of the Big Bang, has been well measured, background
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FIGURE 10 Broadband multiwavelength spectrum of the gamma-ray blazar MRK 501 from radio to TeV gamma-ray
energies. The broadband spectrum shows the double-peaked structure characteristic of gamma-ray blazars in which
lower energy photons are Compton scattered to gamma-ray energies by relativistic electrons. (Adapted from Kataoka,
J. et al. (1999). “High-energy emission from the TeV blazar Markarian 501 during multiwavelength observations in
1996,” Astrophys. J. 514, 138-147, Copyright 1999, reproduced with permission of the AAS.)

radiation fields at other wavelengths are not nearly aswell
known, and yet are of considerableinterest sincethey pro-
videinformation about earlier epochsin the history of the
Universe. TeV gammarays, for example, aremost likely to
interact with infrared and optical photons. The optical/IR
background radiation fields therefore limit the distance to
which TeV gamma-ray sources can be detected. Observa
tions of gamma-ray blazars as afunction of redshift, then,
provide ameans of estimating the intensity of the EBL at
the lower optical and IR wavelengths that provide infor-
mation on star and galaxy formation inthe early Universe.

G. Gamma-Ray Bursts

As their name implies, cosmic gammaray bursts
(GRBs) are intense bursts of gamma radiation, lasting
from fractions of a second to minutes, which emit the
bulk of their energy in the gammarray regime (above
~0.1 MeV). Unpredictable in occurrence, these transient
eventsform oneof the most |ong-standing and challenging

puzzlesin modern astrophysics, dating back to their acci-
dental discovery over thirty years ago with the Velaseries
of nuclear-testing surveillance satellites. The Burst and
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