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HOW TO USE THE ENCYCLOPEDIA

Alphabetical order

‘Mc’ is treated as if it were spelled ‘Mac’, and certain shortened forms as if spelled
out in full (e.g. ‘St’ is treated as ‘Saint’). Entries that have more than one word in the
heading are alphabetized as if there were no space between the words. Entries that
share the same main heading are in the order of people, places and things. Entries
beginning with numerals are treated as if the numerals were spelled out (e.g. 3C
follows three-body problem and precedes 3C 273). An exception is made for HI
region and HIl region, which appear together immediately after Hirayama family.
Biographies are alphabetized by surname, with first names following the comma.
(Forenames are placed in parentheses if the one by which a person is commonly
known is not the first.) Certain lunar and planetary features appear under the main
element of names (e.g. Imbrium, Mare rather than Mare Imbrium).

Cross-references

SMALL CAPITALS in an article indicate a separate entry that defines and explains the
word or subject capitalized. ‘See also’ at the end of an article directs the reader to
entries that contain additional relevant information.

Measurements

Measurements are given in metric (usually SI) units, with an imperial conversion (to
an appropriate accuracy) following in parentheses where appropriate. In historical
contexts this convention is reversed so that, for example, the diameter of an early tele-
scope is given first in inches. Densities, given in grams per cubic centimetre, are not
converted, and neither are kilograms or tonnes. Large astronomical distances are usu-
ally given in light-years, but parsecs are sometimes used in a cosmological context.
Particularly in tables, large numbers may be given in exponential form. Thus 103 is a
thousand, 2 X 10° is two million, and so on. ‘Billion’ always means a thousand million,
or 10°. As is customary in astronomy, dates are expressed in the order year, month,
day. Details of units of measurement, conversion factors and the principal abbrevia-
tions used in the book will be found in the tables on this page.

Stellar data

In almost all cases, data for stars are taken from the HIPPARCOS CATALOGUE. The very
few exceptions are for instances where the catalogue contains an error of which the
editors have been aware. In tables of constellations and elsewhere, the combined mag-
nitude is given for double stars, and the average magnitude for variable stars.
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Endpapers: Andromeda Galaxy The largest member of the Local Group, this galaxy is the farthest
object that can be seen with the naked eye.

Half-title: Crab Nebula This nebula is a remnant of a supernova that exploded in the constellation
of Taurus in 1054.

Opposite title: M83 Blue young stars and red HIl emission nebulae clearly mark out regions of star
formation in this face-on spiral galaxy in Hydra.

Opposite Foreword: NGC 4945 This classic disk galaxy is at a distance of 13 million Ly. Its stars
are mainly confined to a flat, thin, circular region surrounding the nucleus.

Opposite page 1: Earth This photograph was obtained by the Apollo 17 crew en route to the
Moon in 1972 December.
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a semimajor axis L luminosity

A angstrom unit Lp  Lagrangian points
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e eccentricity m apparent magnitude, mass
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h Planck constant P orbital period
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Teff effective temperature 1 mm = 0.03937 inch
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y year 1 mile = 1.6093 km
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FOREWORD

-l_he progress of astronomy — or, more precisely, astrophysics —
over the past century, and particularly the past generation, is
not easily pigeon-holed.

On the one hand, profound truths have tumbled abundantly
from the sky. Here are four diverse examples:

1. Our universe began some 14 billion years ago in a single
cataclysmic event called the Big Bang.

2. Galaxies reside mainly in huge weblike ensembles.

3. Our neighbouring planets and their satellites come in a
bewildering variety.

4. Earth itself is threatened (at least within politicians’ horizons) by
impacts from mean-spirited asteroids or comets.

On the other hand, ordinary citizens may well feel that
astronomers are a confused lot and that they are farther away than
ever from understanding how the universe is put together and how
it works. For example, ‘yesterday’ we were told the universe is
expanding as a consequence of the Big Bang; ‘today’ we are told it
is accelerating due to some mysterious and possibly unrelated
force. It doesn’t help that the media dine exclusively on ‘gee-whiz’
results, many of them contradictory and too often reported
without historical context. I can’t help but savour the pre-1960s
era, before quasars and pulsars were discovered, when we naively
envisioned a simple, orderly universe understandable in everyday
terms.

Of course, all the new revelations cry out for insightful
interpretation. And that’s why I'm delighted to introduce this
brand-new edition. So much has been discovered since it first
appeared in 1987 . . . so much more needs to be explained!

It’s sobering to catalogue some of the objects and phenomena
that were unknown, or at least weren’t much on astronomers’
minds, only a generation or two ago.

The one that strikes me most is that 90% (maybe 99%!) of all
the matter in the universe is invisible and therefore unknown.
We’re sure it exists and is pervasive throughout intergalactic space
(which was once thought to be a vacuum) because we can detect
its gravitational influence on the stuff we can see, such as galaxies.
But no one has a cogent clue as to what this so-called dark matter
might be.

Masers, first created in laboratories in 1953, were found in
space only 12 years later. These intense emitters of coherent
microwave radiation have enabled astronomers to vastly improve
distance determinations to giant molecular clouds and, especially,
to the centre of our Galaxy.

A scientific ‘war’ was fought in the 1960s as to whether clusters
of galaxies themselves clustered. Now even the biggest of these so-
called superclusters are known to be but bricks in gigantic walls
stretching across hundreds of millions of light-years. These walls
contain most of the universe’s visible matter and are separated
from each other by empty regions called voids.

The discovery of quasars in 1963 moved highly condensed
matter on to astronomy’s centre stage. To explain their enormous
and rapidly varying energy output, a tiny source was needed, and
only a black hole having a feeding frenzy could fill the bill. Thus
too was born the whole subdiscipline of relativistic astrophysics,
which continues to thrive. Quasars are now regarded as having the
highest energies in a diverse class called active galaxies.

Gamma-ray bursts, the most powerful outpourings of energy
known in the universe, only came under intense scrutiny by
astronomers in the 1990s (they had been detected by secret
military satellites since the 1960s). The mechanism that leads to
this prodigious output is still speculative, though a young, very
massive star collapsing to form a black hole seems favoured.

A decades-long quest for extrasolar planets and closely related
brown-dwarf (failed) stars came to an abrupt end in 1995 when
the first secure examples of both entities were found. (By a
somewhat arbitrary convention, planets are regarded as having
masses up to several times that of Jupiter; brown dwarfs range
from about 10 to 80 Jupiters.) Improved search strategies and
techniques are now discovering so many of both objects that
ordinary new ones hardly make news.

One of the greatest successes of astrophysics in the last century
was the identification of how chemical elements are born.
Hydrogen, helium, and traces of others originated in the Big Bang;
heavier elements through iron derive from the cores of stars; and
still heavier elements are blasted into space by the explosions of
very massive stars.

The discovery of pulsars in 1967 confirmed that neutron stars
exist. Born in supernova explosions, these bodies are only about 10
kilometres across and spin around as rapidly as 100 times a
second. Whenever a pulsar’s radiation beam, ‘focused’ by some of
the strongest magnetic fields known, sweeps over the Earth, we see
the pulse. In addition to being almost perfect clocks, pulsars have
allowed studies as diverse as the interstellar medium and relativistic
effects. Finally, unlike any other astronomical object, pulsars have
yielded three Nobel Prizes!

Tantalizing though inconclusive evidence for extraterrestrial life
accumulates impressively: possible fossil evidence in the famous
Martian meteorite ALLH 84001, the prospect of clement oceans
under the icy crust of Jupiter’s satellite Europa, and the organic-
compound rich atmosphere of Saturn’s moon Titan. And then
there is the burgeoning catalogue of planets around other stars and
the detection of terrestrial life forms in ever more hostile
environments. All this suggests that we may not be alone. On a
higher plane, despite many efforts to find extraterrestrial intelligence
since Frank Drake’s famous Ozma experiment in 1960, we haven’t
picked up E.T’’s phone call yet. But the search has barely begun.

The flowering of astrophysics stems from the development of
ever larger, ever more capable telescopes on the ground and in
space. All the electromagnetic spectrum — from the highest-energy
gamma rays to the lowest-energy radio waves — is now available for
robust scrutiny, not just visible light and long-wavelength radio
emission as was the case in as recently as the 1950s.

Equally impressive has been the development of detectors to
capture celestial radiation more efficiently. In the case of the CCD
(charge-coupled device), trickle-down technology has allowed small
amateur telescopes to act as though they were four or five times
larger. Augmented by effective software, CCDs have caused a
revolution among hobbyists, who, after nearly a century-long hiatus,
can once again contribute to mainstream astrophysical research.

Increasingly, astronomers are no longer limited to gathering
electromagnetic radiation. Beginning late in the last century, they
started to routinely sample neutrinos, elementary particles that
allow us to peek at such inaccessible things as the earliest times in
the life of the universe and the innards of exploding stars. And the
gravitational-wave detectors being commissioned at the time of
this writing should allow glimpses of the fabric of spacetime itself.

Astronomy has involved extensive international collaborations
for well over a century. The cross-disciplinary nature of
contemporary research makes such collaborations even more
compelling in the future. Furthermore, efforts to build the next
generation of instruments on the ground and especially in space
are so expensive that their funding will demand international
participation.

Where do astronomers go from here? “Towards the unknown’
may seem like a cliché, but it isn’t. With so much of the universe
invisible or unsampled, there simply have to be many enormous
surprises awaiting!

When it comes to the Big Questions, I don’t know whether we
are children unable to frame our thoughts, or teenagers at sea, or
adults awash in obfuscating information. Researchers find the
plethora of new discoveries — despite myriad loose ends and
conundrums — to be very exciting, for it attests to the vibrancy and
maturation of the science. Yet, as we enter the 21st century,
astronomers are still a very long way from answering the two most
common and profound questions people ask: what kind of
universe do we live in, and is life pervasive?

Leif J. Robinson
Editor Emeritus, Sky & Télescope magazine






AAO Abbreviation of ANGLO-AUSTRALIAN OBSERVATORY
AAT Abbreviation of ANGLO-AUSTRALIAN TELESCOPE

AAVSO Abbreviation of AMERICAN ASSOCIATION OF VARI-
ABLE STAR OBSERVERS

Abbot, Charles Greeley (1872-1961) American
astronomer who specialized in solar radiation and its
effects on the Earth’s climate. He was director of the
Smithsonian Astrophysical Observatory from 1907.
Abbot made a very accurate determination of the solar
constant, compiled the first accurate map of the Sun’s
infrared spectrum and studied the heating effect of the
solar corona. He helped to design Mount Wilson Solar
Observatory’s 63-ft (19-m) vertical solar telescope.

Abell, George Ogden (1927-83) American astronomer
who studied galaxies and clusters of galaxies. He is best
known for his catalogue of 2712 ‘rich’ clusters of galaxies
(1958), drawn largely from his work on the PALOMAR
OBSERVATORY SKY SURVEY. The Abell clusters, some of
which are 3 billion 1.y. distant, are important because they
define the Universe’s large-scale structure. Abell
successfully calculated the size and mass of many of these
clusters, finding that at least 90% of the mass necessary to
keep them from flying apart must be invisible.

aberration (1) (aberration of starlight) Apparent
displacement of the observed position of a star from its
true position in the sky, caused by a combination of the
Earth’s motion through space and the finite velocity of
the light arriving from the star. The effect was discovered
by James BRADLEY in 1728 while he was attempting to
measure the PARALLAX of nearby stars. His observations
revealed that the apparent position of all objects shifted
back and forth annually by up to 20" in a way that was
not connected to the expected parallax effect.

The Earth’s movement in space comprises two parts:
its orbital motion around the Sun at an average speed of
29.8 kmy/s (18.5 mi/s), which causes annual aberration,
and its daily rotation, which is responsible for the smaller
of the two components, diurnal aberration. The former
causes a star’s apparent position to describe an ELLIPSE
over the course of a year. For any star on the ECLIPTIC, this
ellipse is flattened into a straight line, whereas a star at the
pole of the ecliptic describes a circle. The angular dis-
placement of the star, a, is calculated from the formula
tan a = v/c, where v is the Earth’s orbital velocity and c¢ is
the speed of light.

Diurnal aberration is dependent on the observer’s posi-
tion on the surface of the Earth. Its effect is maximized at
the equator, where it produces a displacement of a stellar
position of 0”.32 to the east, but drops to zero for an
observer at the poles.

Bradley’s observations demonstrated both the motion of
the Earth in space and the finite speed of light; they have
influenced arguments in cosmology to the present day.

aberration (2) Defect in an image produced by a LENS
or MIRROR. Six primary forms of aberration affect the
quality of image produced by an optical system. One of
these, CHROMATIC ABERRATION, is due to the different
amount of refraction experienced by different
wavelengths of light when passing through the boundary
between two transparent materials; the other five are
independent of colour and arise from the limitations of
the geometry of the optical surfaces. They are
sometimes referred to as Seidel aberrations after Ludwig
von Seidel (1821-96), the mathematician who
investigated them in detail.

The five Seidel aberrations are SPHERICAL. ABERRATION,
COMA, ASTIGMATISM, curvature and distortion. All but
spherical aberration are caused when light passes through
the optics at an angle to the optical axis. Optical designers
strive to reduce or eliminate aberrations and combine lens-
es of different glass types, thickness and shape to produce

a ‘corrected lens’. Examples are the composite OBJECTIVES
in astronomical refractors and composite EYEPIECES.

Curvature produces images that are not flat. When
projected on to a flat surface, such as a photographic film,
the image may be in focus in the centre or at the edges,
but not at both at the same time. Astronomers using CCD
cameras on telescopes can use a field flattener to produce
a well-focused image across the whole field of view. Often
this is combined with a focal reducer to provide a wider
field of view.

Distortion occurs where the shape of the resulting
image is changed. Common types of distortion are pin-
cushion and barrel distortion, which describe the effects
seen when an image of a rectangle is formed. Some binoc-
ular manufacturers deliberately introduce a small amount
of pin-cushion distortion as they claim it produces a more
natural experience when the binoculars are panned across
a scene. Measuring the distortion in a telescope is
extremely important for ASTROMETRY as it affects the pre-
cise position measurements being undertaken. Astromet-
ric telescopes once calibrated are maintained in as stable a
condition as possible to avoid changing the distortion.

Abetti, Giorgio (1882-1982) Italian solar physicist,
director of ARCETRI ASTROPHYSICAL ~ OBSERVATORY
(1921-52). As a young postgraduate he worked at Mount
Wilson Observatory, where pioneering solar astronomer
George Ellery HALE became his mentor. Abetti designed
and constructed the Arcetri solar tower, at the time the
best solar telescope in Europe, and used it to investigate
the structure of the chromosphere and the motion of
sunspot penumbras (the Evershed—Abetti effect).

ablation Process by which the surface layers of an object
entering the atmosphere (for example a spacecraft or a
METEOROID) are removed through the rapid intense
heating caused by frictional contact with the air. The heat
shields of space vehicles have outer layers that ablate,
preventing overheating of the spacecraft’s interior.

absolute magnitude (M) Visual magnitude that a star
would have at a standard distance of 10 PARSECS. If m =
apparent magnitude and r = distance in parsecs:
M=m+5—5logr

For a minor planet this term is used to describe the
brightness it would have at a distance of 1 AU from the
Sun, 1 AU from the Earth and at zero PHASE ANGLE (the
Sun—Asteroid-Earth angle, which is a physical
impossibility).

absolute temperature Temperature measured using
the absolute temperature scale; the units (obsolete) are
°A. This scale is effectively the same as the modern
thermodynamic temperature scale, wherein temperature

angle of
aberration

absolute temperature

< aberration Aberration can
cause displacement in the
position of a star relative to its
true position as viewed in a
telescope. Bending of the light
path away from the optical axis
produces coma, drawing the
star image into a ‘tail’ (). Offset
of the star’s position (2) can
reduce the effectiveness of the
telescope for astrometry.



absolute zero

is defined via the properties of the Carnot cycle. The zero
point of the scale is ABSOLUTE ZERO, and the freezing and
boiling points of water are 273.15°A and 373.15°A,
respectively. 1°A is equivalent to 1 K and kelvins are now
the accepted SI unit. See also CELSIUS SCALE

absolute zero Lowest theoretically attainable
temperature; it is equivalent to —273.15°C or 0 K.
Absolute zero is the temperature at which the motion of
atoms and molecules is the minimum possible, although
that motion never ceases completely because of the
operation of the Heisenberg uncertainty principle. (This
principle states that an object does not have a measurable
position and momentum at the same time, because the
act of measuring disturbs the system.) Absolute zero can
never be achieved in practice, but temperatures down to
0.001 K or less can be reached in the laboratory. The
COSMIC MICROWAVE BACKGROUND means that 2.7 K is the
minimum temperature found naturally in the Universe.

absorption As a beam of light, or other
ELECTROMAGNETIC RADIATION, travels through any
material medium, the intensity of the beam in the
direction of travel gradually diminishes. This is partly
due to scattering by particles of the medium and partly
due to absorption within the medium. Energy that is
absorbed in this way may subsequently be re-radiated at
the same or longer wavelength and may cause a rise in
temperature of the medium.

The absorption process may be general or selective in
the way that it affects different wavelengths. Examples
can be seen in the colours of various substances. Lamp
black, or amorphous carbon, absorbs all wavelengths
equally and reflects very little, whereas paints and pig-
ments absorb all but the few wavelengths that give them
their characteristic colours.

Spectral analysis of starlight reveals the selective absorp-
tion processes that tell us so much about the chemical and
physical conditions involved. The core of a star is a hot,
incandescent, high-pressure gas, which produces a CON-
TINUOUS SPECTRUM. The atoms of stellar material are
excited by this high-temperature environment and are so
close together that their electrons move easily from atom to
atom, emitting energy and then being re-excited and so on.
This gives rise to energy changes of all possible levels
releasing all possible colours in the continuous SPECTRUM.

The cooler, low-pressure material that comprises the
atmospheres of both star and Earth, and the interstellar
medium that lies between them, can be excited by con-
stituents of this continuous radiation from the star core,
thus absorbing some of the radiation. Such selective
absorption produces the dark ABSORPTION LINES that are
so typical of stellar spectra. These lines are not totally
black; they are merely fainter than the continuum because
only a fraction of the absorbed energy is re-radiated in the
original direction. See also FRAUNHOFER LINES; MOR-
GAN—KEENAN CLASSIFICATION

absorption line Break or depression in an otherwise
CONTINUOUS SPECTRUM. An ABSORPTION line is caused
by the absorption of photons within a specific (usually
narrow) band of wavelengths by some species of atom,
ion or molecule, any of which has its own characteristic
set of absorptions. Absorption lines are produced when
electrons associated with the various species absorb
incoming radiation and jump to higher energy levels. The
analysis of absorption lines allows the determination of
stellar parameters such as temperatures, densities, surface
gravities, velocities and chemical compositions (see
SPECTRAL CLASSIFICATION).

absorption nebula See DARK NEBULA

Abu’l-Waf2’ al Buzjani, Muhammad (940-997/8)
Persian astronomer and mathematician. His Kitab al-
kamil (‘Complete Book’ [on Astronomy]) and his
astronomical tables were used by many later astronomers,

and he was the first to prove that the sine theorem is valid
for spherical surfaces (for example, the celestial sphere).
Abu’l-Wafa’ discovered irregularities in the Moon’s
motion which were explained only by advanced theories
of celestial mechanics developed centuries later.

Acamar The star 6 Eridani, visual mag. 2.88, distance
161 Ly. Through small telescopes it is seen to be double.
The components are of mags. 3.2 and 4.3, with spectral
types A5 IV and A1l Va. The name comes from the Arabic
akhir al-nahr, meaning ‘river’s end’, for in ancient times it
marked the southernmost end of Eridanus, before the
constellation was extended farther south to ACHERNAR.

acapulcoite-lodranite Association of two groups of
ACHONDRITE meteorites. They show a range of properties
that grade into each other, with similar oxygen isotopic
compositions. Acapulcoite-lodranites are thought to be
partial melts of chondritic precursors. They have been
described as primitive achondrites, suggesting that they
are a bridge between CHONDRITES and achondrites.

acceleration of free fall Acceleration experienced by a
body falling freely in a gravitational field. A body in free
fall follows a path determined only by the combination of
its velocity and gravitational acceleration. This path may
be a straight line, circle, ellipse, parabola or hyperbola. A
freely falling body experiences no sensation of weight,
hence the ‘weightlessness’ of astronauts, since the
spacecraft is continuously free falling towards the Earth
while its transverse motion ensures that it gets no closer.
The free fall acceleration is 9.807 m/s? at the Earth’s
surface. It varies as the inverse square of the distance
from the Earth’s centre.

accretion Process by which bodies gain mass; the term
is applied both to the growth of solid objects by
collisions that result in sticking and to the capture of gas
by the gravity of a massive body. Both types of accretion
are involved in the formation of a planetary system from
a disk-shaped nebula surrounding a PROTOSTAR. When
newly formed, such a disk consists mostly of gas, with a
small fraction (c.1%) of solid material in small dust
particles, with original sizes of the order of a
micrometre. Grains settle through the gas towards the
central plane of the disk; they drift inwards toward the
protostar at rates that vary with their sizes and densities,
resulting in collisions at low velocities. Particles may
stick together by several mechanisms, depending on
their compositions and local conditions, including
surface forces (van der Waals bonding), electrical or
magnetic effects, adsorbed layers of organic molecules
forming a ‘glue’, and partial melting of ices. This
sticking produces irregularly shaped fluffy aggregates,
which can grow further by mechanical interlocking.

When bodies reach sizes of the order of a kilometre or
larger, gravity becomes the dominant bonding mecha-
nism. Such bodies are called PLANETESIMALS. Mutual
perturbations cause their orbits to deviate from circulari-
ty, allowing them to cross, which results in further colli-
sions. The impact velocity is always at least as large as
the escape velocity from the larger body. If the energy
density exceeds the mechanical strength of the bodies,
they are shattered. However, a large fraction of the
impact energy is converted into heat, and most frag-
ments move at relatively low velocities, less than the
impact velocity. These fragments will fall back to the
common centre of gravity, resulting in a net gain of mass
unless the impact velocity greatly exceeds the escape
velocity. The fragments form a rubble pile held together
by their mutual gravity. As this process is repeated, bod-
ies grow ever larger. At sizes greater than a few hundred
kilometres gravitational binding exceeds the strength of
geological materials, and the mechanical properties of
the planetesimals become unimportant.

Accretion is stochastic, that is, the number of colli-
sions experienced by a body of a given size in an interval



of time is a matter of chance. This process produces a
distribution of bodies of various sizes. Often, the size dis-
tribution can be described by a power law, with an index
s, defined so that the number of objects more massive
than a specific mass, m, is proportional to m 5. If s is less
than 1, most of the mass is in the larger objects; for larg-
er values of s, the smaller bodies comprise most of the
mass. Power law size distributions may be produced by
either accretion or fragmentation, with the latter tending
to have somewhat larger s values. However, accretion of
planetesimals subject to gravitational forces can produce
another type of distribution. If relative velocities are low
compared with a body’s escape velocity, its gravity can
deflect the trajectories of other objects, causing impacts
for encounters that would otherwise be near misses. This
‘gravitational focusing’ is more effective for more mas-
sive bodies, and it increases their rate of mass gain by
accretion, allowing the largest bodies to grow still more
rapidly. In numerical simulations of accretion, the first
body to reach a size such that its escape velocity exceeds
the mean relative velocity experiences ‘runaway growth’,
quickly becoming much larger than the mean size. Its
own perturbations then stir up velocities of the smaller
bodies near its orbit, preventing them from growing in
the same manner. At greater distances, its effects are
weaker, and the process can repeat in another location.
The result is a series of PROTOPLANETS in separated
orbits; these can grow further by sweeping up the resid-
ual population of small planetesimals.

In the inner Solar System, the final stage of accretion
probably involved collisions between protoplanets.
Impacts of this magnitude would have involved enough
energy to melt the planets; such an event is theorized to
be responsible for the origin of the Moon. If a protoplan-
et attained sufficient mass before dissipation of the
SOLAR NEBULA, then its gravitation could overcome the
pressure of the nebular gas, and it could accrete gas from
the nebula. This process can begin at a critical mass that
depends on a number of factors, including the density
and temperature of the gas, and the protoplanet’s dis-
tance from the Sun. The rate at which gas is accreted is
limited by the escape of energy, which must be radiated
away by the gas as it cools. The original protoplanet
would then become the CORE of a planet that consists
mostly of hydrogen. Plausible estimates imply that the
critical mass is at least a few times Earth’s mass, but pro-
toplanets of this size could have accreted in the outer
Solar System. Jupiter and Saturn probably formed by
accretion of gas. See also COSMOGONY

accretion disk Disk of matter that surrounds an
astronomical object and through which material is
transferred to that object. In many circumstances,
material does not transfer directly from one astronomical
object to another. Instead, the material is pulled into
equatorial orbit about the object before accreting. Such
material transfer systems are known as ACCRETION disks.
Accretion disks occur in protostellar clouds, close BINARY
STAR systems and at the centre of galaxies.

Accretion disks are difficult to observe directly
because of their small size or large distance from Earth.
The disks that appear the largest (because they are near-
est) are PROTOPLANETARY DISKS, around 100 AU in size,
some of which have been imaged by the Hubble Space
Telescope. Accretion disks in CLOSE BINARIES range in
diameter from a few tenths to a few solar radii. Details
about size, thickness and temperature of accretion disks
can be provided by observing eclipses occurring between
the disk and the secondary star from which the material
is being pulled.

The energy output of the material being accreted
depends on the mass and radius of the accreting object.
The more massive and the smaller the accreting object,
the higher the speed of material arriving, and the greater
the amount of energy released on impact. Energy contin-
ues to be radiated as the material loses energy by slowing
down within the disk. If the accreting star in a binary sys-

tem is @ WHITE DWARF, as in a CATACLYSMIC VARIABLE,
the inner part of the disk will radiate in the ultraviolet,
while the outer part radiates mostly in the visible. The
MASS TRANSFER in such systems is often unstable, caus-
ing DWARF NOVAE outbursts.

In an X-RAY BINARY the accreting star is a NEUTRON
STAR or stellar-mass BLACK HOLE and the inner disk radi-
ates in X-rays. Unstable mass transfer across these disks
produces soft X-RAY TRANSIENTS and sometimes relativis-
tic JETS. The greatest amounts of energy are released when
matter accretes on to a SUPERMASSIVE BLACK HOLE at the
centre of a galaxy. This is the power source of an ACTIVE
GALACTIC NUCLEUS, the central region of which radiates in
ultraviolet and X-ray and can produce relativistic jets.

ACE Acronym for ADVANCED COMPOSITION EXPLORER

Achernar The star o Eridani, visual mag. 0.46, distance
144 1.y. Achernar is the ninth-brightest star in the sky and
has a luminosity over a thousand times that of the Sun. Its
spectral type is B3 V with additional features that suggest
it is a SHELL STAR. The name, which comes from the
Arabic meaning ‘river’s end’ (the same origin as ACAMAR),
was given to this star in Renaissance times when the
constellation Eridanus was extended southwards.

Achilles First TROJAN ASTEROID to be recognized, by Max
WOLF in 1906; number 588. It is ¢.147 km (¢.91 mi) in size.

achondrite sTONY METEORITE that formed from melted
parts of its parent body. Achondrites usually have
differentiated compositions. They generally do not
contain CHONDRULES, and they have very low metal
contents. There are many different groups of
achondrites, some of which can be linked to form
associations allied with specific parents. The separate
associations have little, if any, genetic relationship to each
other. See also ACAPULCOITE-LODRANITE; ANGRITE;
AUBRITE; BRACHINITE; HOWARDITE-EUCRITE-DIOGENITE
ASSOCIATION; LUNAR METEORITE; MARTIAN METEORITE;
UREILITE; WINONAITE

achromat (achromatic lens) Composite LENS designed
to reduce CHROMATIC ABERRATION. The false colour
introduced into an image by a lens can be reduced by
combining the action of two or more lenses with
different characteristics. In an achromat, two lenses of
different materials are used together.

The most common example is the OBJECTIVE of a good
quality but inexpensive astronomical REFRACTOR. This is
usually made of a crown glass lens and a flint glass lens
that have different refractive indices and introduce differ-
ent levels of dispersion. By making one lens diverging and
the other converging the optical designer can produce a
converging composite lens that brings light of two differ-

achromat

V¥ absorption line The visible
light spectrum of the cool giant
star Arcturus (« Bodtis) is
shown here. The dark vertical
lines in the spectrum are
caused by atoms in the star’s
atmosphere absorbing
radiation. Because each
element absorbs radiation at
characteristic wavelengths, the
spectrum of a star can be used
to determine which elements
are present.
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Acidalia Planitia

A Acidalia Planitia \When this
area of Mars was originally
imaged by Viking some
astronomers interpreted the
linear feature as an ancient
shoreline. Mars Global
Surveyor images showed that it
is actually layered rock.

» active optics The active
optics actuators on the reverse
of the primary mirror of the
WIYN telescope at Kitt Peak
National Observatory allow the
mirror to be flexed continually to
compensate for the effects of
gravity as the telescope moves.
This system means that far
thinner mirrors can be used
without risking distortion of the
images and data obtained.

ent wavelengths to a focus at the same point. This
reduces considerably the false colour that would be pro-
duced by a single lens, but it does not eliminate it alto-
gether: bright objects observed against a dark
background, such as the Moon at night, will have a
coloured edge. There is also a reduction in overall con-
trast compared with a completely colour-corrected opti-
cal system such as an APOCHROMAT.

Acidalia Planitia Main dark area in the northern hemi-
sphere of MARS (47°.0N 22°.0W).

Acrux The star o« Crucis (of which ‘Acrux’ is a
contraction), visual mag. 0.77, distance 321 Ly. Small
telescopes split it into two components of mags. 1.3 and
1.7. Their spectral types are B0.5 IV and B1 V, so both
appear blue-white. Acrux is the southernmost first-
magnitude star, declination —63°.1.

actinometer (pyrheliometer) Instrument used for
measuring at any instant the direct heating power of the
Sun’s radiation. Sir William HERSCHEL first noted, in
1800, that the heating effect of the Sun’s rays was
greatest beyond the red end of the spectrum. This
INFRARED RADIATION was further investigated by his son
Sir John HERSCHEL, who invented the actinometer
around 1825.

active galactic nucleus (AGN) Central energy-
producing region in some GALAXIES. AGNs are distinct in
having substantial portions of their energy output coming
from processes that are not associated with normal stars
and their evolution. The observed guises of this energy
release define the various types of active nuclei.

At the lowest power levels are LINERS (LLow Ionization
Nuclear Emission-line Regions), generally recognized
only by the ratios of fairly weak EMISSION LINES; not all
LINERS are genuine active nuclei. Activity character-
ized by strong, broad emission lines occurs in SEYFERT
GALAXIES, most of which are spirals; Seyfert types 1 and
2 have different patterns of line width. Seyfert galaxies
also show strong X-ray emission and, often, far-infrared
radiation. RADIO GALAXIES are most notable for their
strong radio emission, usually from a pair of lobes sym-
metrically placed about the galaxy, often accompanied
by JETS and radio emission from the nucleus itself. This
activity may have little or no trace in the optical region,
although some radio galaxies do have spectacular optical
emission lines similar to those of both types of Seyfert
galaxy. Higher-luminosity objects are QUASISTELLAR
OBJECTS (QSOs), which are known as QUASARS (quasi-
stellar radio sources) if they exhibit strong radio emis-
sion. These objects are so bright that the surrounding
galaxy can be lost for ordinary observations in the light
of the nucleus. Members of another class, BL. LACERTAE
OBJECTS, show featureless spectra and rapid variability,
suggesting that they are radio galaxies or quasars seen
along the direction of a relativistic jet, the radiation of
which is strongly beamed along its motion. These cate-
gories share features of strong X-ray emission, large
velocities for the gas seen in emission lines, and a very
small emitting region as seen from variability. Many
show variation in the ultraviolet and X-ray bands on
scales of hours to days, implying that the radiation is
emitted in a region with light-crossing time no longer
than these times.

The most popular model for energy production in all
these kinds of active galactic nuclei involves material
around a supermassive BLACK HOLE (of millions to a few
thousand million solar masses). The power is released
during ACCRETION, likely in an ACCRETION DISK, while
jets may be a natural by-product of the disk geometry
and magnetic fields.

active optics Technique for controlling the shape and
alignment of the primary MIRROR of a large reflecting
TELESCOPE. As a telescope tilts to track the path of a

celestial object across the sky, its mirror is subject to
changes in the forces acting upon it, as well as
temperature variations and buffeting from the wind,
which can cause it to flex, giving rise to SPHERICAL
ABERRATION or ASTIGMATISM of the image.

Active optics compensate for these effects, through
the use of a number of computer-controlled motorized
mirror supports, known as actuators, which continually
monitor the shape of the mirror and adjust it into its cor-
rect form. These adjustments are typically only about
1/10,000 the thickness of a human hair but are enough to
keep light from a star or galaxy precisely focused.

For many years it was considered impossible to build
telescopes of the order of eight metres in diameter using
a single mirror because it would have had to be so thick
and heavy in order to maintain its correct shape as to
make it impractical. The development of active optics
technology has meant that relatively thin primary mir-
rors can now be built that are lighter and cheaper and are
able to hold their precise shape, thereby optimizing
image quality. The system also compensates for any
imperfections in the surface of the mirror caused by
minor manufacturing errors. See also ADAPTIVE OPTICS;
SEGMENTED MIRROR

active region Region of enhanced magnetic activity on
the Sun often, but not always, associated with SUNSPOTS
and extending from the solar PHOTOSPHERE to the
CORONA. Where sunspots occur, they are connected by
strong magnetic fields that loop through the
CHROMOSPHERE into the low corona (coronal loops).
Radio, ultraviolet and X-ray radiation from active regions
is enhanced relative to neighbouring regions of the
chromosphere and corona. Active regions may last from
several hours to a few months. They are the sites of
intense explosions, FLARES, which last from a few minutes
to hours. NOAA (National Oceanic and Atmospheric
Administration), which monitors solar activity, assigns
numbers to active regions (for example, AR 9693) in
order of their visibility or appearance. The occurrence
and location of active regions varies in step with the
approximately 11-year SOLAR CYCLE. Loops of gas seen
as FILAMENTS or PROMINENCES are often suspended in
magnetic fields above active regions.

Adams, John Couch (1819-92) English
mathematician and astronomer who played a part in the
discovery of Neptune. In 1844, while at St John’s
College, Cambridge, he began to investigate the orbital
irregularities of Uranus, which he concluded could be
accounted for by gravitational perturbations by an
undiscovered planet. He calculated an orbit for this
planet, and identified a small region of sky where it
might be found. He approached James CHALLIS, director
of the Cambridge Observatory, and George Biddell ARy,
the Astronomer Royal. However, communications




between Adams and Airy did not run smoothly, and no
search was mounted from Britain. When the Uranus-
disturbing planet, Neptune, was located on 1846
September 23, it was by Johann GALLE and Henrich
D’ARREST, observing from Berlin and guided by a
position calculated independently by Urbain LE VERRIER.
Adams was a brilliant scientist, but shy and rather retir-
ing, and he refused a knighthood in 1847. He returned to
Cambridge as Lowndean Professor in 1858, becoming
director of the Cambridge Observatory in 1860. Adams’
subsequent researches on the lunar parallax and other
small motions, and the celestial mechanics of meteor
streams following the 1866 Leonid storm, won him
numerous honours. In spite of the Neptune affair, which
led to arguments over the conduct of British science and a
souring of Anglo-French scientific relations, Adams
enjoyed the friendship of Airy, Challis and Le Verrier.

Adams, Walter Sydney, Jr (1876-1956) American
astronomer, born in Syria to missionary parents, who
succeeded George Ellery HALE as director of Mount
Wilson Observatory (1923-46). At Yerkes Observatory
(1898-1904), Adams became an expert at using
spectroscopic techniques to determine stellar radial
velocities. He followed Hale to Mount Wilson, where a
great new observatory specializing in solar astronomy
was being built. Adams and Hale obtained solar spectra
showing that sunspots were cooler than the rest of the
Sun’s surface, and by measuring Doppler shifts in solar
spectra he was able accurately to measure our star’s
differential rotation, which varies with latitude. In 1914
he began studying the intensity of spectral lines of stars
beyond the Sun, which could be used to calculate the
stars’ absolute magnitudes; during his Mount Wilson
years, Adams computed and catalogued the radial
velocities of 7000 stars, determining the absolute
magnitudes of another 6000.

Adams discovered that the intensities differed for
main-sequence, giant and dwarf stars, and used this
knowledge to identify Sirius B as the first example (1915)
of a white dwarf. His calculations showed that Sirius B is
an extremely hot, compact star containing 80% of the
Sun’s mass packed into a volume roughly equal to that of
the Earth. Ten years later he was able to measure a
Doppler shift of 21 km/s (13 mi/s) for Sirius B, a result
predicted by Arthur EDDINGTON’s model of white dwarfs,
which, because they are very dense, produce powerful
localized gravitational fields manifested in just such a
spectral redshift. Adams’ discovery was therefore regard-
ed as an astrophysical confirmation of Albert EINSTEIN’S
theory of general relativity. In 1932 Adams found that the
atmosphere of Venus is largely composed of CO,; he also
discovered that the interstellar medium contained the
molecules CN and CH. The climax of Adams’ career
was his role in the design and building of Mount Palo-
mar’s 200-inch (5-m) Hale Telescope.

adaptive optics Technique that compensates for
distortion caused in astronomical images by the effects of
atmospheric turbulence, or poor SEEING.

Adaptive optic technology uses a very thin, deformable
mirror to correct for the distorting effects of atmospheric
turbulence. It operates by sampling the light using an
instrument called a wavefront sensor. This takes a ‘snap-

shot’ of the image from a star or galaxy many times a sec-
ond and sends a signal back to the deformable mirror,
which is placed just in front of the focus of the telescope.
The mirror is very thin and can be flexed in a controlled
fashion hundreds of times a second, compensating for the
varying distortion and producing an image almost as
sharp as if the telescope were in space. The control signals
must be sent from the wavefront detector to the mirror
fast enough so that the turbulence has not changed signif-
icantly between sensing and correction. See also ACTIVE
OPTICS; SPECKLE INTERFEROMETRY

ADC Abbreviation of ASTRONOMICAL DATA CENTER

Adhara The star € Canis Majoris, visual mag. 1.50,
distance 431 ly., spectral type B2 II. It has a 7th-
magnitude COMPANION, which is difficult to see in very
small telescopes as it is drowned by Adhara’s light. The
name comes from an Arabic phrase meaning ‘the
virgins’, given to an asterism of four of five stars of
which Adhara was the brightest.

adiabatic Process in thermodynamics in which a change
in a system occurs without transfer of heat to or from the
environment. Material within the convective regions of
stars moves sufficiently rapidly that there is little exchange
of energy except at the top and bottom of the region. The
material therefore undergoes adiabatic changes, and this
leads to a simple pressure law of the form:
P=kpP

where P is the pressure, p the density, and & a constant.
Such a pressure law is called polytropic, and it enables the
region to be modelled very simply.

Adonis Second APOLLO ASTEROID to be discovered, in
1936. It was lost but became numbered as 2101 after its
recovery in 1977. Because of its low inclination orbit,
Adonis makes frequent close approaches to the Earth. It
has been suggested to be the parent of a minor METEOR
SHOWER, the Capricornid—Sagittariids, and may,
therefore, have originated as a cometary nucleus. See
table at NEAR-EARTH ASTEROID

Adrastea One of the inner moons of JUPITER, discovered
in 1979 by David Jewitt (1958- ) and Edward Danielson
in images obtained by the VOYAGER project. It is irregular
in shape, measuring about 25 X 20 X 15 km (16 X 12 X
9 mi). It orbits near the outer edge of Jupiter’s main ring,
129,000 km (80,000 mi) from the planet’s centre, taking
0.298 days to complete one of its near-circular equatorial
orbits. See also METIS

Advanced Composition Explorer (ACE) NASA
spacecraft launched in 1997 August. It is equipped with
nine instruments to determine and compare the isotopic
and elemental composition of several distinct samples of
matter, including the solar CORONA, interplanetary
medium, interstellar medium and galactic matter. The
craft was placed into the Earth-Sun Lagrangian point, or
L,, 1.5 million km (940,000 mi) from Earth, where it
remains in a relatively constant position with respect to
the Earth and the Sun.

aerolite Obsolete name for STONY METEORITE

aerolite

<« adaptive optics
Telescopes using adaptive
optics, such as the Very Large
Telescope (VLT), have far better
resolving power than earlier
ground-based telescopes.
Here the light from a close
binary pair with a separation of
only 0”.03 has been reflected
from the primary mirror on to a
subsidiary mirror, which is
continually adjusted to
compensate for variations in
the Earth’s atmosphere; it is
then computer processed.

< Advanced Composition
Explorer ACE’s nine
instruments sample a wide
range of accelerated particles
from the Sun and interstellar
and galactic sources. One of
their main functions is to give
warning of geomagnetic
storms that might endanger
astronauts and disrupt power
supplies and communications
on Earth.



aeronomy

V Agena The Agena target
vehicle is seen here from
Gemini 8 during the
rendezvous. Testing docking
procedures was vital to the
success of the Apollo missions.

aeronomy Study of the physics and chemistry of the
upper ATMOSPHERE of the Earth and other planets. On
Earth, this region is rather inaccessible, being generally
above the height that meteorological balloons can reach,
so research techniques rely heavily on the use of rockets
and satellites together with remote sensing by radio
waves and optical techniques.

The primary source of energy for the processes inves-
tigated is incident solar energy absorbed before it reaches
the surface of the planet. This energy may ionize the
upper atmosphere to form ionospheric plasma or may
cause chemical changes, such as the photodissociation of
molecules to form atoms or the production of exotic
molecules such as ozone and nitrous oxide. Some minor
constituents have an important catalytic role in the
chemistry of the upper atmosphere, hence, for example,
the significant influence of chlorine compounds on the
ozone concentration in the STRATOSPHERE.

Consideration of the atmosphere as a fluid leads to an
understanding of the various winds and circulation pat-
terns. Fluid oscillations include atmospheric tides, inter-
nal gravity waves and disturbances that propagate
because of buoyancy forces. The tides are predominant-
ly caused by solar heating, rather than by gravitational
forces, and, on Earth, are the principal component dri-
ving the wind system at an altitude of about 100 km
(about 60 mi). Under certain conditions the upper
atmosphere may become turbulent, which leads to mix-
ing and enhanced heat transport.

Optical phenomena include AIRGLOW, in which pho-
toemission may be caused by a range of physical and
chemical processes, and AURORAE, where the visible
emissions are produced by charged particles from the
MAGNETOSPHERE. Associated with aurorae are electric
current systems, which create perturbations in the mag-
netic field. There are other currents in the upper atmos-
phere caused by tidally driven dynamos.

aether All-pervasive fluid through which
electromagnetic waves were originally thought to
propagate. Electromagnetic theory showed that light
needed no such medium to propagate and experimental
tests such as the MICHELSON-MORLEY EXPERIMENT failed
to detect signs of such a medium, so the idea of aether
was dropped from physical theory.

Agena Alternative name for the star 3 Centauri. Also
known as HADAR

Agena One of the most successful US rockets. It was
used extensively for rendezvous and docking

manoeuvres in the manned GEMINI PROJECT, launching
satellites and as a second stage for US lunar and
planetary missions.

Aglaonike Ancient Greek, the first woman named in the
recorded history of astronomy. She was said to have
predicted eclipses, and some of her contemporaries
regarded her as a ‘sorceress” who could ‘make the Moon
disappear at will’.

AGN Abbreviation for ACTIVE GALACTIC NUCLEUS

airglow Ever-present faint, diffuse background of light
in the night sky resulting from re-emission of energy by
atmospheric atoms and molecules following excitation
during daylight by solar radiation. Airglow emissions,
which occur in the upper ATMOSPHERE, mean that
Earth’s night sky is never completely dark.

Prominent among airglow emissions is green light
from excited oxygen, at 557.7 nm wavelength, which is
found mainly in a roughly 10 km (6 mi) deep layer at
around 100 km (60 mi) altitude. Red oxygen emissions at
630.0 nm and 636.4 nm occur higher in the atmosphere;
together with those from sodium, these emissions become
more prominent in the twilight airglow. The night-time
airglow varies in brightness, probably in response to
changing geomagnetic activity. The day-time airglow is
about a thousand times more intense than that seen at
night but is, of course, a great deal more difficult to study
because of the bright sky background.

Airy, George Biddell (1801-92) English astronomer,
the seventh ASTRONOMER ROYAL. The son of an excise
officer, he grew up in Suffolk and won a scholarship to
Trinity College, Cambridge. Airy became a professor at
the age of 26, and was offered the post of Astronomer
Royal in 1835, having already refused a knighthood on
the grounds of his relative poverty. (He turned down
two further offers, before finally accepting a knighthood
in 1872.) Academic astronomy in Airy’s day was
dominated by celestial mechanics. Astronomers across
Europe, especially in Germany, were making meticulous
observations of the meridional positions of the stars and
planets for the construction of accurate tables. These
tables provided the basis for all sorts of investigations in
celestial mechanics to be able to take place. As a
Cambridge astronomy professor and then as
Astronomer Royal at Greenwich, Airy was to be
involved in such research for 60 years.

In addition to such mathematical investigations, Airy
was a very practical scientist, who used his mathematical
knowledge to improve astronomical instrument design,
data analysis, and civil and mechanical engineering.
Upon assuming office as Astronomer Royal he began a
fundamental reorganization of the Royal Observatory,
Greenwich. He did little actual observing himself, but
developed a highly organized staff to do the routine busi-
ness, leaving him free for analytical, navigational and
government scientific work. Airy was quick to seize the
potential of new science-based techniques such as elec-
tric telegraphy, and by 1854, for instance, the Observa-
tory was transmitting time signals over the expanding
railway telegraph network.

It is sad that in the popular mind Airy is perhaps best
remembered as the man who failed to enable John
Couch ADAMS to secure priority in the discovery of Nep-
tune in 1846. Yet this stemmed in no small degree from
Adams’ own failure to communicate with Airy and to
answer Airy’s technical questions. Airy made no single
great discovery, but he showed his generation how
astronomy could be made to serve the public good.

Airy disk Central spot in the DIFFRACTION pattern of the
image of a star at the focus of a telescope. In theory 84%
of the star’s light is concentrated into this disk, the
remainder being distributed into the set of concentric
circles around it. The size of the Airy disk is determined
by the APERTURE of the telescope. It limits the
RESOLUTION that can be achieved. The larger the
aperture, the smaller the Airy disk and the higher the
resolution that is possible.



Aitken, Robert Grant (1864-1951) Leading American
double-star observer and director of LICK OBSERVATORY
(1930-35). His principal work was the New General
Catalogue of Double Stars (1932), based largely on data he
gathered at Lick beginning in 1895. It contains
magnitudes and separations for more than 17,000 double
stars, including many true binary systems. Aitken
discovered more than 3000 doubles, and computed orbits
for hundreds of binaries.

Al Velorum star Pulsating VARIABLE STAR, similar to the
DELTA SCUTI type, with period shorter than 0.25 days and
amplitude of 0.3-1.2 mag. Al Velorum stars belong to the
disk population and are not found in star clusters. They
are sometimes known as dwarf Cepheids.

AL Abbreviation of ASTRONOMICAL LEAGUE

Alba Patera Low-profile shield volcano on MARS
(40°.5N 109°.9W). It is only 3 km (1.9 mi) high but
some 1500 km (930 mi) across.

Albategnius Latinized name of AL-BATTANT

Albategnius Lunar walled plain (12°S 4°E), 129 km
(80 mi) in diameter. Its walls are fairly high,
3000—4250 m (10,000-14,000 ft), and terraced; they are
broken in the south-west by a large (32 km/20 mi) crater,
Klein. Albategnius is an ancient impact site, and its
eroded rims display landslips and valleys. The terrain
surrounding this crater is cut by numerous valleys and
deep trenches, evidence of the Mare IMBRIUM impact
event. A massive pyramid-shaped mountain and many
bowl craters mark the central floor.

al-Battani, Abu’Abdullah Muhammad ibn Jabir
(Latinized as  Albategnius) (¢.858-929) Arab
observational astronomer (born in what is now modern
Turkey) who demonstrated that the Sun’s distance from
the Earth, and therefore its apparent angular size, varies,
which explains why both total and annular solar eclipses
are possible. He made the first truly accurate calculations
of the solar (tropical) year (365.24056 days), the ecliptic’s
inclination to the celestial equator (23° 35’) and the
precession of the equinoxes (54”.5 per year).

albedo Measure of the reflecting power of the surface
of a non-luminous body. Defined as the ratio of the

amount of light reflected by a body to the total amount
falling on it, albedo values range from O for a perfectly
absorbing black surface, to 1 for a perfect reflector or
white surface. Albedo is commonly used in astronomy
to describe the fraction of sunlight reflected by planets,
satellites and asteroids: rocky bodies have low values
whereas those covered with clouds or comprising a high
percentage of water-ice have high values. The average
albedo of the MOON, for example, is just 0.07 whereas
VENUS, which is covered in dense clouds, has a value of
0.76, the highest in the Solar System. The albedo of an
object can provide valuable information about the
composition and structure of its surface, while the
combination of an object’s albedo, size and distance
determines its overall brightness.

Albert One of the AMOR ASTEROIDS; number 719. It is
¢.3 km (c.2 mi) in size. Albert was an anomaly for many
decades in that it was numbered and named after its
discovery in 1911 but subsequently lost. Despite many
attempts to recover it, Albert escaped repeated detection
until the year 2000.

Albireo The star B Cygni, visual mag. 3.05, distance
386 Ly. Albireo is a beautiful double star of contrasting
colours. It comprises an orange giant (the brighter
component, spectral type K3 II) twinned with a
companion of mag. 5.1 and spectral type B9.5 V which
appears greenish-blue. The two are so widely spaced, by
about 34", that they can be seen separately through the
smallest of telescopes, and even with good binoculars (if
firmly mounted). The name Albireo is a medieval
corruption, and is meaningless.

al-Buzjani See ABUL-WAFA’ AL BUZJANT, MUHAMMAD

Alcor The star 80 Ursae Majoris, visual mag. 3.99,
distance 81 ly., spectral type A5 V. Alcor is a
spectroscopic binary, though no accurate data are known.
The name may comes from an Arabic word meaning
‘rider’. Alcor forms a naked-eye double with MiZAR; the
two are not a genuine binary, but Alcor is part of the
URSA MAJOR MOVING CLUSTER.

Alcyone The star m Tauri, distance 368 Ly., spectral
type B7 II. At visual mag. 2.85, it is the brightest
member of the PLEIADES star cluster. In Greek
mythology, Alcyone was one of the seven daughters of
Atlas and Pleione.

Aldebaran The star a Tauri, visual mag. 0.87 (but
slightly variable), distance 65 ly. It is an orange-
coloured giant of spectral type K5 III. It marks the eye
of Taurus, the bull. Its true luminosity is about 150
times that of the Sun. Although Aldebaran appears to be
a member of the V-shaped Hyades cluster, it is a
foreground object at about half the distance,

superimposed by chance. The name comes from the

Aldebaran

<« Airy, George Biddell
Portrait in ink of controversial
19th-century Astronomer
Royal George Biddell Airy.

V¥ albedo This albedo map of
Mars was produced by NASA's
Mars Global Surveyor. Red
areas are bright and show
where there is dust while blue
areas show where the
underlying, darker rocks have
been exposed.
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Alderamin

V Aldrin, Edwin Eugene
(‘Buzz’), Jr As well as piloting
the lunar module of Apollo 11,
‘Buzz’ Aldrin also deployed and
monitored experiments on the
Moon'’s surface. Here, he is
seen with the Solar Wind
Composition experiment.

Arabic meaning ‘the follower’ — Aldebaran appears to
follow the Pleiades cluster across the sky.

Alderamin The star a Cephei, visual mag. 2.45, distance
49 ly., spectral type A7 V. Its name comes from an
Arabic expression referring to a forearm.

Aldrin, Edwin Eugene (‘Buzz’), Jr (1930- ) American
astronaut. After setting a record for space-walking
during the Gemini 12 mission in 1966, Aldrin was
assigned to Apollo 11 as Lunar Module pilot, and on
1969 July 20 he became the second man to walk on the
Moon, after Neil ARMSTRONG.

Alfvén, Hannes Olof Gosta (1908-95) Swedish
physicist who developed much of the theory of
MAGNETOHYDRODYNAMICS, for which he was awarded
the 1970 Nobel Prize for Physics. In 1942 he predicted
the existence of what are now called ALFVEN WAVES,
which propagate through a plasma, and in 1950 he
identified synchrotron radiation from cosmic sources,
helping to establish radio astronomy.

Alfvén waves Transverse MAGNETOHYDRODYNAMIC
waves that can occur in a region containing plasma and a
magnetic field. The electrically conducting plasma is
linked to and moves with the magnetic field. Sometimes
this phenomenon is referred to as the plasma and
magnetic field being ‘frozen-in’ to each other. The
plasma follows the oscillations of the magnetic field and
modifies those oscillations. Alfvén waves may transfer
energy out to the solar CORONA, and they are also found
in the sOLAR WIND and the Earth’s MAGNETOSPHERE.
They are named after Hannes ALFVEN.

Algenib The star y Pegasi, visual mag. 2.83, spectral
type B2 IV, distance 333 Ly. It is a BETA CEPHEI STAR — a
pulsating variable that fluctuates by 0.1 mag. with a
period of 3.6 hours. The name Algenib comes from the
Arabic meaning ‘the side’; it is also an alternative name
for the star a Persei (see MIRPHAK).

Algieba The star y Leonis, visual mag. 2.01, distance
126 Ly. Small telescopes show it to be a beautiful double
star with golden-yellow components of mags. 2.6 and
3.5, spectral types K1 III and G7 III. The pair form a
genuine binary with an orbital period of nearly 620

years. The name may come from the Arabic al-jabha,
meaning ‘the forehead’, referring to its position in a
much larger figure of a lion visualized by Arab
astronomers in this region.

Algol Prototype of the ALGOL STARS, a subtype (EA) of
ECLIPSING BINARY stars. It is now known, however, that
Algol is somewhat atypical of its eponymous subtype.

The first recorded observation of Algol was made by
Geminiano MONTANARI in 1669. In 1782 John
GOODRICKE established that Algol’s variability was period-
ic, with a sudden fade occurring every 2.867 days. Gradu-
ally, the concept of an eclipsing companion became
accepted and was finally confirmed when, in 1889, Her-
mann VOGEL showed that the radial velocity of Algol var-
ied with the same period as that of the eclipses.

By this time, Algol was known to be a triple system. In
1855 EW.A. ARGELANDER had observed that the period
between primary minima had shortened by six seconds
since Goodricke’s observations. Fourteen years later he
noted that the period between the times of minima varied
in a regular fashion with a period of about 680 days. This
was attributed to the variation in the distance that the light
from the system had to travel because of orbital motion
around the common centre of gravity with a third star
(Algol C).

In 1906 the Russian astronomer Aristarkh Belopolski
(1854-1934) confirmed the existence of Algol C by show-
ing that radial-velocity variations in the spectral lines of
Algol also had a period of 1.862 years superimposed on the
period of 2.867 days for Algol AB. Several years later, Joel
STEBBINS, a pioneer in stellar photometry, found that there
was a secondary minimum of much smaller amplitude
occurring exactly halfway between the primary eclipses.
This showed for the first time that the companion was not
dark at all, but merely much fainter than A. Photoelectric
observations showed the depth of the secondary minimum
to be 0.06 mag. and that the light from star A increased as
the secondary minimum approached. This was interpreted
as a reflection of light from the body of star B.

There are two stars, of spectral types B8 and G, rotat-
ing about each other. The B8 star is a dwarf and is the vis-
ible component. The fainter star (whose spectrum was
only observed directly for the first time in 1978) is a sub-
giant. The orbit is inclined to the line of sight by 82°,
which results in mutual eclipses corresponding to a drop
in light of 1.3 mag. when A is eclipsed by B. Hipparcos
data give a distance to Algol of 93 Ly. This corresponds to
luminosities of 100 and 3 for A and B respectively. From
the length and depth of the eclipses, sizes of 2.89 and 3.53
solar radii have been derived for A and B respectively. The
corresponding masses are 3.6 and 2.89 solar masses, and
this apparent anomaly gives rise to what is known as the
‘Algol paradox’.

In current theories of STELLAR EVOLUTION, stars
advance in spectral type as they evolve, and the rate at
which they do so is a function of their initial masses.
Thus, if two stars form together from interstellar materi-
al, the more massive of the two should evolve more
quickly. In Algol the more evolved star is the less massive
and the cause seems to be MASS TRANSFER from B to A.
A stream of material between the two stars has been
detected in the radio observations, and the current trans-
fer rate is thought to be at least 1077 solar masses per
year. Optical spectra have shown very faint lines, which
are thought to be emitted by a faint ring of material sur-
rounding star A.

Algol C was first resolved by speckle interferometry in
1974 and on several occasions since. Its angular separa-
tion has never exceeded 0”.1, which explains why the
star has never been seen by visual observers.

The real nature of the Algol system is still far from
clear. Even after 200 years of continuous observation it
still evokes considerable interest from astronomers.

Algol stars (EA) One of the three main subtypes of
ECLIPSING BINARY. The light-curves of Algol stars



exhibit distinct, well-separated primary minima.
Secondary minima may be detectable, depending on the
characteristics of the system. Outside eclipses, the light-
curve is essentially flat, although it may exhibit a small,
gradual increase and decrease around secondary
minimum, which is caused by the reflection effect,
where light from the bright (MAIN SEQUENCE) primary
irradiates the surface of the cooler secondary, thus
raising its temperature and luminosity. The components
of the binary system may be DETACHED or, as in ALGOL
itself, one component may be SEMIDETACHED. Systems
in which the semidetached component is transferring
mass to the non-evolved component are sometimes
described as being ‘Algol-type’ or ‘Algol-like’ binaries.

In the Algol-type binaries, the detached component is
a main-sequence star and its less-massive companion is a
red SUBGIANT that fills its ROCHE LOBE. Such systems are
differentiated physically from the closely related BETA
LYRAE STARS by the fact that an ACCRETION DISK is never
present around the detached component.

Some systems that begin as Algol stars (with detached
components) may evolve into BETA LYRAE systems, with a
high rate of MASS TRANSFER and massive accretion disks.
When the mass-transfer rate drops, the accretion disks
disappear to reveal the unevolved stars, and the systems
display all the characteristics of an Algol-like binary.

The eventual fate of an Algol system depends on many
factors, most notably on the stars’ masses, which deter-
mine their rates of evolution. If the main-sequence star in
an Algol system is comparatively massive, it will evolve
rapidly and expand to fill its Roche lobe while the com-
panion star is still filling its own Roche lobe. The result is
a CONTACT BINARY in which both stars share the same
photosphere. These binaries are often called W URSAE
MAJORIS STARS after the prototype for this subtype.

If the main-sequence star in an Algol system evolves
slowly, then its companion may become a WHITE DWARF
before the primary swells to fill its Roche lobe. When the
primary finally does expand to become a RED GIANT, gas
flows across the inner Lagrangian point and goes into
orbit about the white dwarf, forming an accretion disk.
Such systems, called U GEMINORUM STARS Or DWARF
NOVAE, exhibit rapid irregular flickering from the turbu-
lent hot spot where the mass-transfer stream strikes the
accretion disk. However, most of these systems are not
eclipsing pairs. It is important to note that eclipsing vari-
ables only appear to fluctuate in light because of the
angle from which they are observed.

Algonquin Radio Observatory (ARO) One of
Canada’s principal RADIO ASTRONOMY facilities, operated
by the National Research Council and situated in
Ontario’s Algonquin Provincial Park, well away from local
radio interference. Instruments include a 32-element
ARRAY of 3-m (10-ft) dishes for solar observations and a
46-m (150-ft) fully steerable radio dish for studies of stars
and galaxies. The ARO began work in 1959, and the 46-m
dish was built in 1966.

ALH 84001 Abbreviation of ALLAN HILLS 84001

Alhena The star y Geminorum, visual mag. 1.93,
distance 105 Ly., spectral type Al IV. The name comes
from an Arabic term that is thought to refer to the neck of
a camel, from a former constellation in this area.

Alioth The star € Ursae Majoris, visual mag. 1.76,
distance 81 Ly. It is one of the so-called peculiar A stars,
of spectral type AOp with prominent lines of chromium.
It is, by a few hundredths of a magnitude, the brightest
star in the PLOUGH (Big Dipper). Its name may be a
corruption of the Arabic for ‘tail’.

Alkaid (Benetnasch) The star m Ursae Majoris, visual
mag. 1.85, distance 101 ly., spectral type B3 V. The
name comes from an Arabic word meaning ‘the leader’.
Its alternative name, Benetnasch, is derived from an

Arabic phrase referring to a group of mourners
accompanying a coffin formed by the quadrilateral of
stars which is now known as the bowl of the PLOUGH
(commonly referred to in the US as the Big Dipper).

Allan Hills 84001 (ALH 84001) METEORITE that was
found in Antarctica in 1984 and identified as a MARTIAN
METEORITE in 1994. It has a mass of ¢.1.93 kg. A
complex igneous rock, it has suffered both thermal and
shock processes. In composition, it is an orthopyroxenite
rich in carbonates, which form patches up to ¢.0.5 mm
across. Few hydrated minerals have been identified
amongst the alteration products in ALLH 84001, so it has
been proposed that the carbonates were produced at the
surface of Mars in a region of restricted water flow, such
as an evaporating pool of brine. Tiny structures
(¢.200 nm in size) within the carbonates have been
interpreted by some as fossilized Martian bacteria;
however the claim is controversial, and it is subject to
continued investigation.

Allegheny Observatory Observatory of the University
of Pittsburgh, located 6 km (4 mi) north of Pittsburgh.
The observatory, which dates from 1859, became part of
the university in 1867. During the 1890s its director was
James E. KEELER, who used a 13-inch (330-mm)
refractor to discover the particulate nature of Saturn’s
rings. Later, Allegheny was equipped with the 30-inch
(76-cm) Thaw telescope (the third-largest refractor in the
USA) and the 31-inch (0.79-m) Keeler reflector. The
observatory now specializes in astrometric searches for
EXTRASOLAR PLANETS.

Allende METEORITE that fell as a shower of stones in the
state of Chihuahua, Mexico, on 1969 February 8. More
than 2 tonnes of material is believed to have fallen.
Allende is classified as a CV3 CARBONACEOUS
CHONDRITE. Studies of components, such as CAls and
CHONDRULES, within Allende have been instrumental in
understanding the structure, chemistry and chronology
of the pre-solar nebula. The first INTERSTELLAR GRAINS
(nanometre-sized diamonds) to be identified in
meteorites were isolated from Allende.

Allen Telescope Array (ATA) Large-area radio
telescope — formerly called the One-hectare Telescope
(1hT) — that will consist of 350 steerable parabolic
antennae 6.1 m (20 ft) in diameter. The ATA is a joint
undertaking of the SETT Institute and the University of
California at Berkeley. When completed in 2005, it will
permit the continuous scanning of up to 1 million nearby
stars for SETI purposes, and will serve as a prototype for
the planned SQUARE KILOMETRE ARRAY.

ALMA Abbreviation of ATACAMA LARGE MILLIMETRE
ARRAY

Almaak The star y Andromedae, visual mag. 2.10,
distance 355 Ly. It is a multiple star, the two brightest
components of which, mags. 2.3 and 4.8, are divisible
by small telescopes, forming a beautiful orange and blue
pairing, spectral types K3 II and B9 V. The fainter star
has a close 6th-magnitude blue companion that orbits it
every 61 years. Its name comes from the Arabic
referring to a caracal, a wild desert cat, and is also
spelled Almach and Alamak.

Almagest Astronomical treatise composed in c.AD 140
by PTOLEMY. It summarizes the astronomy of the
Graeco-Roman world and contains a star catalogue and
rules for calculating future positions of the Moon and
planets according to the PTOLEMAIC SYSTEM. The
catalogue draws from that of HIPPARCHUS, though to
what extent is a matter of controversy. In its various
forms the Almagest was a standard astronomical textbook
from late antiquity until the Renaissance. Its original
name was Syntaxis (‘{Mathematical] Collection’), but it

Almagest



almanac, astronomical

V Alpha Regio This Magellan
radar image shows multiple
volcanic domes in Alpha Regio
on Venus.

became known as Megiste, meaning ‘Greatest [Treatise]’.
Around AD 700-800 it was translated into Arabic,
acquiring the prefix AL~ (meaning ‘the’). It was
subsequently lost to the West but was treasured in the
Islamic world; it was reintroduced to European scholars
via Moorish Spain in the form of a translation of the
Arabic version into Latin completed in 1175 by Gerard
of Cremona (c.1114-87). It remained of great
importance until the end of the 16th century, when its
ideas were supplanted by those of Nicholas COPERNICUS,
Tycho Brahe and Johannes Kepler.

almanac, astronomical Yearbook  containing
information such as times of sunrise and sunset, dates for
phases of the Moon, predicted positions for Solar System
objects and details of other celestial phenomena such as
eclipses. For astronomical and navigational purposes the
leading publication is 7%e ASTRONOMICAL ALMANAC.

Alnair The star a Gruis, visual mag. 1.73, distance
101 Ly., spectral type B7 V. Its name means ‘bright one’,
from an Arabic expression meaning ‘bright one from the
fish’s tail’, given by an unknown Arab astronomer who
visualized the tail of the southern fish, Piscis Austrinus, as
extending into this area.

Alnath The star B Tauri, visual mag. 1.65, distance
131 Ly., spectral type B7 III. The name, which is also
spelled Elnath, comes from the Arabic meaning ‘the
butting one’ — it marks the tip of one of the horns of
Taurus, the bull.

Alnilam The star € Orionis, visual mag. 1.69, distance
about 1300 Ly. A blue-white supergiant, spectral type
BO Ia, it is the central star of the three that make up the
belt of Orion and is marginally the brightest of them. Its
name comes from an Arabic phrase meaning ‘string of
pearls’, referring to the belt.

Alnitak The star { Orionis, visual mag. 1.74, distance
820 ly. It is a binary, with individual components of
mags. 1.9 and 4.0, spectral types 09.5 Ib and BO III, and
an orbital period of around 1500 years. A telescope of
75-mm (3-in.) aperture or more should show both stars.
Alnitak is a member of the belt of Orion, and its name
comes from the Arabic meaning ‘belt’.

Alpes (Montes Alps) Cross-faulted lunar mountains that
rise 1-3 km (3600-9800 ft) above the north-east margins
of Mare IMBRIUM. The Alps are 290 km (180 mi) long,
and are traversed by the ALPES VALLIS. The majority of
the bright peaks have altitudes between 2000 and 2500 m
(6000-8000 ft), but some are significantly higher: Mount

Blanc, one of the Moon’s greatest mountains, is nearly
3500 m (11,500 ft) tall.

Alpes Vallis (Alpine Valley) Darkened gap 200 km
(120 mi) long that cuts through the lunar mountain
range known as the Montes ALPES. The Alpine Valley is a
GRABEN that developed as a result of Mare IMBRIUM’S
tectonic adjustment. Varying in width from 7 to 18 km
(4-11 mi), it irregularly tapers away from Mare
Imbrium. Two delicate faults cut at right angles across
the valley’s floor, which has otherwise been smoothed by
the lavas that have filled it. Running down the middle of
the valley is a SINUOUS RILLE, which seems to originate in
a vent crater, which may be a volcanic feature, probably
a collapsed lava tube.

Alpha Unofficial name for the INTERNATIONAL SPACE
STATION

Alpha? Canum Venaticorum star (ACV) Type of
main-sequence VARIABLE STAR that exhibits photometric,
magnetic and spectral fluctuations, primarily as a result of
stellar rotation. Periods range from 0.5 to 150 days;
amplitudes from 0.01 to 0.1 mag.; and spectra from B8p
to A7p. The subtype ACVO exhibits additional low-
amplitude (¢.0.1 mag.) non-radial pulsations, with
periods of 0.003 to 0.1 days. See also SPECTRUM VARIABLE

Alpha Capricornids Minor METEOR SHOWER, active
from mid-July until mid-August and best seen from
lower latitudes. Peak activity occurs around August 2,
from a RADIANT a few degrees north-east of «
Capricorni. Rates are low, about six meteors/hr at most,
but the shower produces a high proportion of bright,
flaring meteors with long paths. The meteor stream may
be associated with the short-period (5.27 years) comet
45P/Honda—Mrkos—Pajdusakova; it has a low-inclination
orbit close to the ecliptic. Spreading of stream
METEOROIDS by planetary perturbations means that the
radiant is rather diffuse.

Alpha Centauri (Rigil Kentaurus, Toliman) Closest
naked-eye star to the Sun, 4.4 Ly. away, with a visual mag.
of —0.28, making it the third-brightest star in the sky.
Small telescopes reveal that it is a triple system. The two
brightest components are of solar type, mags.—0.01 and
1.35, spectral types G2 V and K1 V, forming a binary
with an orbital period of 79.9 years. The third member of
the system is the red dwarf PROXIMA CENTAURI, which is
the closest star of all to the Sun. Alpha Centauri is also
known as Rigil Kentaurus (Rigil Kent for short), from the
Arabic meaning ‘centaur’s foot’. An alternative name,
Toliman, is derived from an Arabic term meaning
‘ostriches’, the figure visualized by Arab astronomers in
the stars of this region.

Alpha Monocerotids Normally very minor METEOR
SHOWER, active around November 21-22. The shower
produced outbursts of more substantial activity in 1925,
1935, 1985 and 1995, suggesting a ten-year periodicity
with several stronger displays having been missed. In
1995 rates of one or two meteors per minute were
sustained for only a short interval. The shower is
apparently associated with comet C/1943 W1 van Gent-
Peltier-Daimaca.

alpha particle Helium nucleus, consisting of two
protons and two neutrons, positively charged. Helium is
the second-most abundant element (after Hydrogen), so
alpha particles are found in most regions of PLASMA,
such as inside stars, in diffuse gas around hot stars and
in cosmic rays. Alpha particles are also produced by the
radioactive decay of some elements. In the
PROTON-PROTON chain of nuclear fusion reactions
inside stars, four protons (hydrogen nuclei) are
converted to one alpha particle (helium nucleus) with
release of fusion energy, which powers stars. In the



TRIPLE-a PROCESS, which is the dominant energy source
in red giant stars, three alpha particles fuse to form a
carbon nucleus with release of energy.

Alphard The star « Hydrae, visual mag. 1.99, distance
177 Ly., spectral type K3 II or III. Its name comes from
an Arabic word meaning ‘the solitary one’, a reference
to its position in an area of sky in which there are no
other bright stars.

Alpha Regio Isolated highland massif on VENUS
(25°.5S 0°.3E), showing complex structure; it is best
described as a plateau encircled by groups of high
volcanic domes. The circular central area has a mean
elevation of 0.5 km (0.3 mi).

Alphekka (Gemma) The star a Coronae Borealis, visual
mag. 2.22, distance 75 ly., spectral type A0 IV. It is an
ALGOL STAR; its brightness drops by 0.1 mag. every 17.4
days as one star eclipses the other. Its name, which is also
spelled Alphecca, comes from the name al-fakka, meaning
‘coins’, by which Arab astronomers knew the
constellation Corona Borealis. More recently, the star has
also become known as Gemma, since it shines like a jewel
in the northern crown.

Alpheratz The star « Andromedae, visual mag. 2.07,
distance 97 Ly. It has a peculiar SPECTRUM, classified as
B9p, which has prominent lines of mercury and
magnesium. Its name is derived from the Arabic al-
Jfaras, meaning ‘the horse’, since it used to be regarded
as being shared with neighbouring Pegasus (and was
also designated & Pegasi); indeed, it still marks one
corner of the SQUARE OF PEGASUS. Its alternative name,
Sirrah, is derived from the Arabic surrar al-faras,
meaning ‘horse’s navel’.

Alphonso X (1221-84) King of L.éon and Castile (part
of modern Spain), known as Alphonso the Wise, a patron
of learning and especially of astronomy. He commissioned
a new edition of the highly successful 7oledan Tables of the
motions of the Sun, Moon and five naked-eye planets,
prepared originally by AL-ZARQALT in Toledo a century
before. The new Alphonsine Tables, incorporating ten years
of revised observations and completed in 1272, were not
superseded for almost 400 years.

Alphonsus Lunar crater (13°.5S 3°W), 117 km (72 mi)
across. Its fault-dissected walls rise to over 3000 m
(10,000 ft) above the floor. Running nearly north—south
across the floor is a ridge system, which is 15 km (9 mi)
wide and, at the point where it forms a prominent
central peak, about 1000 m (3000 ft) high. Within
Alphonsus are a series of kilometre-sized -elliptical
features with haloes of dark material; they are oriented
roughly parallel to the central ridge system and are
considered by many planetary geologists to be of
volcanic origin. In 1958 Soviet astrophysicist Nikolai
Kozyrev (1908-83) obtained a spectrum showing blue
emission lines, which he interpreted as proof of a
gaseous emission from the crater’s central peak, but
these results have never been duplicated. The north wall
of Alphonsus overlaps the south wall of PTOLEMAEUS,
indicating that Alphonsus formed following the
Ptolemaeus impact event.

ALPO Abbreviation of ASSOCIATION OF LUNAR AND
PLANETARY OBSERVERS

Alrescha The star « Piscium, visual mag. 3.82, distance
139 Ly. It is a close binary with a calculated orbital
period of around 930 years. The brighter component, of
mag. 4.2, is a peculiar A star of spectral type AOp with
strong lines of silicon and strontium; the fainter
companion, mag. 5.2, is a metallic-line A star, type A3m.
The name Alrescha, sometimes also spelled Alrisha,
comes from an Arabic word meaning ‘the cord’.

al-SufT,
(903-986) Arab astronomer (born in modern Iran)
famous for his Kitab suwar al-kawakib al-thabita (‘Book
on the Constellations of the Fixed Stars’), a detailed

Abu’l-Husain  (Latinized as Azophi)

revision, based wupon his own observations, of
PTOLEMY’s star catalogue. In this work he identified the
stars of each constellation by their Arab names,
providing a table of revised magnitudes and positions as
well as drawings of each constellation. Al-StfT was the
first to describe the two brightest galaxies visible to the
naked eye: the Andromeda Galaxy and the Large
Magellanic Cloud, which he called the White Bull.

Altair The star o Aquilae, visual mag. 0.76, distance
16.8 Ly. It is a white main-sequence star of spectral type
A7V, with a luminosity 10 times that of the Sun. Altair is
the 12th-brightest star and forms one corner of the
SUMMER TRIANGLE. Its name comes from an Arabic
expression meaning ‘flying eagle’.

Altai Rupes Range of lunar mountains (25°S 22°E) cut
by four deep cross-faults. The Altais curve 505 km
(315 mi) from the west wall of Piccolomini to the west
side of the large formation CATHARINA. They rise very
steeply from the east to an average altitude of 1800 m
(6000 ft), with highest peaks at 3500-4000 m
(11,000-13,000 ft). The scarp is roughly concentric
with the south-west margins of Mare NECTARIS. It may
be the sole remnant of an outer ring of a much larger,
multi-ring impact BASIN.

altazimuth mounting Telescope mounting that has one
axis (altitude) perpendicular to the horizon, and the
other (azimuth) parallel to the horizon. An altazimuth
(short for ‘altitude—azimuth’) mounting is much lighter,
cheaper and easier to construct than an EQUATORIAL
MOUNTING for the same size telescope, but is generally
not capable of tracking the apparent motion of celestial
objects caused by the Earth’s rotation. Many amateur
instruments with altazimuth mountings can therefore be
used for general viewing, but are not suitable for long-
exposure photography.

Historically, large professional telescopes were invari-
ably built with massive equatorial mountings, which often
dwarfed the instrument they held. The lightweight and
simple nature of altazimuth mountings, combined with
high-speed computers, has led to almost all modern
instruments being built with altazimuth mountings. On
these telescopes, computers are used to control the com-
plex three-axis motions needed for an altazimuth mount
to track the stars. Both the altitude and azimuth axes are
driven at continuously varying rates but, in addition, the
field of view will rotate during a long photographic expo-
sure, requiring an additional drive on the optical axis to

altazimuth mounting

<« altazimuth mounting
This simple form of telescope
mount allows free movement in
both horizontal and vertical
axes, but is not suitable for use
with motordrives, unless they
are computer controlled.
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altitude

» altitude The altitude of a
celestial object relative to an
observer is measured on a
scale of 0-90° from the
observer’s horizon to the zenith
—the point directly overhead.
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counter FIELD ROTATION. Some amateur instruments,
especially DOBSONIAN TELESCOPES, are now being
equipped with these three-axis drive systems, controlled
by personal computers.

altitude Angular distance above an observer’s horizon of
a celestial body. The altitude of a particular object
depends both on the location of the observer and the time
the observation is made. It is measured vertically from 0°
at the horizon, along the great circle passing through the
object, to a maximum of 90° at the ZENITH. Any object
below the observer’s horizon is deemed to have a negative
altitude. See also AZIMUTH; CELESTIAL COORDINATES

al-Tusi, Nasir al-Din (Latinized as Nasireddin or
Nasiruddin) (1201-74) Arab  astronomer and
mathematician from Khurasan (in modern Iran) who
designed and built a well-equipped observatory at
Maragha (in modern Iraq) in 1262. The observatory
used several quadrants for measuring planet and star
positions, the largest of which was 3.6 m (12 ft) in
diameter. Twelve years of observations with these
instruments allowed him to compile a table of precise
planetary and stellar positions, titled Zzj-1 ilkhanz. Al-
Tusr’s careful measurement of planetary positions
convinced him that the Ptolemaic Earth-centred model of
the Solar System was incorrect. His work may have
influenced COPERNICUS.

aluminizing Process of coating the optics of a reflecting
telescope with a thin, highly reflecting layer of aluminium.
The optical component to be aluminized is first
thoroughly cleaned and placed in a vacuum chamber,
together with pure aluminium wire, which is attached to
tungsten heating elements. After removing the air from the
chamber, the heating elements are switched on, vaporizing
the aluminium, which then condenses on to the clean
surface of the optical component. This forms an evenly
distributed coating, usually just a few micrometres thick.

Alvan Clark & Sons American firm of opticians and
telescope-makers ~ whose ~ 19th-century  refracting
TELESCOPES include the largest in the world. After a
career as a portrait painter and engraver, Alvan Clark
(1804-87) started an optical workshop in 1846 under the
family name with his sons, George Bassett Clark
(1827-91) and Alvan Graham Clark (1832-97), the
latter joining the firm in the 1850s. Alvan Graham Clark
discovered over a dozen new double stars, including, in
1862, the 8th-magnitude Sirius B.

During the second half of the 19th century, Alvan
Clark & Sons crafted the fine objective lenses for the
largest refracting telescopes in the world, including the
UNITED STATES NAVAL OBSERVATORY’s 26-inch (0.66-m)

| observer
|

-

(1873), PULKOVO OBSERVATORY’s 30-inch (0.76-m)
(1878), Leander McCormick (Charlottesville, Virginia)
Observatory’s 28-inch (0.7-m) (1883), LICK OBSERVATO-
RY’s 36-inch (0.9-m) (1888), LOWELL OBSERVATORY’S
24-inch (0.6-m) (1896) and YERKES OBSERVATORY’S
40-inch (1-m) (1897). In addition to these large profes-
sional instruments, the firm made numerous smaller
refractors, 4—6 inch (100—150 mm) in aperture, which are
prized by today’s collectors of antique telescopes.

Alvarez, Luis Walter (1911-88) American physicist
who first identified the layer of clay enriched by the
element iridium that appears in the strata separating the
Cretaceous and Tertiary geological periods, known as the
K/T boundary. Since meteorites contain much higher
amounts of iridium than do terrestrial rocks and soil,
Alvarez’ discovery supported the hypothesis that a giant
meteorite impact (see CHICXULUB) may have caused a
mass extinction event on our planet 65 million years ago.

al-Zarqali, Abu Ishaq Ibrahim ibn Yahya (Latinized
as Arzachel, and other variants) (1028-87) Arab
astronomer who worked in Toledo, Spain, and prepared
the famous 7oledan Tables of planetary positions, which
corrected and updated the work of Ptolemy and
Muhammad ibn Misa al-Khwarizmi (c.780—.850). Al-
Zarqalt also accurately determined the annual rate of
apparent motion of the Earth’s aphelion relative to the
stars as 12", remarkably close to the correct value of 11”.8.

Amalthea Largest of JUPITER’S inner satellites. Amalthea
was the fifth Jovian moon to be found, in 1892 by E.E.
BARNARD, and the first since the four much larger
GALILEAN SATELLITES were discovered in 1610. The
discovery was made visually, the last such discovery for a
planetary satellite. Amalthea is irregular in shape,
measuring about 270 X 165 X 150 km (168 X 103 X
93 mi). Amalthea orbits Jupiter at a distance of only
181,400 km (112,700 mi), under SYNCHRONOUS
ROTATION with a period of 0.498 days such that it always
keeps the same blunt end towards the planet. Its orbit is
near-circular, inclined to the Jovian equator by only 0°.4.
Amalthea is notable as being the reddest object in the
Solar System, possibly because of the accumulation of a
surface covering of sulphur derived from the EJECTA of
10’s volcanoes. Amalthea has considerable surface relief,
with two large craters, called Pan and Gaea, and two
mountains, named Mons Ida and Mons Lyctos. Some
sloping regions appear very bright and green, the cause of
this phenomenon being unknown.

amateur astronomy, history of From at least as early
as the 17th century until around 1890, astronomical
research in Britain was invariably undertaken by those
who worked for love and considered themselves
‘amateurs’ (from Latin amat, ‘he loves’). The reasons
were political and economic, as successive governments
operated low-taxation, low-state-spending policies that
encouraged private rather than public initiatives. Amateur
astronomy, while it existed on Continental Europe, was
less innovative, largely because the governments of
France, Germany and Russia taxed more heavily and
invested in professional science as an expression of state
power. The United States had a mixed astronomical
research tradition, with outstanding amateurs, such as the
spectroscopist Henry DRAPER, engaged in front-rank
research, and major professional observatories financed
by millionaire benefactors.

Although the British astronomical tradition was
predominantly amateur, its leading figures were ‘Grand
Amateurs’ in so far as fundamental research was their
dominant concern. In the Victorian age, wealthy
gentleman scientists were willing to spend huge sums of
money to pursue new lines of research and commission
ground-breaking technologies, such as big reflecting
telescopes. The quality of Grand Amateur research
enjoyed peer recognition from European and American



while

professionals,
expressed through membership
ASTRONOMICAL SOCIETY and the Royal Society in
London, academic honours and a clearly defined social
network. This was, indeed, professional-quality research

its own esprit de corps was
of the ROYAL

paid for by private individuals. Grand Amateurs
pioneered work on the gravitation of double star systems,
cosmology, planetary studies, selenography, photography
and spectroscopy, and included between 1820 and 1900
such figures as John HERSCHEL, William DAWES, Lord
ROSSE, Admiral William SMYTH, William ILASSELL,
William HUGGINS, Norman LOCKYER and the master-
builder and astrophotographer Isaac  Roberts
(1829-1904). The results of their researches
transformed our understanding of the Universe.

Yet Victorian Britain also saw a fascination with
astronomy spreading to the less well-off middle and even
working classes. School teachers, modest lawyers,
clergymen and even artisans took up astronomy; the self-
educated telescope-maker John Jones worked for a few
shillings per week as a labourer on Bangor docks, Wales.
People with modest and often home-made instruments
(especially after the silvered glass mirror replaced
speculum in the 1860s) did not expect, like the Grand
Amateurs, to change the course of astronomy, but
enjoyed practical observation as a serious and instructive
hobby. The Reverend Thomas WEBB’s celebrated Celestial
Objects for Common Telescopes (1859) became the ‘bible’
for these serious amateurs.

The big-city astronomical societies of Leeds (1859,
1892), Liverpool (1881), Cardiff (1894), Belfast
(¢.1895) and others became the foci for these observing
amateurs, with their lectures, meetings and journals. In
1890 the BRITISH ASTRONOMICAL ASSOCIATION (BAA)
became the national organizing body for British
amateurs, with branches in Manchester (1892, 1903) and
elsewhere, many of which later became independent
societies. Unlike the Royal Astronomical Society, they all
admitted women as members. These societies, which
dominated amateur astronomy well into the 20th century,
remained predominantly middle-class, and it was not
until the major social and economic changes in Britain
following 1945 that the demographic base of British
amateur astronomical societies began to widen
significantly. The BAA established a system whereby
amateurs would send their observations to a central
clearing house where they would be synthesized by an
expert and the collective results published. The great
majority of amateurs who contribute observations on
behalf of science continue to operate within such systems
(see also THE ASTRONOMER).

Amateur astronomy changed dramatically after World
War II, and much of the emphasis moved across the
Atlantic. Before the war, in the 1920s, the ranks of active
amateur observers were swelled with the founding of the
amateur telescope-making (ATM) movement by Russell
PORTER and Albert G. Ingalls (1888-1958). Now that
inexpensive war-surplus optical equipment was widely
available, it was no longer essential for an amateur
astronomer to build a telescope from the ground up as a
rite of passage. By the mid-1950s, a wide variety of
commercial instruments had entered the marketplace;

Ambartsumian, Viktor Amazaspovich

later designs, such as the SCHMIDT—CASSEGRAIN and
DOBSONIAN  TELESCOPES, owed much to amateur
observers and remain extremely popular. The numbers
of amateur observers grew rapidly, particularly in the
United States. It is no coincidence that the
ASTRONOMICAL LEAGUE (1946) and the ASSOCIATION OF
LUNAR AND PLANETARY OBSERVERS (1947) were formed
at this time. A watershed for professional-amateur
collaboration came in 1956 with the establishment of the
Moonwatch programme, in anticipation of satellite
launches for the International Geophysical Year
(1957-59). Energized by the Soviet Union’s launch of
Sputnik 1, and guided by astronomers at the Smithsonian
Astrophysical ~ Observatory, Moonwatch galvanized
amateurs around the world in a unique and grand
pro—am effort.

The appearance of affordable charge-coupled devices
(CCDs) in the final decade of the 20th century had an
even greater impact on amateurs than had the war-
surplus items of two generations before. Digital data,
exponentially increasing computing power, and ever
more sophisticated commercial SOFTWARE together
created a revolution. They allowed amateurs to become
competitive with ground-based professionals in the
quality of data obtained in such areas as astrometry,
photometry and the imaging of Solar System objects.

New organizations with new ideas sprang up. The
INTERNATIONAL AMATEUR-PROFESSIONAL PHOTOELECTRIC
PHOTOMETRY group, founded in 1980, is the prototype
organization representing this new era. It encourages joint
amateur—professional authorship of technical papers.
Similar, though focused on campaigns to study
cataclysmic variable stars, is the Center for Backyard
Astrophysics. One of the latest groups to form is The
Amateur Sky Survey, a bold venture to develop the
hardware and software needed to patrol automatically the
sky in search of objects that change in brightness or move.
Other groups, such as the INTERNATIONAL OCCULTATION
TIMING ASSOCIATION, have graduated from visual
observations of lunar events to video recordings that
determine the profiles of asteroids. The INTERNATIONAL
DARK-SKY ASSOCIATION campaigns on an issue of concern
to professionals and amateurs alike.

As the present era of mammoth all-sky surveys from
Earth and space culminates, the need for follow-up
observations — particularly continuous monitoring of
selected objects — will grow dramatically. In a traditional
sense, because of their numbers and worldwide
distribution, sophisticated amateurs are ideally suited for
such tasks, not as minions but as true partners with
professionals. And, in the era of the Internet, amateurs
should be able to plumb online sky-survey DATABASES
just as readily as professionals can. The challenge facing
the entire astronomical community today is to educate
both camps about rewarding possibilities through
mutual cooperation.

Ambartsumian, Viktor Amazaspovich (1908-96)
Armenian astronomer who became an expert on stellar
evolution and founded Byurakan Astrophysical

Observatory. His development of the theory of radiative

<« Alvarez, Luis Walter Many
years after Alvarez first
proposed that an anomaly in
the iridium levels at the
boundary between the
Cretacious and Tertiary
geological periods might have
been caused by a meteor
impact, geologists looking for
oil found evidence of a massive
impact centred near Chicxulub
on Mexico’s Yucatan Peninsula.
Shown here is a radar image of
the impact site.

¥V Amalthea The bright streak
to the left on Amalthea’s
surface is about 50 km (30 mi)
long. It is not clear whether this
feature (called Ida) is the crest
of a ridge or material ejected
from the crater to its right.
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AM Canum Venaticorum

» analemma A plot of the
Sun’s apparent position from

52°N, looking south at midday,

at 5-day intervals throughout

the course of a year. The Sun is
at the top of the figure 8 at the

summer solstice and at the
bottom at the winter solstice.

» Ancient Beijing
Observatory This engraving
shows the Imperial
Astronomical Observatory at
Beijing in the late 17th century.
The instruments were used for
mapping the skies extremely
accurately.
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10°E S 10°W

transfer allowed him to show that T Tauri stars are
extremely young. He greatly advanced the understanding
of the dynamically unstable stellar associations and
extended principles of stellar evolution to the galaxies,
where he found much evidence of violent processes in
active galactic nuclei.

AM Canum Venaticorum Unique blue VARIABLE STAR
with fluctuating period of about two minutes. It has
primary and secondary minima, the latter sometimes
disappearing. It is probably a SEMIDETACHED BINARY of
two white dwarfs, an ACCRETION DISK and a hot spot.

American Association of Variable Star Observers
(AAVSO) Organization of amateur and professional
astronomers, based in the USA but with an international
membership. Founded in 1911, it originally collected
mainly visual estimates of the changing brightnesses of
mainly long-period variable stars, but its programme
now encompasses all manner of variable objects, from
pulsating RR LYRAE STARS and ECLIPSING BINARIES to
exotic GAMMA-RAY BURSTERS. The AAVSO continues to
provide timely data to researchers, including those using
instruments on board spacecraft such as HIPPARCOS and
High-Energy Transient Explorer 2. By 2001 the
AAVSO International Database contained more than
9 million observations.

Ames Research Center NATIONAL AERONAUTICS AND
SPACE  ADMINISTRATION (NASA) research institute
located at Moffett Field, California, in the heart of
‘Silicon Valley’. It is NASA’s centre of excellence for
information technology and its lead centre in Aeronautics
for Aviation Operations Systems. Ames also develops
science and technology requirements for current and
future flight missions relevant to astrobiology. Moffett
Field has been a government airfield since 1933, but was
closed as a military base in 1994. It is now a shared
facility known as Moffett Federal Airfield.

AM Herculis star (AM) Binary system, with period in
the range 1 to 3 hours, that shows strongly variable linear
and circular polarization and also eclipses. AM Herculis
stars are strongly variable X-ray sources and their light-
curves change from orbit to orbit. They also show
changes in brightness and in variability with time scales of
decades. The total range of light variations may reach 4-5
magnitude V. AM Herculis stars seem to be related to
DWARF NOVAE, in that one component is a K-M-type
dwarf and the other a compact object, but they differ in
that the magnetic field of the compact component is
sufficiently strong to dominate the mass flow and thus
cause the effects observed. Am Herculis stars are also
known as Polars. See also CATACLYSMIC VARIABLE

AMIBA Abbreviation of ARRAY FOR MICROWAVE
BACKGROUND ANISOTROPY

Amor asteroid Any member of the class of ASTEROIDS
that approach, but do not cross, the orbit of the Earth;
their perihelion distances range from the terrestrial
aphelion at 1.0167 AU to an arbitrary cut-off at 1.3 AU.
Like the other MARS-CROSSING ASTEROIDS, Amor
asteroids have limited lifetimes because of the chance of a
collision with that planet. Over extended periods of time
many Amors will evolve to become APOLLO ASTEROIDS,
reducing their lifetimes further because of the greater
chance of an impact on the Earth, or one of the other
terrestrial planets. The disparity of compositional types
observed indicates that Amors derive from various
sources, including extinct cometary nuclei, the KIRKWOOD
GAPS (through jovian perturbations) and the inner MAIN
BELT (through perturbations imposed by Mars).

The first Amor-type asteroid to be discovered was
EROS, in 1898, but the archetype giving them their
collective name is (1221) Amor. That object was found in
1932, the same year as the first Apollo asteroid. Over 760
Amors had been discovered by late 2001. Notable
examples listed in the NEAR-EARTH ASTEROID table
include (719) ALBERT, (887) Alinda, (1036) GANYMED,
(1580) Betulia, (1627) Ivar, (1915) Quetzalcoatl, (3552)
Don Quixote and (4954) Eric.

amplitude In the study of VARIABLE STARS, the overall
range in magnitude of a variable, from maximum to
minimum. This definition is in contrast to the normal
usage in physics, where the term is applied to half of the
peak-to-peak value assumed by any parameter.

Am star Metallic-line class A STAR with high
abundances of particular metals. These class 1
CHEMICALLY PECULIAR STARS (CP1) extend to class Fm.
Am stars are enriched by factors of 10 or so in copper,
zinc, strontium, zirconium, barium and the rare earths,
but are depleted in calcium and scandium. As slow
rotators that lack outer convection layers, these stars are
apparently braked by the gravitational effects of close
companions. In the quiet atmospheres, some atoms fall
under the action of gravity, while others rise by means of
radiation pressure. Sirius is an Am star.

amu Abbreviation of ATOMIC MASS UNIT

analemma Long, thin figure-of-eight shape obtained
by plotting (or photographing) the position of the Sun
on the sky at the same time of day at regular intervals
throughout the year. The elongated north—south
variation is due to the INCLINATION of the Earth’s
equator to its orbit, and the much shorter east—west
variation is due to the ECCENTRICITY of the Earth’s
orbit. A considerable degree of patience and technical
skill is required to record the analemma
photographically.



Ananke One of JUPITER’s outer moons, ¢.30 km (¢.20 mi)
in size. All members of this group, which includes Carme,
Pasiphae and Sinope, are in RETROGRADE MOTION
(Ananke’s inclination is 149°). They are thought to be
fragments of a captured asteroid that subsequently broke
apart. Ananke was discovered in 1951 by Seth Nicholson.
It takes 631 days to orbit Jupiter at an average distance of
21.28 million km (13.22 million mi) in an orbit of
eccentricity 0.244. The population of known outer
satellites of Jupiter is increasing rapidly, with eleven more
having been discovered since 1999.

anastigmat Compound lens designed to be free of
ASTIGMATISM. In practice the astigmatism will only be
eliminated in some areas of the lens but other
ABERRATIONS will be sufficiently well corrected to give
excellent definition across the whole field of view.

Anaxagoras Comparatively young crater (75°N 10°W),
51 km (32 mi) in diameter, near the Moon’s north pole.
Like other freshly formed impact sites, Anaxagoras is the
centre of a bright system of rays and steep, finely terraced
walls. Its rays extend south to Plato. The rims rise to a
height of 3000 m (10,000 ft) above the floor. Anaxagoras
has a very bright, 300-m (1000-ft) high central peak,
which is part of a larger range that crosses the crater’s
floor. To the east, Anaxagoras overlaps Goldschmidt, a
degraded ring, 80 km (50 mi) in diameter .

Anaxagoras of Clazomenae (c.499-428 BC) Greek
philosopher (born in what is now modern Turkey) whose
theory of the origin and evolution of the Solar System is, in
terms of today’s ‘standard model’, correct in its basic
premise. He believed it originated as a disk whose rotation
caused the matter in it to separate according to its density,
the densest materials settling at the centre and the more
rarefied materials spreading out towards the periphery. He
was imprisoned for teaching that the Sun was not a deity
but a red-hot stone, and that the Moon, the phases of
which he correctly explained, shone by reflected sunlight.

Anaximander of Miletus (c.611-547 Bc) Greek
philosopher (born in what is now modern Turkey) who
believed the Earth to be one of many existing worlds, and
the Sun and Moon rings of fire. He taught that Earth
moves freely in space — not fixed upon anything solid. In
his cosmogony, the Universe came into existence from an
‘eternal reservoir’, rotation having spread fire (the stars) to
outer regions, leaving heavy matter (Earth) at the centre.
He was said to have discovered the equinoxes and the
obliquity of the ecliptic, but there is little evidence for this.

Ancient Beijing Observatory Astronomical
observatory founded in 1442, situated in central Beijing
on an elevated platform 14 m (46 ft) above street level. In
about 1670, the Flemish Jesuit missionary Ferdinand
Verbiest (1623-88) began re-equipping the observatory,
and six of the eight large bronze instruments remaining
on the site date from 1673. The other two were built in
1715 and 1744. It is not known why Verbiest based his
instruments on outmoded designs by Tycho BRAHE well
into the era of telescopic astronomy.

Anderson, John August (1876-1959) American
astronomer who, with Francis PEASE, used the Michelson
stellar interferometer at the prime focus of Mount Wilson
Observatory’s 100-inch (2.5-m) Hooker Telescope to
measure the diameter of the red giant star Betelgeuse.
Using this arrangement, Anderson was also able to
separate very close double stars. He supervised the
grinding and polishing of the primary mirror for Mount
Palomar Observatory’s 200-inch (5-m) Hale Telescope.

Andromeda See feature article

Andromeda Galaxy (M31, NGC 224) One of the two
giant spiral galaxies in the LOCAL GROUP of galaxies, the

9th-magnitude planetary nebula.

Name RA dec. Visual

h m ° ! mag.

o Alpheratz 00 08 +29 05 2.07
B Mirach 01 10 +36 37 2.07
v Almaak 02 04 +42 20 2.10
d 00 39 +30 52 3.27

Andromeda Galaxy

ANDROMEDA

Constellation of the northern sky between the Square of Pegasus and the ‘W’
of Cassiopeia. In mythology, Andromeda, the daughter of King Cepheus
and Queen Cassiopeia, was chained to a rock as a sacrifice to the sea monster
Cetus and was rescued by Perseus. ALPHERATZ (or Sirrah), its brightest star, lies
at the north-eastern corner of the Square of Pegasus and was once also known as
d Pegasi. ALMAAK is a fine double, with orange and bluish-white components,
mag. 2.3 and 4.8. v And is orbited by three planets (see EXTRASOLAR PLANET).
The most famous deep-sky object is the ANDROMEDA GALAXY (M31, NGC 224),
which is just visible to the unaided eye as a faint misty patch; the first
extragalactic supernova, S ANDROMEDAE, was first observed here in 1885. NGC
572 is an open cluster of several dozen stars fainter than mag. 8; NGC 7662 is a

BRIGHTEST STARS

Absolute Spectral Distance
mag. type (Ly.)
-3.0 B9 97
-1.9 MO 199
—3.1 K3 + B9 355

0.8 K3 101

other being our Galaxy, the Milky Way. M31 is the
nearest spiral to the Milky Way, some 2.4 million ly.
away. Its proximity has led to intensive studies by
astronomers, yielding fundamental advances in such
diverse fields as star formation, stellar evolution and
nucleosynthesis, dark matter, and the distance scale and

evolution of the Universe.

The Andromeda spiral is visible to the naked eye.
Found close to the 4th-magnitude star v Andromedae,
M31 (RA 00" 42™7 dec. +41°16") appears as a faint
patch of light, best seen on a transparent, moonless night
from a dark site. It was recorded by the 10th-century Per-
sian astronomer AL SUFI as a ‘little cloud’. Binoculars and
small telescopes show the central regions as an elongated
haze; long-exposure imaging with large instruments is

required to show the galaxy’s spiral structure.

The Andromeda Galaxy played an important role in
the ‘GREAT DEBATE’ among astronomers in the 1920s
regarding the nature of the spiral nebulae: were these
‘island universes’ — complete star systems outside our own
— as proposed by the 18th-century philosopher Immanuel
KANT, or were they gas clouds within the Milky Way col-
lapsing to form stars? Photographs taken in 1888 by Isaac
Roberts (1829-1904) using a 20-inch (0.5-m) telescope
revealed M31’s spiral nature, but it was not until the 1920s
that the most important clues were uncovered by Edwin
HUBBLE. In 1923-24, using the 100-inch (2.5-m) Hooker
Telescope at Mount Wilson, California, Hubble was able
to image individual CEPHEID VARIABLES in the Andromeda
spiral. Applying the PERIOD—LUMINOSITY RULE to the
derived light-curves showed that the spiral was a galaxy in

its own right beyond our own.

The next important stage in the study of M31 came
between 1940 and 1955, with the painstaking observa-
tions of Walter BAADE from Mount Wilson during the
wartime blackout, and later with the 200-inch (5-m) Hale

ANDROMEDA GALAXY

Other designations

Apparent size

Apparent (integrated) magnitude m,
Absolute magnitude M,

Type (G de Vaucouleurs)

Angle between plane of galaxy and line-of-sight
Distance

Number of stars

Total mass

Diameter (optical)

Dimensions of optical nucleus
Satellite galaxies

Andromeda Nebula, M31, NGC 224
3°.1 X 1°.25

3.4 mag

—21.1 mag

SA(s)b

13°

740 Kpc, 2.4 million L.y.
4 x 10"

3.2. X 10" M,

50 Kpc

5 X 8 Kpc

M32, NGC 147, NGC 185, NGC 205, IC 10,

LGS 3, And |, II, IIl, V, VI
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Andromedids

V Andromeda Galaxy The
Andromeda Galaxy, M31, is the
largest member of the Local
Group and is the farthest
object that can be seen with
the naked eye. Many of the
star-like points in this image are
in fact globular clusters within
its galactic halo.

16

Reflector at the Palomar Observatory, California. Baade
succeeded in resolving stars in the Andromeda Galaxy’s
central bulge; they appeared to be mainly old and red,
substantially fainter than the bright blue stars of the outer
regions, and apparently similar to those in globular clus-
ters. Baade referred to the bulge stars as Population II,
labelling the hot disk stars as Population I (see POPULA-
TIONS, STELLAR). This distinction remains in current use
and is an essential feature of accepted theories of star for-
mation, and stellar and galaxy evolution.

The discovery of the two stellar populations led in turn
to a crucial finding for cosmology. The Cepheid variables
turned out to be of two subsets, one belonging to each pop-
ulation, obeying different period-luminosity rules. Since the
Cepheids observed by Hubble were of Population I, the
derived distance of M31 had to be revised upwards by a
factor of two — as, were all other distances to galaxies, which
had used the Andromeda Galaxy as a ‘stepping stone’.

The neutral hydrogen (HI) distribution in M31 has
been extensively studied by radio astronomers, observing
the TWENTY-ONE CENTIMETRE EMISSION LINE. Neutral
hydrogen is a constituent of the galaxy’s gas and is distrib-
uted like other Population I components. The gas shows a
ZONE-OF-AVOIDANCE near the galactic centre, which is
where Population II stars dominate. The gas is distributed
in a torus, the innermost parts of which seem to be falling
towards the nucleus.

Radial velocities of hot gas clouds across the galaxy
have been mapped. Together with HI observations, these
measurements allow a rotation curve to be constructed as
a function of galactic radius. HI measurements, particu-
larly, suggest that the outer regions of M31 contain sub-
stantial amounts of unseen additional mass. Such halos of
DARK MATTER are crucial to current theories of galaxy for-
mation and clustering, and cosmology.

Observations with the HUBBLE SPACE TELESCOPE in
1993 showed the nucleus of M31 to be double, with its
components separated by about 5 Ly. This may be the
result of a comparatively recent merger between the
Andromeda Galaxy and a dwarf companion. Several
small satellite galaxies surround M31, the most promi-
nent being M32 (NGC 221) and M110 (NGC 205).

The disk of M31 shows a number of star clouds, the
most obvious being NGC 206, which covers an area of

2900 X 1400 Ly. About 30 novae can be detected in M31
each year by large telescopes. M31 was the site, in 1885
August, of the first SUPERNOVA to be observed beyond the
Milky Way: it was designated S Andromedae and reached
a peak apparent magnitude +6.

It might be expected that the proximity of M31 would
mean that it could make a substantial contribution to theo-
ries for the development of spiral structure. Instead, it has
contributed controversy, partly because the galaxy is so
close to edge-on that details of the spiral structure are hard
to delineate. Indeed, it is not even known how many spiral
arms there are. Halton ARP has proposed two trailing spi-
ral arms, one of these disturbed by the gravitational pull of
M32. A. Kalnajs proposes instead a single leading spiral
arm, set up via gravitational resonance with M32. The
dust clouds do not help in deciding between these two
models. Resolution of the debate will ultimately advance
our understanding of the mechanism generating spiral
structure (see DENSITY WAVE THEORY).

M31 is surrounded by a halo of globular clusters, which
is some three times more extensive than the halo around
our Galaxy. The stars in these clusters show a generally
higher metallicity than is found in our own Galaxy’s globu-
lars. The great spread in element abundances in the M31
globular clusters suggests slower and more irregular evolu-
tion than has occurred in the Milky Way.

Nearly every galaxy in the Universe shows a REDSHIFT,
indicative of recession from the Milky Way. The spectrum
of M31, however, shows it to be approaching at a velocity
of about 35 km/s (22 mi/s). In some 3 billion years, M31
and the Milky Way will collide and merge eventually to
form a giant elliptical galaxy.

M31 is our sister galaxy, the nearest spiral galaxy that
is similar in most attributes to the Milky Way. Much of
our home Galaxy is hidden from our perspective by mas-
sive dust clouds; we rely on the Andromeda Galaxy for
an understanding of our own Galaxy, as well as of the rest
of the Universe.

Andromedids (Bielids) METEOR SHOWER associated
with comet 3D/BIELA. The parent comet split into two
fragments in 1845 and has not been definitely seen since
1852; it is now considered defunct. Swarms of
METEOROIDS released from the comet have given rise to
spectacular meteor showers. Its name derives from its
RADIANT position, near y Andromedae.

The shower’s first recorded appearance was in 1741,
when modest activity was observed. Further displays
were seen in 1798, 1830, 1838 and 1847, in each case
during the first week of December. The 1798 and 1838
displays produced rates of over 100 meteors/hr. When
seen in 1867 the Andromedids appeared on the last day
of November. The NODE, where the orbit of the mete-
oroid swarm and the orbit of the Earth intersect, is sub-
ject to change as a result of gravitational perturbations by
the planets. The Andromedid node is moved earlier
(regresses) by two or three weeks per century.

In 1867 the association between a meteor shower and
a comet was demonstrated by Giovanni SCHIAPARELLI in
the case of the PERSEIDS; other such connections were
sought. It was known that the orbit of Biela’s comet
approached that of the Earth very closely, so that its
debris could conceivably give rise to a meteor shower,
and when the radiant was calculated it was found to agree
closely with that of the meteor showers previously seen to
emanate from Andromeda.

Biela’s comet, if it still existed, would have been in the
vicinity of the Earth in 1867, and since the meteoroid
swarm would not be far displaced from its progenitor, a
display could be expected. A good, though not spectacu-
lar, Andromedid shower was seen on November 30, con-
firming the prediction. Since the orbital period was about
6.5 years, Edmund Weiss (1837-1917), Heinrich D’AR-
REST and Johann GALLE, who had made the first calcula-
tions, predicted another display for 1872 November 28.

Soon after sunset on 1872 November 27, a day earlier
than expected, western European observers were treated



to an awesome spectacle; meteors rained from the sky at
the rate of 6000 per hour. The event caused less alarm
and terror among the general population than it might
have done, there having occurred only six years previously
an equally dramatic LEONID display, which had caused no
harm. Although the Andromedids were about as numer-
ous as the 1866 Leonids, they were less brilliant due to
their lower atmospheric velocity, at 19 km/s (12 mi/s)
compared with the Leonids’ 70 km/s (43 mi/s).

The shower of 1872 led, incidentally, to a mysterious
episode in astronomical history. E.E Wilhelm Klinkerfues
(1827-84), at Gottingen Observatory, reasoning that it
should presumably be ahead of the meteoroid swarm,
suggested that the comet should be visible in the opposite
part of the sky direction to the Andromedid radiant. He
accordingly cabled to Norman POGSON, an astronomer at
Madras (the comet would not be visible from high north-
ern latitudes): ‘Biela touched Earth 27 November — search
near Theta Centauri” On December 2, Pogson’s search
found a comet near the indicated position.

The object was observed again the following night, but
then clouds intervened and when a clearance finally came,
there was no sign of it. The observations were inadequate
for the calculation of an orbit and the prediction of future
positions, so the comet, if such it was, was lost. If Biela’s
comet still existed and was pursuing its original orbit, it
would have passed the position indicated by Klinkerfues
some months previously. We must conclude that if Pog-
son, who was an experienced observer, did see a comet, it
was not 3D/Biela, and was either a fragment of that object
or another comet that just happened to be there at the
time. Both alternatives are hard to believe, and the ques-
tion remains open.

The next encounter was badly timed, and no shower
was seen. In 1885, two revolutions after the 1872 event,
European observers were delighted and thrilled by an
even greater meteor storm on November 27, during
which Andromedid rates were estimated (counting was
virtually impossible) at 75,000 per hour. This rate com-
pares with that of 140,000 per hour estimated for the
1966 Leonid peak. The most intense activity in the 1885
Andromedids was over in about six hours (such meteor
storms are invariably short-lived), though lower rates were
detected for a few days to either side. This suggests that
the core filament in the Andromedid meteor stream in
1885 had a width of about 160,000 km (100,000 mi).

The fall of an iron METEORITE at Mazapil, Mexico,
during the 1885 Andromedid display can be dismissed as
coincidence. Meteoroids shed by comets are generally
small, have a dusty composition, and never survive ABLA-
TION in Earth’s atmosphere.

Since 1885 the Andromedids have been quite undistin-
guished, and the shower is now to all intents and purposes
defunct. Planetary perturbations have shifted the orbit of
the meteoroid swarm so that it does not at present meet
that of the Earth. A fairly strong display occurred on 1892
November 23, while on 1899 November 24 about 200
Andromedids per hour were seen. W.E DENNING record-
ed 20 Andromedids per hour in 1904, and visual observa-
tions in 1940 yielded rates of about 30 per hour on
November 15. A few individual shower members were
caught by the Harvard Super-Schmidt meteor cameras in
the USA in 1952 and 1953. A computer model of the
Andromedid stream by David Hughes (1941- ), of the
University of Sheffield, UK, suggests that further plane-
tary gravitational perturbations will bring the shower back
to encounter the Earth around 2120.

Angara New fleet of Russian satellite launch vehicles to be
operational in about 2003 to replace the PROTON launch
vehicle. The Angara will be based on a first stage, which
forms the basic vehicle for flights to low Earth orbit. This
stage can be clustered together with two types of upper
stage, forming a more powerful first stage, for flights to
geostationary transfer orbit (GTO). The largest Angara,
with five core first stages and a high-energy KVRD upper
stage, will be able to place 6.8 tonnes into GTO.

Anglo-Australian Observatory (AAO) Australia’s
principal government-sponsored organization for optical
astronomy, funded jointly by Australia and the UK. The
AAO operates the 3.9-m (153-in.) ANGLO-AUSTRALIAN
TELESCOPE (AAT) and the 1.2-m (48-in.) UNITED
KINGDOM SCHMIDT TELESCOPE (UKST) at SIDING SPRING
OBSERVATORY near Coonabarabran in New South Wales. A
laboratory in the Sydney suburb of Epping, 350 km
(200 mi) from the telescopes, houses the AAO’s scientific,
technical and administrative staff; while the operations staff
are based at Coonabarabran. Of increasing importance
within the AAO is its External Projects Division, which
contracts to build large-scale instrumentation for, among
others, the GEMINI TELESCOPES, the SUBARU TELESCOPE
and the VERY LARGE TELESCOPE.

Anglo-Australian Telescope (AAT) Optical telescope
funded jointly by the British and Australian
governments, located at SIDING SPRING OBSERVATORY in
New South Wales. It is operated by the ANGLO-
AUSTRALIAN OBSERVATORY. Inaugurated in 1974, the 3.9-
m (153-in.) AAT remains the largest optical telescope in
Australia, although both partner countries now have
access to larger southern-hemisphere instruments. Its
IRIS2 infrared imager and 2dF (two-degree field)
system, which allows the spectra of 400 target objects to
be obtained simultaneously, provide unique facilities for
wide-field observations.

angrite Subgroup of the ACHONDRITE meteorites.
Angrites are medium- to coarse-grained basaltic igneous
rocks. Although the angrites have similar oxygen isotopic
compositions to the HOWARDITE-EUCRITE-DIOGENITE
ASSOCIATION (HEDs) meteorites, they are unrelated.

Angstrﬁm, Anders Jonas (1814-74) Swedish
physicist who helped prepare the ground for the
application of spectroscopy in astronomy. He used
diffraction gratings to make high-precision measurements
of the Sun’s spectral lines, and in 1868 he published an
atlas of the solar spectrum. It contained measurements of
over a thousand lines, expressed in units of 107 mm, a
quantity later named the ANGSTROM UNIT in his honour.

angstrom unit (symbol A) Unit of length, formerly
used to express the wavelength of light, particularly in
spectroscopy; it is equal to 107 m. It is named after
Anders Jonas ANGSTROM, who first used it in his atlas of
the solar spectrum in 1868. The angstrom has now been
replaced by the SI measurement the NANOMETRE (nm).

angular measure Measure of the apparent diameter of
a celestial object, or the distance between two objects,
expressed as an angle, usually in degrees, arcminutes or
arcseconds. The angle subtended by an object is
determined by its true diameter and its distance from
the observer; if the distance to an object is known, its
true diameter may be calculated by measuring its
apparent diameter.

angular momentum Property of rotating or orbiting
bodies that is the rotational equivalent of the momentum
of an object moving in a straight line. It is the product of
the angular velocity and the moment of inertia (I). The
moment of inertia is the rotational equivalent of mass,
and for a small particle it is given by the mass of that
particle multiplied by the square of its distance from the
rotational axis. For large objects the overall moment of
inertia must be found by adding together the individual
moments of inertia of its constituent particles. A planet
orbiting the Sun may be regarded as a small particle and
so has a moment of inertia of 7 = M R % where M, is the
mass of the planet and R the distance of the planet from
the Sun. A spherical, uniform, rotating planet will have
I =04 Mpsz where R, is the radius of the planet.
Angular momentum is always conserved (that is, its total
value for the system remains constant) during any changes.

angular momentum
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Ann Arbor Observatory

V annular eclipse The bright
photosphere of the Sun can be
seen surrounding the Moon
during an annular eclipse. This
eclipse was photographed on
1994 May 10 from Mexico.
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The rotational kinetic energy is given by In?/2, where o is
the angular velocity (compare this with the kinetic energy
of an object moving in a straight line: Mv?%/2).

For a planet in an elliptical orbit, R, is smaller at PERI-
HELION than at APHELION; conservation of angular
momentum therefore means that the orbital angular
velocity, w,, must decrease from perihelion to aphelion in
order that the product, R w,, remains constant. Kepler’s
second law of planetary motion is thus the result of con-
servation of angular momentum. Similarly conservation
of angular momentum results in ACCRETION DISKS form-
ing in CLOSE BINARY stars where mass is being exchanged,
and so is linked to many types of VARIABLE STAR including
NOVAE and Type I SUPERNOVAE.

Ann Arbor Observatory (University of Michigan
Detroit Observatory) Historic institution in Ann Arbor,
58 km (36 mi) west of Detroit. It was founded (c.1854)
as part of the university’s bid for pre-eminence in
scientific teaching and research. It is equipped with a 123-
inch (320-mm) refractor dating from 1857. Today, the
observatory is used largely for public outreach, having
been restored in 1999 as a centre for 19th-century
science, technology and culture.

annual parallax (heliocentric parallax) Difference in the
apparent position of a star that would be measured by
hypothetical observations made from the centre of the
Earth and the centre of the Sun.

Due to the Earth’s movement in its orbit around the
Sun, nearby stars appear to shift their position relative to
more distant, background stars, over the course of a year,
describing a path known as the parallactic ellipse. When
observed six months apart from opposite sides of the
Earth’s orbit, the position of a nearby star will appear to
have shifted by an angle A6. Half of this angle, 1, gives the
annual PARALLAX, which is equal to the angle subtended at
the observed star by the semimajor axis of the Earth’s
orbit. The reciprocal of annual parallax in arcseconds
gives the distance to the star in PARSECS. See also DIURNAL
PARALLAX; TRIGONOMETRIC PARALLAX

annular eclipse Special instance of a SOLAR ECLIPSE,
occurring when the Moon is close to APOGEE, such that
the Sun has a significantly greater apparent diameter than
the Moon. As a result, the Moon’s central passage across
the solar disk leaves a ring — or annulus — of bright sunlight
visible at mid-eclipse. Such events, while interesting in
their own right, are not generally considered as dramatic
as a total solar eclipse, since they do not allow the solar
corona and prominences to become visible, or cause a
noticeable darkening even at their maximum extent.
Under favourable circumstances, the annular phase, with
the dark body of the Moon silhouetted against the Sun’s
brilliant photosphere, can last up to 12™ 305,

anomalistic month Time taken for the Moon to
complete a single orbit around the Earth, measured from

PERIGEE to perigee. An anomalistic month is shorter than
the more commonly used SYNODIC MONTH, being
equivalent to 27.55455 days of MEAN SOLAR TIME. See
also DRACONIC MONTH; MONTH; SIDEREAL MONTH;
TROPICAL MONTH

anomalistic year Period of a single orbit of the Earth
around the Sun, measured from PERIHELION to perihelion.
Equivalent to 365.25964 days of MEAN SOLAR TIME, an
anomalistic year is about 4™ 43%.5 longer than a SIDEREAL
YEAR because of the gradual eastward movement of the
point of perihelion. See also TROPICAL YEAR

anomaly Angular measurement used for describing the
position of a body in an elliptical orbit, measured around
the orbit in the direction of motion from the pericentre. It
can be defined as a true, eccentric or mean anomaly. In
the diagram the point X represents the position of the
body, and the angle PSX is the true anomaly. The mean
anomaly is measured similarly, but to the position of an
imaginary body that orbits at constant angular speed with
the same period as the real body. It cannot be indicated by
a simple geometrical construction. The eccentric anomaly
is the angle PCX', where X' is the position of the body
projected on to a circumscribing circle. The eccentric and
mean anomalies are intermediate angles used in the
calculation of the position of the object in its orbit at any
time. The difference between the true and mean anomaly
is the equation of the centre. See also ELLIPSE

anorthosite Type of basaltic rock found in the lunar
highland crust. Highland basalts are richer in aluminium
and calcium, and poorer in iron, magnesium and titanium,
than basalts found in the lunar maria (low-lying plains).

ansae Term applied by early telescopic observers to
define the opposite extremities of Saturn’s ring system,
which, when viewed foreshortened from Earth, resemble
handles to the planet.

antapex Point on the CELESTIAL SPHERE from which the
Sun and the entire Solar System appears to be moving
away, at a velocity of around 19-20 km/s (c.12 mi/s),
relative to nearby stars. The antapex lies in the direction
of the constellation Columba at around RA 6" dec. —30°.
It is diametrically opposite on the celestial sphere to the
APEX, the direction towards which the Sun and Solar
System appear to be moving.

Antarctic astronomy Collective term for the
astronomical activities conducted in the special conditions
of the Earth’s south polar continent. The
Amundsen—Scott South Pole Station sits atop a 2800-m
(9200-ft) cap of ice — the coldest, driest place on Earth.
This venue is ideal for astronomers who want to work at
infrared, submillimetre and millimetre wavelengths.
These portions of the electromagnetic spectrum are
compromised by water vapour, which is pervasive at most
other locations on Earth and makes observations at these
long wavelengths difficult or impossible. But at the pole,
the vapour is frozen out, leading to a dark, transparent
sky ideal for investigating star-formation processes in
molecular clouds and the evolution of protostars and
other young objects. Similarly, distant, primeval galaxies
can be effectively studied because their visible light has
been redshifted to long wavelengths. The pole is also a
premier site for assaying variations in the so-called
COSMIC MICROWAVE BACKGROUND (CMB), subtle
differences that reflect the large-scale distribution of
matter and energy in the very early Universe.

In addition, of course, a polar site features a totally dark
sky 24 hours a day during midwinter, which allows con-
tinual monitoring of targets. And during midsummer the
Sun can also be watched continuously, which was crucial
in the 1980s, during the early days of HELIOSEISMOLOGY,
when we got the first glimpse of the interior of our star.

Antarctic astronomy was born around 1980, spurred



by Martin Pomerantz (1916— ) of the Bartol Research
Institute. The principal organization is the Center for
Astrophysical Research in Antarctica. Among other
facilities, it supports research with the Antarctic Submil-
limeter Telescope/Remote Observatory (AST/RO), a
1.7-m (67-in.) instrument that focuses on atomic and
molecular gas in our Galaxy and others nearby, and the

13-element Degree Angular Scale Interferometer
(DASI) for studies of the CMB.

One ‘telescope’ at the south pole looks down rather than
up — the Antarctic Muon and Neutrino Detector Array
(AMANDA). Its mission is to count ultra-high-energy
neutrinos from our Galaxy and beyond that have passed
through the Earth, which screens out ‘noise’. AMANDA
detects the light that is emitted when a neutrino interacts
with an atom in the Antarctic icecap. Sources of extremely
high-energy neutrinos include active galactic nuclei, black
holes, supernovae remnants and neutron stars.

There is much more to Antarctic astronomy than
what happens at the pole. This continent provides one of
our best ‘laboratories’ to prepare for the search for exotic
life forms elsewhere in the Solar System. On the polar
plateau in East Antarctica lies Lake Vostok. The size of
Lake Ontario in North America, it has been buried
under thousands of metres of ice for millions of years.
Although unexplored, ILake Vostok might hold
extremophiles that could help us determine how organ-
isms might survive in the putative ocean under the ice
mantle of Jupiter’s satellite Europa.

Off the plateau and within a helicopter flight of McMur-
do Station, the ‘capital’ of Antarctica, are the Dry Valleys,
frozen landscapes that, though more benign, nevertheless
mimic those of Mars. Yet life goes on in these valleys, some-
times hidden inside rocks that protect cyanobacteria from
desiccation, thermal extremes and overexposure to ultravio-
let radiation. Perhaps this strategy also operates, or once
did, on Mars and elsewhere in the Solar System.

Antarctica is also conducive for launching experiments
aboard long-duration balloons that ascend 40 km (25 mi)
into the upper stratosphere. The prevailing westerly winds
carry such balloons around the continent and return them
to near the launch site at McMurdo Station in about 10
days. Gamma-rays, X-rays and CMB radiation have all
been sampled during such balloon flights.

One of the most surprising discoveries in Antarctica
took place in 1969, when nine meteorites were found near
the Yamato Mountains. Since then concerted searches
have uncovered some 20,000 rocks from space — more
than half of all known meteoritic specimens. Antarctica is
not favoured by falling meteorites. The abundance occurs
because when meteorites land they become embedded in
flowing ice — as if on a conveyor belt — and carried to sites
where they become exposed by wind erosion. A few have
been identified as pieces of the Moon and Mars. An
Antarctic meteorite known as ALH 84001 became
famous in 1996 when scientists announced that it contains
fossil evidence for life on Mars. See also BALLOON ASTRON-
OMY; LIFE IN THE UNIVERSE

Antares The star o Scorpii, marking the heart of
Scorpius, the scorpion, distance 604 ly. An irregular
variable, it fluctuates between visual mags. 0.9 and 1.2
and is the brightest member of the Scorpius—Centaurus
Association, the nearest OB ASSOCIATION. Antares is a red
supergiant of spectral type M1 Ib, about 400 times the
Sun’s diameter and more than 10,000 times as luminous.
It has a much smaller and hotter companion, mag. 5.4
and spectral type B2.5 V, which orbits it in about 900
years; this companion can be seen through telescopes
with apertures of 75 mm (3 in.) or more. The name
Antares reflects its pronounced red colour: it comes from
a Greek expression that can be translated either as ‘like
Mars’ or ‘rival of Mars’.

antenna Metal wire, rod, dish or other structure used to
transmit and receive RADIO WAVES, whereas a normal
RADIO TELESCOPE only receives radio waves. RADAR
ASTRONOMY uses antennae (or aerials) to make either
continuous wave or pulsed transmissions to bodies in the
Solar System, either from Earth or from space satellites.
Amateur astronomers can study meteors by using low-
power transmitters in the 10-20 MHz band and
observing the reflections off the ionized trails made by the
meteors in the upper atmosphere. Other work requires
powerful transmitters and high-gain antenna systems.
Transmissions have been made to the Moon, planets and
comets with large radio telescopes receiving the
reflections, for example JODRELL BANK and ARECIBO.
Arecibo has acted as an antenna transmitting signals for
Project Ozma. The Haystack antenna (of Lincoln
Laboratory) was used to test the theory of GENERAL
RELATIVITY in 1967. For a radar pulse passing near the
Sun, and reflected from a planet, there should be a small
time delay of 2 X 107*s, equivalent to 60 km (40 mi)
difference in the distance of the planet. Mars, Mercury
and Venus were used by Haystack, and Arecibo used
Mercury and Venus.

Antennae (NGC 4038 & 4039) Pair of interacting
galaxies — a spiral and a lenticular — in the constellation
Corvus (RA 12" 01™9 dec. —18°52"). Each has an
apparent mag. +10.5 and maximum diameter 5'. Two
long curved tails, comprising stars and gas ejected by the
collision, extend away for an apparent distance of 20'.
The pair lie at a distance of 60 million ly. They are
sometimes known as the Ring-Tail Galaxy.

anthropic principle Idea that the existence of the
Universe is intimately related to the presence of life. The
principle exists in two distinct forms, known as the weak
and strong versions.

The weak anthropic principle (WAP) arises from the
notion that any observations made by astronomers will be
biased by selection effects that arise from their own exis-
tence. Characteristics of the Universe that appear to be
quite improbable may merely arise from the fact that cer-
tain properties are necessary for life to exist. Cosmologist
John D. Barrow (1952—-) has given this definition of the
WAP: the observed values of all physical and cosmological
quantities are not equally probable, but take on values
restricted by the requirements that (1) there exist sites
where carbon-based life can evolve and (2) the Universe
be old enough for it to have already done so.

The strong anthropic principle (SAP) goes further,
stating that the Universe must have fundamental proper-
ties that allow life to develop within it at some stage in its
history. This implies that the constants and laws of nature
must be such that life can exist. A number of quite distinct
interpretations of the SAP are possible, including the sug-
gestion that there exists only one possible Universe
‘designed’” with the goal of generating and sustaining
‘observers’ — life. The American mathematician John
Archibald Wheeler (1911- ) has pointed out that this
argument can be interpreted as implying that observers
are necessary to bring the Universe into being, an idea he
calls the ‘participatory anthropic principle’ (PAP). A third

anthropic principle

< anomaly The position of a
body (X) in an elliptical orbit can
be described in terms of its
angular distance in the
direction of motion from the
pericentre. The true anomaly is
described by the angle PSX in
the diagram here. The
eccentric anomaly, PCX’, is
given by projecting the body’s
position on to a circumscribing
circle, and can be used as a
matter of convenience in orbital
calculations.

V Antarctic astronomy A
plot of a neutrino ‘event’ at the
AMANDA-B detectors. The
impacting neutrino decayed to
a muon (the turquoise line is
the latter’s projected track),
which then decayed into other
subatomic particles. The purple
circles indicate which detectors
were hit by radiation and the
number beside each shows the
time elapsed in nanoseconds
from the first detector being hit.
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antimatter

possible interpretation of the SAP is that our Universe is
just one of an ensemble of many different universes, and
that by chance its properties are optimized for the exis-
tence of life. This idea is consistent with the ‘many-
worlds’ or ‘sum-over-histories’ approach of quantum
cosmology (see QUANTUM GRAVITY), which requires the
existence of many possible real ‘other universes’.

antimatter Matter consisting of particles with opposite
quantum numbers to normal particles. The marriage of
the QUANTUM THEORY with SPECIAL RELATIVITY led Paul
Dirac (1902-84) in 1929 to propose the existence of
electrons with positive charge and spin opposite that of
normal electrons. This anti-electron, commonly known as
a positron, was the first hint that antimatter existed. The
tracks characteristic of positrons were subsequently found
in COSMIC RAY cloud chamber experiments by Carl
Anderson (1905-91) in 1929, proving the existence of
these particles and of antimatter in general.
Consequently, quantum theorists now associate every
known particle with a complementary antiparticle and
most have been seen in high-energy physics experiments.
If the particle and its antimatter partner interact, they
mutually annihilate and the rest mass is converted into
electromagnetic energy via Einstein’s formula E = mc.
Antimatter has played important roles in cosmology and
extragalactic astronomy. The question of why the
Universe consists primarily of ordinary matter and very
little antimatter has defied explanation. If entire galaxies
of antimatter existed, the effects of these galaxies should
be seen. These effects have not been observed.

It was proposed that quasars might actually be galax-
ies of ordinary matter and antimatter galaxies colliding,
but this model quickly gave way to the more common
idea of massive black holes in the centres of protogalax-
ies. Antimatter is definitely present in astrophysical
objects, but not in significant amounts. For instance, pair
production is the creation of an electron—positron pair
from a gamma ray scattering off a baryon. This is
thought to be a prominent process in both pulsars and
quasars. The opposite process, pair annihilation, forms a
gamma-ray photon, which has energy of 0.511 MeV
(million electron volts); this spectral line is seen in the
spectra of ACTIVE GALACTIC NUCLEI (AGN).

Antiope MAIN-BELT ASTEROID, number 90, which in
2000 was found to be binary in form. The two
components of Antiope are each ¢.80 km (¢.50 mi) in
size, and they orbit their mutual centre of gravity with a
separation of ¢.160 km (¢.100 mi).

antitail coMET tail that appears to point towards the
Sun. Solar radiation pressure drives the dust tails of
comets away from the Sun. Under certain circumstances,
however, active comets may be observed to have a
sunward-pointing ‘spike’ or fan. Such antitails result from
gjection of dust from the comet nucleus in thin sheets,
which, when viewed in the plane of the comet’s orbit, can
appear to point towards the Sun as a result of perspective.
Perhaps the best-known example is the antitail sported by
Comet AREND—ROLAND in 1957; antitails were also shown
by comets KOHOUTEK and HALE-BOPP.

Antlia See feature article
Antoniadi, Eugéne Michael (1870-1944) French

astronomer, born in Turkey of Greek parents, who
became an expert observer of planetary features. As a

ANTLIA (GEN. ANTLIAE, ABBR. ANT)

mall, faint southern constellation representing an air pump; it lies between Hydra

and Vela. Antlia was introduced by Lacaille in the 18th century. Its brightest star,
o Ant, is mag. 4.3; { Ant is a wide double with components of mags. 5.9 and 6.2.
Antlia’s brightest deep-sky object is NGC 2997, a 10th-magnitude spiral galaxy.
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young man, Antoniadi made many fine drawings of
sunspots and the planets Mars, Jupiter and Saturn using
3- and 43-inch (75- and 110-mm) telescopes. This work
attracted the attention of the French astronomer and
writer Camille FLAMMARION, who had built a fine private
observatory at Juvisy, France. From 1894 to 1902
Antoniadi used Juvisy’s 93-inch (240-mm) Bardou
refracting telescope to make detailed studies of the
planets, especially Mars. From 1896 to 1917 he directed
the British Astronomical Association’s Mars Section,
publishing ten Memorirs that collected and discussed the
observations of the section’s members; many of the
observations were by Antoniadi himself, made with the
Juvisy telescope and the great 33-inch (0.83-m) refractor
at Meudon, France.

At a time when the ‘canals’ supposedly seen on Mars by
Giovanni SCHIAPARELLI and Percival LOWELL were gener-
ally accepted as real features by many astronomers, Anto-
niadi interpreted these linear markings as optical illusions
produced by the tendency of human vision to transform
disconnected features into continuous lines. His observa-
tions of Mars during the 1909 opposition convinced him
that the canals were natural features similar to Earth’s val-
leys; two years later he correctly described the clouds
obscuring the planet’s surface as due to windblown sand
and dust from the Martian deserts. In 1924 he made one
of the first sightings of the Tharsis volcanoes. Antoniadi
summarized both his own and historical observations of
Mars in the classic book La Planéte Mars (1930). Four
years later he wrote another classic work, La Planéte Mer-
cure, which remained a standard for decades. Antoniadi
was also an expert on ancient languages, a skill he used to
research and write L’Astronomie Egyptienne (1940).

Antoniadi scale Standard scale of SEEING conditions
devised in the early 1900s by Eugéne ANTONIADI to
describe the conditions under which lunar and planetary
observations are made. The five gradations on this scale
are: (I) perfect seeing, without a quiver; (II) slight
undulations, with periods of calm lasting several
seconds; (IIT) moderate seeing, with larger tremors; (IV)
poor seeing, with constant troublesome undulations;
and (V) very bad seeing, scarcely allowing a rough
sketch to be made.

Apache Point Observatory (APO) Major
optical/infrared observatory owned and operated by the
Astrophysical Research Consortium (ARC) of several
prominent US universities. Located at an elevation of
2790 m (9150 ft) in the Sacramento Mountains of New
Mexico approximately 225 km (140 mi) south-east of
Albuquerque, this world-class observatory site is managed
by the New Mexico State University on the ARC’s behalf.
Its principal instrument is a 3.5-m (138-in.) reflector, a
general-purpose telescope with a lightweight spun-cast
mirror. The APO is also home to the 2.5-m (98-in.)
telescope of the SLOAN DIGITAL SKY SURVEY.

ap-, apo- Prefixes referring to the farthest point of an
orbit from the primary body, as in APASTRON, APHELION,
APOGEE, apocentre, apoapse. See also APSIDES

apastron Point in an orbit around a star that is farthest
from that star. The term is usually used to describe the
positions of the two components in a binary star system,
moving around their common centre of mass in an
elliptical orbit, when they are farthest away from one
another. See also APSIDES

Apennines, Montes (Apennine Mountains) Most
impressive lunar mountain range, 1400 km (870 mi)
long; it rises to 4 km (2.5 mi) above the lava-filled
southeast ‘shores’ of Mare IMBRIUM. The Apennines’
highest peak is Mount Huygens (at 5600 m/18,400 ft),
followed by Mount Bradley (at 5000 m/16,400 ft),
Mount Hadley (4500 m/14,800 ft) and Mount Wolff
(3500 m/11,500 ft). The numerous valleys and gorges



apogee

Aphrodite Terra Largest and most extensive of the
continent-like highland regions on VENUS. About the size
of Africa, Aphrodite Terra exhibits considerable variation
in physiography. It extends for 10,000 km (6200 mi)
from 45° to 210°E in a roughly east—west direction along
and south of Venus’ equator. The western and central
mountainous regions, known respectively as Ovda Regio
and Thetis Regio, rise to between 3 and 4 km

<« aphelion Halley’s Comet
has a highly eccentric orbit: its
aphelion - its greatest distance
from the Sun —is 35.295 AU
(roughly halfway between the
mean orbits of Uranus and
Pluto), while its perihelion — its
closest approach to the Sun —

that cut through the range are probably shock fractures
from the impact that created Mare Imbrium.

aperture Clear diameter of the primary lens or mirror of
a TELESCOPE. The aperture is the single most important
factor in determining both the RESOIVING POWER and
light-gathering ability of the instrument.

aperture synthesis ARRAY of RADIO TELESCOPES that
work together to observe the same astronomical object
and to produce an image with higher resolution than the
telescopes individually could achieve. Resolution
approaching that of Earth-bound optical telescopes —
say, one arcsecond — would require a single radio dish
several kilometres in diameter. To construct such a radio
telescope, and make it steerable to observe anywhere in
the sky, has been impossible in the past, so aperture
synthesis has been a most valuable tool for mapping in
detail small-scale structure. The individual radio
telescopes play the role of different parts of the surface
of a hypothetical ‘super-telescope’, which is synthesized
by correctly combining their outputs. The technique is
further enhanced by using Earth’s rotation to fill in
missing parts of the super-telescope via the movement
of the telescopes relative to the astronomical target. This
technique of using Earth’s rotation was developed by
Martin RYLE. Usually some parts of the super-telescope
surface are missing, that is, it is not ‘fully filled’, causing
defects in the map such as bands or rings of spurious
emission. The problem can be overcome to some extent
either by complementing the map with an observation
made by a single large radio telescope, or by computing
techniques such as maximum-entropy methods which
clean up the defects. The Cambridge One-mile
telescope and the VERY LARGE ARRAY are examples of
aperture synthesis telescopes.

apex (solar apex) Point on the CELESTIAL SPHERE
towards which the Sun and the entire Solar System
appear to be moving, at a velocity of around 19-20 km/s
(¢.12 mi/s) relative to nearby stars. It lies in the direction
of the constellaton Hercules at around RA 18"
dec. +30° It is diametrically opposite on the celestial
sphere to the ANTAPEX, the direction from which the Sun
and Solar System appear to be moving.

The apex is also the point on the celestial sphere
towards which the Earth appears to be moving at any
given time, due to its orbital motion around the Sun.

aphelion Point at which a Solar System body, such as a
planet, asteroid or comet, moving in an elliptical orbit, is at
its greatest distance from the Sun. For the Earth, this
occurs around July 4, when it lies 152 million km (94
million mi) from the Sun. See also APSIDES; PERIHELION

(1.9-2.5 mi) above the mean planetary radius. East of the
central massif is a complex regional fracture system with
east-north-east-trending ridges and linear troughs, the
most prominent of which are Dali and Diana Chasmata,
2077 km (1291 mi) and 938 km (583 mi) in length
respectively. Each trough or rift valley is at least 1 km
(0.6 mi) deep. Diana Chasma may be tectonic in origin.
To the south is the semicircular Artemis Chasma, thought
to be a massive corona-type structure (a concentric
arrangement of ridges and grooves). In the east the broad
upland dome of Atla Regio, with its fissured surface and
volcanic centres, is somewhat higher than the western and
central mountainous districts, but is itself overshadowed
by the imposing volcanic peaks Ozza Mons (6 km/4 mi
high and 500 km/310 mi across) and Maat Mons
(9 km/6 mi high and 395 km/245 mi across). The
absence of craters suggests the whole region is of
comparatively recent origin.

apochromat Composite LENS designed to be free of
CHROMATIC ABERRATION. Modern materials and design
techniques make it possible to produce lenses that
introduce no discernible false colour into the image.
Apochromatic refractors used in astronomy usually have
an OBJECTIVE made of three separate pieces of glass,
each of different materials with different characteristics.
Some or all of the materials may be highly specialized
and expensive, but the overall effect is to produce some
of the best optical systems that are currently available to
amateur astronomers.

Telescopes incorporating apochromatic objectives are
sometimes referred to as ‘fluorites’ or ‘ED’ telescopes, the
names being derived from the materials used.

Apochromats may also be incorporated into eyepieces
and BARLOW LENSES. The smaller sized lenses make these
more common and affordable than apochromatic objec-
tives. They are particularly useful with reflecting tele-
scopes that are inherently free of chromatic aberration.
See also ACHROMAT

apogee Point in the orbit of the Moon or an artificial
satellite that is farthest from the Earth. See also APSIDES

is just 0.587 AU, well within

Venus’ orbit.

V¥ Aphrodite Terra The

surface of this upland region of

Venus is extremely varied,
containing deep troughs and

high ridges as well as

volcanoes. The area to the left

of the ridge shown in this

Magellan radar image was first
interpreted as a landslide but is

now thought to be simply an

effect of the image-processing

methods used.
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Apollo asteroid

A Apollo programme The
Saturn V rocket, carrying the
Apollo 11, is launched. The
first manned mission to the
Moon, it was launched on
1969 July 16.

» Apollo programme The
Lunar Roving Vehicles allowed
the astronauts on the final three
Apollo lunar missions to range
farther from the landers and so
collect more varied samples
from the Moon'’s surface.
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Apollo asteroid Any member of the class of ASTEROIDS
with orbits that cross that of the Earth (requiring a
perihelion distance less than 1.0167 AU and an aphelion
distance greater than 0.9833 AU), and with orbital
periods longer than one year. The archetype, (1862)
Apollo, was discovered in 1932 as the first Earth-crossing
asteroid. By late 2001 more than 740 Apollo asteroids of
varying sizes had been discovered, mostly since 1990.
Because these asteroids collide with the Earth or other
terrestrial planets on time scales of order ten million
years, or may be lost through other dynamical paths, they
cannot have been in place since the formation of the Solar
System. They must, therefore, be delivered to their
present orbits on a continual basis. At one time it was
thought that they might mostly be extinct cometary
nuclei, but it has been shown that they may also be
derived from MAIN-BELT ASTEROIDS pumped by Jupiter’s
gravity out of the KIRKWOOD GAPS and into high-
eccentricity orbits in the inner Solar System.

Some characteristics of the following noteworthy
Apollo asteroids are shown in the NEAR-EARTH ASTEROID
table: (1566) Icarus, (1620) Geographos, (1685) Toro,
(1862) Apollo, (1863) Antinous, (1866) Sisyphus,
(2063) Bacchus, (2101) Adonis, (2102) Tantalus, (2201)
Oljato, (2212) Hephaistos, (3200) Phaethon, (4015)
Wilson-Harrington, (4179) Toutatis, (4183) Cuno,
(4581) Asclepius, (4660) Nereus, (4789) Castalia,
(6489) Golevka and 1937 UB Hermes. See also ATEN
ASTEROID; AMOR ASTEROID

Apollonius of Perga (262-190 Bc) Greek
mathematician and astronomer, known as the Great
Geometer. His most famous published work was the
eight-volume Conics, which deals with the geometry of
conic sections — the circle, ellipse, parabola and

hyperbola, all of which are important in describing the
motions of celestial bodies. Although Apollonius’ theory
of planetary motions was based upon the erroneous
geometrical model of epicycles and eccentrics promoted
by PTOLEMY, he correctly observed and described the
retrograde motion of Mars and other planets.

Apollo programme Name given to the US programme
to land men on the Moon and return them safely to
Earth. The cost of the NATIONAL AERONAUTIC AND SPACE
ADMINISTRATION’s (NASA’s) triumph in the Moon race
with the Soviet Union was US$25 billion. At its peak, the
programme employed some 500,000 people.

The first public announcement of the intention of the
USA to achieve the first manned landing on another
world was made by President Kennedy in 1961.
However, NASA was already preparing three series of
robotic missions, namely RANGER, SURVEYOR and LUNAR
ORBITER, to investigate the feasibility of manned missions
and to search for suitable landing sites.

The Apollo spacecraft consisted of four units in two
pairs: the Command and Service Module (CSM),
together with the descent and ascent stages of the LUNAR
MODULE (LM). The Command Module (CM) housed
the astronauts during the journeys to the Moon and back.
It remained attached to the Service Module (SM), which
contained the rocket engines, fuel and electrical supply,
until shortly before re-entering the Earth’s atmosphere.

After achieving lunar orbit, the LM, containing two
astronauts, undocked from the CSM, decelerated, and
landed at the pre-selected location on the Moon’s surface.
The third astronaut remained orbiting the Moon in the
CSM. At the completion of extra-vehicular activities
(EVAs) on the surface, the descent stage served as a
launch platform for the ascent stage, which then redocked
with the orbiting CSM. Following the transfer of the two
astronauts, film cassettes and Moon rocks from the ascent
stage to the CM, the former was jettisoned. It was usually
targeted to impact the lunar surface, thereby providing a
seismic signal of known energy to calibrate seismometers
deployed on the surface.

Apollo 1 should have been the first Earth orbital test
flight of the CM, but a fire in the CM during ground
testing on 1967 January 27 killed astronauts Roger
Chaffee (b.1935), Virgil Grissom (b.1926) and Edward
White (b.1930) and prompted numerous design changes.
This was followed by Apollo 4, 5 and 6, all unmanned
flights to test the SATURN ROCKET.

The manned flights with three astronauts aboard — the
Commander (CDR), the Lunar Module Pilot (ILMP)
and the Command Module Pilot (CMP) — began with
Apollo 7. Originally 14 manned Apollo flights were
planned but funding cuts later reduced this to 11. As
confidence was gained, each mission gathered more
scientific data than its predecessors. As durations of EVAs
and distances covered increased, more comprehensive
selections of rock and soil samples were obtained. More




experiments were also deployed or conducted on the
lunar surface, and the later orbiting CSMs obtained
hundreds of high-resolution stereophotographs and other
measurements of the surface.

Within the constraints dictated by spacecraft design and
landing safety, the landing sites were chosen to give a
reasonably representative selection of different surface
types, as determined from earlier ground-based or
spacecraft studies. In the case of Apollo 11, a near-
equatorial site provided the simplest landing and redocking
conditions, with a relatively smooth and level descent path
and landing point. A location in Mare Tranquillitatis was
chosen, not too far from the impact point of Ranger 8 and
the landing point of Surveyor 5. Neil ARMSTRONG and
‘Buzz’ ALDRIN became the first men to step on the Moon.
Apollo 12 was again targeted for an equatorial site on
Oceanus Procellarum, very close to the earlier landing site
of Surveyor 3. This enabled the astronauts to inspect and
return spacecraft samples that had been exposed to the
lunar environment for two and a half years.

The ill-fated Apollo 13 was targeted for Fra Mauro, a
near-equatorial site in the lunar highlands that was
thought to be covered by ejecta from the impact event
that produced the Imbrium Basin. Unfortunately, an
oxygen tank in the SM exploded halfway to the Moon,
disabling most of the spacecraft systems. Despite many
hardships, the astronauts returned safely. Apollo 14 was
targeted for the same landing location and was completely
successful. The exploration by astronauts Alan SHEPARD
and Stuart Roosa (1933-) was aided by a wheeled trolley
known as the Modular Equipment Transporter.

The three remaining missions touched down well away
from the equator and had the benefit of a battery-
powered roving vehicle that widened the field of
exploration. The Apollo 15 landing site combined a mare
region (Palus Putredinis), a nearby sinuous valley
(Hadley Rille) and very high mountains (the Apennines).
Apollo 16 landed in a highlands area, on the so-called
Cayley Formation — the loose material that fills in craters
and covers the lower slopes here — but very close to the
Descartes Formation, which was thought to represent
possible highlands volcanism.

The choice of the Taurus-Littrow site for the final
mission resulted largely from the Apollo 15 observations
of small, dark-haloed craters, identified as possible
volcanic vents, in the area. Additionally, the valley floor
was one of the darkest mare surfaces on the Moon.
Geologist-astronaut Harrison Schmitt (1935- ) was the
only scientist to set foot on the Moon.

The quantity of data resulting from the Apollo
programme was overwhelming. The 380 kg of rock and
soil samples have attracted particular attention, having
been subjected to every kind of test and analysis
imaginable. However, many of the stored samples have
yet to be examined.

Another major archive is the collection of many
thousands of photographs taken during the transit and
orbital phases of the missions. In particular, the metric
and panoramic cameras used on the last three missions
produced high-resolution, wide-angle, stereoscopic
coverage of about 20% of the lunar surface. Of the 16 or
so other experiments conducted from orbit, ten were
concerned with ‘remote sensing’, allowing a comparison
with data from the landing sites.

About 25 different types of experiment were carried
out or deployed on the surface. These included
seismometers, magnetometers and heat-flow
experiments to investigate the subsurface structure and
properties. Laser reflectors helped to refine the
Moon-Earth distance.

apparent magnitude Apparent brightness of a star (a
measure of the light received at Earth) measured by the
stellar magnitude system. Because stars are at different
distances from us and the interstellar medium has a
variable absorption, apparent magnitude is not a reliable
key to a star’s real (intrinsic) LUMINOSITY.

APOLLO MISSIONS

1969 July Aldrin
16 (20124  Coliins

Mare Tranquillitatis
0°.8N 23°.46E

7 (1119 Evans 20°.17N 30°.77E
*EVA = extra-vehicular activity (on lunar surface)

dates of astronauts landing site revs days hours wt(kg)

mission (CDR, LMP, and around on of of

() =landing CMP) coordinates Moon Moon EVA* samples remarks

Apollo 7 Schirra Earth orbit only - - - - only CSM put into

1968 Oct. Eisele Earth orbit;

11-22 Cunningham 163 revolutions

Apollo 8 Borman orbited Moon, 10 - - - only CSM used;

1968 Dec.  Lovell no landing first manned

21-27 Anders circumnavigation of Moon
Apollo 9 McDivitt Earth orbit only - - - - both LM and CSM put into
1969 Mar. Scott Earth orbit; undocking and
3-13 Schweickart docking; 151 revolutions
Apollo 10 Stafford orbited Moon, 31 - - - first full test of complete
1969 May Young no landing spacecraft (except LM landing
18-26 Cernan and lift-off); LM 4 solo orbits
Apollo 11 Armstrong  south-west part of 30 0.9 25 21 first lunar landing, in the

Apollo 12 Conrad south-east part of 45 148 7.7 34
1969 Nov. Bean Oceanus Procellarum

14 (1924  Gordon 3°.04S 23°.42W

Apollo 13 Lovell no landing made 0.5 0 0 0
1970 Apr. Swigert

1117 Haise

Apollo 14 Shepard north of Fra Mauro 34 1.4 9.4 43
1971 Jan. 31 Mitchell (highlands area)

—Feb. (659  Roosa 3°.65S 17°.48W

Apollo 15 Scott Hadley Rille and 74 2.8 185 77
1971 July 26 Irwin Apennine Mountains

(30-Aug. 7 Worden 26°.08N 3°.66E

Apollo 16 Young north of Descartes, 64 3.0 203 94
1972 Apr. Duke Cayley Plains

16 (2127  Mattingly 8°.97S 15°.51E

Apollo 17 Cernan Taurus-Littrow, 75 3.1 221 110
1972 Dec.  Schmitt east Mare Serenitatis

apsides

actual spot now officially
named Statio Tranquillitatis
landed close to Surveyor 3,
parts of which were removed
and returned to Earth
mission aborted owing

to oxygen tank explosion in
SM

first landing in lunar
highlands; first use of
‘push-cart’ to carry equipment
first use of lunar rover, and of
semi-automatic metric and
panoramic cameras in SM
generally similar to

previous mission

first mission with
fully trained
geologist (Schmitt)

apparent solar time Local time, based on the position
of the Sun in the sky, and as shown by a sundial.
Apparent noon occurs when the Sun crosses the local
MERIDIAN at its maximum altitude. The length of a solar
day measured this way is not uniform. It varies
throughout the year by as much as 16 minutes because of
the elliptical orbit of the Earth and the fact that the Sun
appears to move across the sky along the ecliptic, rather
than the celestial equator. Clock time is therefore based
on the uniform movement of a fictitious mean Sun. The
difference between apparent and MEAN SOLAR TIME is
called the EQUATION OF TIME.

apparition Period of time during which it is possible to
observe a celestial body that is only visible periodically.
The term is usually used to describe a particular
appearance of a comet, such as the 1985-86 apparition of
Comet HALLEY.

appulse Close approach in apparent position in the sky
between two celestial bodies. Unlike an OCCULTATION,
when one body passes directly in front of another, such
as a planet occulting a star, an appulse occurs when
their directions of motion on the celestial sphere
converge, the two just appearing to touch. The
impression is caused by a line-of-sight effect, the two
bodies actually lying at greatly differing distances from
the observer. See also CONJUNCTION

apsides The two points in an elliptical orbit that are
nearest to and farthest away from the primary body.
The line joining these two points is the line of apsides.
For an object orbiting the Sun the nearest apse is termed
the PERIHELION and the farthest apse is the APHELION.
For the Moon or an artificial satellite orbiting the Earth
the apsides are the PERIGEE and APOGEE. The
components of a binary star system are at PERIASTRON
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Ap star

APUS (GEN. APODIS, ABBR. APS)

and 5.3.

mall, faint southern constellation, representing a bird of paradise, between
Triangulum Australis and the south celestial pole. It was introduced by Keyser
and de Houtman at the end of the 16th century. The brightest star, a Aps, is
mag. 3.8; & Aps is a wide double, with red and orange components, mags. 4.7

Name

o Sadalmelik
B Sasalsuud
d Skat

RA

h

22 06

21
22

AQUARIUS (GEN. AQUARII, ABBR. AQR)

enth-largest constellation and one of the signs of the zodiac. It represents a

water-bearer (possibly Ganymede in Greek mythology) and lies between Pega-
sus and Piscis Austrinus. Aquarius is a rather inconspicuous constellation; its bright-
est stars, a Aqr (Sadalmelik) and B Aqr (Sadalsuud), are both mag. 2.9. { Aqr is a
visual binary with pale yellow components, mags. 4.4 and 4.6, separation 1".9, peri-
od 856 years. The constellation’s deep-sky objects include M2 (NGC 7089), a
mag. 7 globular cluster; and two planetary nebulae: the HELIX NEBULA (NGC 7293)
and the SATURN NEBULA (NGC 7009), respectively mag. 7 and 8. The ETA AQUARID,
DELTA AQUARID and IOTA AQUARID meteor showers radiate from this constellation.

m

32
55

BRIGHTEST STARS

dec. Visual Absolute Spectral Distance
° ! mag. mag. type (Ly.)
-00 19 2.95 -3.9 G2 759
-0534 2.90 =85 GO 612
—1549 3.27 -0.2 A3 160

when they are closest together and at APASTRON when
farthest apart. For objects orbiting, say, the Moon or
Jupiter, one sometimes sees terms such as periselenium
or perijove. Such terms are rather cumbersome,
however, and it has become more usual to use the
general terms pericentre and apocentre (or less
commonly periapse and apoapse) for all cases where the
primary is not the Sun, the Earth or a star, or when
discussing elliptic motion in general.

Ap star Class A sTAR with peculiar chemical
composition. Ap stars extend to types Fp and Bp. In
these class 2 CHEMICALLY PECULIAR STARS (CP2),
elements such as silicon, chromium, strontium and the
rare earths are enhanced (europium by a factor of 1000
or more). The odd compositions derive from diffusion, in
which some atoms sink in the quiet atmospheres of slowly
rotating stars, whereas others rise. The strong, tilted
magnetic fields of Ap stars concentrate element
enhancements near the magnetic poles. As the stars
rotate, both the fields and spectra vary.

Apus See feature article

AQUILA (GEN. AQUILAE, ABBR. AQL)

than mag. 9.

Name

o Altair
v Tarazed
S

> o o

RA
h
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19
19
20
19
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quatorial constellation, representing an eagle (possibly that belonging to Zeus

in Greek mythology), between Sagitta and Sagittarius. ALTAIR, its brightest
star, marks one corner of the SUMMER TRIANGLE and is flanked by two slightly
fainter stars, B (Tarazed) and y Agl, forming an unmistakable configuration. n Aql
is one of the brightest Cepheid variables (range 3.5-4.4, period 7.18 days). Van
Biesbroeck’s Star, a mag. 18 red dwarf, is one of the intrinsically faintest stars
known, absolute mag. 19.3. NGC 6709 is an open cluster of about 40 stars fainter

BRIGHTEST STARS

dec. Visual Absolute Spectral  Distance
° ! mag. mag. type (Ly.)
+08 52 0.76 2.2 A7 17
+1037 2.72 =80 K3 460
+1352 2.99 1.0 A0 83
—0049 3.24 =18 B9.5 287
+03 07 3.36 2.4 FO 50
—04 53 3.43 0.5 B9 125

Aquarius See feature article

Aquila See feature article

Ara See feature article

Arab astronomy See ISLAMIC ASTRONOMY

Arago, (Dominique) Francois (Jean) (1786-1853)
French scientist and statesman, director of Paris
Observatory from 1830, who pioneered the application of
the photometer and polarimeter to astrophysics. He
discovered that two beams of light polarized at right
angles do not interfere with each other, allowing him to
develop the transverse theory of light waves. Arago
supervised the construction in 1845 of Paris
Observatory’s 380-mm (15-in.) refractor, at the time one
of the world’s largest telescopes.

Aratus of Soli (315-245 Bc) Ancient Greek poet (born
in what is now modern Turkey) whose Phaenomena
claborated upon the descriptions of the ‘classical’
constellations given a century before by EUDOXUS. Aratus’
patron, King Antigonus of Macedonia, was so inspired by
the Phaenomena that he had the constellation figures
described in the epic poem painted on the concave
ceilings of the royal palace, thus creating what was
probably the earliest celestial atlas.

Arcetri Astrophysical Observatory Observatory of
the University of Florence, situated at Arcetri, south of
the city. The present observatory was built by Giovanni
DONATI in 1872, replacing a much older one in the city
centre. A solar tower was added in 1924. Arcetri is now a
major centre of Italian astrophysics, and its scientists use
both national (GALILEO NATIONAL TELESCOPE) and
international (mainly EUROPEAN SOUTHERN
OBSERVATORY) facilities. It has a major role in the
development of the LARGE BINOCULAR TELESCOPE.

archaeoastronomy Study of ancient, essentially
prehistoric, astronomical theories and practices through
evidence provided by archaeology, the interpretation of
ancient artefacts, the written records (if available) and
ethnological sources such as tribal legends (sometimes
called ethnoastronomy).

Many ancient peoples — for example the Stone Age
populations of the European countries and the Eastern
Mediterranean — are known to have been fully aware of
celestial phenomena, as manifested in the alignments of
their megalithic monuments such as Stonehenge, New-
grange and the dolmens of north-west France. Measure-
ments of the Egyptian pyramids show that they are
orientated within a small fraction of a degree in the
north—south and east—west directions, and this must have
required considerable practical observational skill (see
EGYPTIAN ASTRONOMY).

Ancient astronomical observations were not limited to
the Old World: for example, Meso-American peoples
such as the Maya (see NATIVE AMERICAN ASTRONOMY) and
the Aztec have left codices and other evidence which
reveal knowledge of celestial events and the determination
of celestial cycles.

In some ancient civilizations, observation of the HELI-
ACAL RISING of Sirius provided a reference point that
enabled their luni-solar calendar to be corrected to
match the true solar year. This was essential to the civili-
sation if the calendar was to be used to decide the prop-
er time for planting crops.

What may be called applied historical astronomy
makes use of ancient records to derive data of value to
modern astronomical research. For example, ancient
observations of eclipses from Babylon, China, Europe and
the Islamic world can be used to determine the variation in
the Earth’s rotational period over the past 2700 years. In
addition, ancient records of the extremely rare outbursts
of supernovae, often recorded as ‘guest’ or ‘new’ stars, are



invaluable in the study of the development and present-
day remnants of these events.

Archimedes Lunar crater (30°N 4°W), 82 km (51 mi)
in diameter, the largest in Mare IMBRIUM. Archimedes’
terraced walls average only 1200 m (4000 ft) above its
almost featureless floor: it is filled almost to the brim by
Imbrium’s lava flows. A few peaks are as high as 2250 m
(7400 ft). Scattered bright streaks crossing the crater’s
floor are probably part of the Autolycus RAY system.
Archimedes’ inner walls are steeper than its outer
ramparts, which are about 11 km (7 mi) wide; these
ramparts are highlighted by bright EJECTA. To the south
and south-east of Archimedes lies a group of rilles; these
rilles are probably faults caused by the cumulative
weight of Imbrium’s massive lava flows. North of
Archimedes are a very bright group of mountains and a
sinuous wrinkle ridge. The Spitzbergen Mountains lie to
the north-west.

archive Collection of records. The archives resulting
from the space instruments like the Hubble Space
Telescope or IUE are organized as large databases: they
can be queried to get the observations matching various
criteria, and the observed images can frequently be
downloaded on the Internet. The large ground-based
observatories are also installing similar large archives.

arcminute, arcsecond Small units of angular measure.
An arcminute (symbol ) is 1/60 of a degree and an
arcsecond (symbol ") 1/60 of an arcminute, or 1/360 of a
degree. The units are widely used in astronomy,
particularly as a measure of angular separation or
diameter of celestial bodies. The RESOLVING POWER of a
telescope is also usually expressed in arcseconds.

Arcturus The star a Bodtis, visual mag. —0.05 (but vari-
able by a few hundredths of a magnitude), distance 37 ly.
Arcturus, the fourth-brightest star, is an orange-coloured
giant, spectral type K2 III, estimated to be 25 times the
Sun’s diameter and 100 times as luminous. Its name comes
from the Greek and means ‘bear watcher’ or ‘bear
guardian’, from its proximity to Ursa Major, the great bear.

Arecibo Observatory Site of the world’s largest single-
dish radio telescope, and one of the most important
facilities for radio astronomy, planetary radar and
terrestrial atmospheric studies. The observatory is located
in the Guarionex Mountains of north-western Puerto
Rico about 12 km (8 mi) south of the city of Arecibo. A
natural depression provided a bowl in which the 300-m
(1000-ft) spherical reflector was built by Cornell
University, beginning in 1960. The telescope was
dedicated in 1963 November as the Arecibo Ionospheric
Observatory, with radar studies of the Earth’s atmosphere
and the planets as its primary mission. In 1971, with
radio astronomy investigations increasing, it became part
of the National Astronomy and Ionospheric Centre
(NAIC) operated by Cornell, and in 1974 the mirror’s
surface was upgraded to allow centimetre-wavelength
observations to be made. This event was celebrated by
the transmission of the coded Arecibo message towards
the globular cluster M13, some 25,000 lLy. away,
containing information about terrestrial civilization. The
telescope was further upgraded in 1997.

The fixed, upward-pointing dish is 51 m (167 ft)
deep, covers 8 hectares (20 acres) and is surfaced with
almost 40,000 perforated aluminium panels supported
by a network of steel cables underneath. Suspended
137 m (450 ft) above the dish is a 915-tonne platform in
which the telescope’s highly sensitive radio receivers are
located. They can be moved along a rotating bow-
shaped azimuth arm 100 m (330 ft) long to allow the
telescope to point up to 20° from the vertical. The near-
equatorial location of Arecibo (latitude 18°N) means that
all the planets are accessible, together with many impor-
tant galactic and extragalactic objects.

Argelander, Friedrich Wilhelm August

ARA (GEN. ARAE, ABBR. ARA)

mall, rather inconspicuous southern constellation representing an altar

(possibly that upon which the gods swore allegiance before their battle against
the Titans in Greek mythology), between Scorpius and Apus. Its brightest stars,
a Ara and 3 Ara, are both mag. 2.8. The constellation’s deep-sky objects include
NGC 6193, a 5Sth-magnitude open cluster, and NGC 6397, one of the closest
globular clusters, just visible to the naked eye.

BRIGHTEST STARS

RA dec. Visual Absolute Spectral Distance
h m ° ! mag. mag. type (ly.)
« 17 32 —4953 2.84 =149 B2 242
B 17 25 —5532 2.84 =85 K3 603
¢ 16 59 —5559 3.12 -3.1 K5 574
Y 17 25 -5623 3.31 —4.4 B1 1136

Arend-Roland, Comet (C/1956 R1) Comet discovered
by Silvain Arend (1902-92)and Georges Roland
(1922-91), Uccle Observatory, Belgium, on photographic
plates obtained on 1956 November 8. Comet
Arend-Roland reached perihelion, 0.32 AU from the Sun,
on 1957 April 8. After perihelion, the comet came closest
to Earth (0.57 AU) on April 21, becoming a prominent
naked-eye object in northern hemisphere skies in the latter
parts of the month. Peak brightness approached mag.
—1.0, and the tail reached a length of 25-30°. A
prominent, spiked ANTITAIL 15° long developed in late
April to early May. The comet’s orbit is hyperbolic.

areo- Prefix pertaining to the planet MARS, such as in
areography, the mapping of Martian surface features.

Ares Vallis Valley on MARS (9°.7N 23°4W). MARS
PATHFINDER landed here in 1997, not far from the VIKING
1 lander site CHRYSE PLANITIA. Ares Vallis exhibits the
characteristics of an ancient flood-plain.

Argelander, Friedrich Wilhelm August (1799-1875)
German astronomer, born in Memel (in modern
Lithuania), noted for his compilation of fundamental star
catalogues and atlases. From 1817 to 1822 Argelander
worked at the observatory of the University of
Konigsberg, under its director Friedrich Wilhelm BESSEL.
There he revised the positions of 2848 bright stars
catalogued by John FLAMSTEED, amongst the first
compiled after the invention of the telescope. In 1823
Argelander became director of the Finnish observatory at
Turku and, later, Helsinki, where he remained until his
appointment as director of the Bonn Observatory in 1836.
In 1843 he published Uranometria nova, a catalogue of
positions and magnitudes for stars visible to the naked eye;
for this project, Argelander invented his ‘stepwise method’
of estimating a star’s visual magnitude by comparing it to
the relative brightness of neighbouring stars.

Argelander’s greatest cartographic achievement was
the BONNER DURCHMUSTERUNG (BD). Employing Bonn
Observatory’s 75-mm (3-in.) Fraunhofer ‘comet seeker’

<« Arecibo Observatory As
well as its more famous role in
the SETI project, the radio
telescope is a powerful radar
transmitter and receiver, and is
used to map small bodies such
as asteroids and to examine
the Earth’s upper atmosphere.
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Argelander step method

» Ariel Voyager 2 captured
this image of Uranus’ satellite
Ariel in 1986. Ancient faults
and valleys overlain by
abundant impact craters
indicate that the moon has not
been geologically active for
billions of years.

refractor, which they equipped with a micrometer eye-
piece, from 1852 to 1863 he and his assistants Eduard
Schonfeld (1828-91) and Adalbert Kriiger (1832-96)
mapped 324,198 stars to the 9th magnitude between the
north celestial pole and —2° declination. In 1886 Schon-
feld extended the survey to include another 133,659 stars
to the declination zone of —23°, resulting in the Southern
Bonner Durchmusterung. In 1863 Argelander and Wilhelm
Forster (1832-1921) co-founded the Astronomische
Gesellschaft (Astronomical Society). This organization
published the first ‘AGK’ catalogue of 200,000 funda-
mental stars in 1887.

Argelander step method Visual method of estimating
the magnitude of a VARIABLE STAR, based upon assessing
the ease with which the variable may be distinguished
from individual comparison stars. The arbitrary steps
thus derived (known as ‘grades’) may subsequently be
used to obtain the variable’s magnitude. The method has
the advantage of being relatively objective, in that the
magnitudes of any comparisons are unknown at the time
of making the estimate.

Argo Navis Former southern constellation, one of
Ptolemy’s original 48, representing the ship of the
Argonauts. Argo Navis was huge, covering a quarter as
much sky again as the largest present-day constellation,
Hydra. In the 18th century, Lacaille divided it into the
new constellations CARINA, the ship’s keel, PUPPIS, the
deck, and VELA, the sails.

argument of perihelion (w) Angle measured along the
orbital plane of a planet from the ASCENDING NODE to the
PERIHELION. See also ORBITAL ELEMENTS

Argyre Planitia Classical circular feature on MARS
(50°.0S 44°.0W). The Mariner spacecraft identified it as
a basin 900 km (560 mi) in diameter, with a featureless
floor covered by dust deposits. The floor is a light ochre
colour when it is not covered by ice-fogs or frosts. The
basin was formed by a meteoroid impact which created

ARIES (GEN. ARIETIS, ABBR. ARI)

Name RA
h m
o Hamal 02 07
B Sheratan 01 565

ather inconspicuous northern constellation and sign of the zodiac, representing

the ram whose golden fleece was sought by Jason and the Argonauts in Greek
mythology. It lies between Taurus and Pisces, and used (¢.150 BC) to contain the
VERNAL EQUINOX, which is still sometimes called the first point of Aries. HAMAL, its
brightest star, is mag. 2.0; 'y Ari (Mesarthim) is a fine visual binary with bluish-
white components, both mag. 4.6, separation 7”.6. The brightest deep-sky object is
NGC 772, a 10th-magnitude spiral galaxy.

BRIGHTEST STARS

dec. Visual Absolute Spectral Distance
° ! mag. mag. type (Ly.)
+2328 2.01 0.5 K2 66
+2048 2.64 1.3 A5 60
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its 3-km-high (1.9-mi-high) mountainous rims. It is
encircled by Nereidum Montes, on the north, and
Charitum Montes, on the south.

Ariane Fleet of European satellite launchers developed
by the EUROPEAN SPACE AGENCY and operated by
Arianespace, a commercial satellite launching company.
Arianespace became operational in 1981, two years after
the maiden flight of Ariane 1. Further Ariane 2 and 3
models were developed and the present fleet consists of
six types of Ariane 4 and an initial version of Ariane 5,
four more models of which are under development. The
Ariane 4 fleet will be retired in 2002-2003, leaving the
Ariane 5 models in service, complemented by a fleet of
smaller Vega boosters and Eurockot and Soyuz vehicles,
operated by associated companies, for launches of lighter
payloads into low Earth and other orbits. The major
market for the Ariane 4 and 5 fleets is geostationary
transfer orbit (GTO), the staging post for flights to
equatorial geostationary orbit, using spacecraft on-board
propulsion units. Launches take place from Kourou,
French Guiana, which being located close the equator
provides cost- and fuel-effective launches.

Communications satellites weighing up to 6 tonnes are
being launched to GTO. On some flights, two smaller
satellites can be launched together, reducing the launch
cost for the customer. An Ariane launch costs in the
region of US$100 million. The six Ariane 4 models pro-
vide a capability of placing 2.1-4.4 tonnes into GTO, with
one model with no strap-on boosters and five with two to
four solid or liquid boosters or combinations of these. Ari-
ane 5 can place 6 tonnes into GTO. Four new Ariane 5
models, the SE/S, SE/SV, 5/ECA and 5/ECB, will improve
GTO performance to between 7.1 and 12 tonnes.

Ariel Icy SATELLITE of URANUS, discovered in 1851 by
William LASSELL. Ariel has a highly fractured surface, in
marked contrast to its similar-size neighbour, UMBRIEL.
Most fractures are paired to produce valleys with down-
dropped floors, known as GRABENS. These fractures may
have been caused by stresses induced by TIDES. Alterna-
tively, if the interior had frozen after originally been
molten, they could have been produced by the stretching
of Ariel’s LITHOSPHERE. Many areas, particularly valley
floors, can be seen to have been flooded by some kind of
viscous fluid during an episode of CRYOVOLCANISM. This
flooding may have been a result of TIDAL HEATING,
although Ariel no longer shares orbital RESONANCE with
any other satellite of Uranus. Past heating events may have
been sufficient to allow a small rocky CORE to settle out at
Ariel’s centre by DIFFERENTIATION.

The ice of which most of Ariel’s volume is composed is
believed to be rich in ammonia, although this has not been
detected by spectroscopy. Ammonia-water ices have the
remarkable property of being able to liberate small per-
centages of melt at temperatures as low as 176 K. As this
is only about 100 K warmer than Ariel’s present surface
temperature, it goes some way to explaining the former
molten nature of the interior and the apparent ease with
which cryovolcanic melts have been able to reach and
spread over the surface. However, even the youngest areas
are scarred by abundant impact craters, indicating that
Ariel was last geologically active a long time, maybe 2 bil-
lion years, ago. See data at URANUS

Ariel Series of six UK scientific satellites launched
between 1962 and 1979. The first five were a
collaboration with the USA. Ariel 1-4 studied the
ionosphere and galactic radio sources; Ariel 5 and 6
carried X-ray and cosmic ray detectors.

Aries See feature article

A ring Outermost of the rings of SATURN visible from
Earth, spanning a width of 14,600 km (9100 mi) to a
maximum radius of 136,800 km (85,000 mi) from the
planet’s centre.



Aristarchus Relatively young lunar crater (23°.6N
47°.4W), 40 km (25 mi) in diameter; it is the brightest
object on the Moon’s surface. Aristarchus reflects 20% of
the sunlight falling upon it, which gives it an ALBEDO
about twice that of typical lunar features. Its outer
ramparts are highlighted by a white blanket of EJECTA,
and its brilliant rays radiate south and south-east. It is
possible to see Aristarchus by EARTHSHINE. The crater
walls are terraced through a drop of 3000 m (10,000 ft)
to the lava-flooded floor, which is only half the diameter
of the crater, supporting a small central peak. The dark
vertical bands visible on the inner walls of Aristarchus are
likely an effect of offsetting from the landslips that formed
its terraces. With neighbouring HERODOTUS and Vallis
SCHROTERI, this impact crater has long been the focus of
intensive study. Many LUNAR TRANSIENT PHENOMENA
have been observed here. There is evidence of volcanic
activity, including plentiful volcanic domes, rilles and
areas of fire fountaining.

Aristarchus of Samos (¢.310-c.230 Bc) Greek
astronomer and mathematician who measured the
distances of the Sun and Moon, and who is also cited as
the first astronomer to propound a heliocentric theory.
Aristarchus reckoned the Sun’s and Moon’s distances by
measuring the apparent angle between the Earth and Sun
during the first quarter Moon, when the Moon-Sun
angle is 90°. Though his method was mathematically
valid, the exact moment at which the Moon was 50%
illuminated proved very difficult to measure in practice,
and any slight error in its value would introduce gross
errors in the final result. Aristarchus observed the
Sun-Earth—-Moon angle as 87°, determining that the Sun
was twenty times as far from the Earth as the Moon, and
hence was twenty times the actual size of our natural
satellite. Because the actual angle at first quarter is
89° 50, the Sun is really about 400 times as distant, but
Aristarchus’ result, announced in his work On the Sizes
and Distances of the Sun and Moon, nevertheless
demonstrated that the Sun is a much more distant
celestial object than the nearby Moon.

The idea of a moving Earth seems to have originated
with the followers of Pythagoras (¢.580-500 BC), though
they had it orbiting a central fire, not the Sun. But
according to Archimedes (¢.287-212 BC) and Plutarch
(AD 46-120), it was Aristarchus who put the Sun at the
centre of a very large Universe where the stars were
‘fixed’ and only appeared to move because of the Earth’s
rotation on its axis. Aristarchus’ hypothesis called for a
circular Earth orbit, but that could not account for the
unequal lengths of the seasons and other irregularities,
while a moving Earth was contrary to ancient Greek cos-
mology; his heliocentric model was therefore not accept-
ed in his own day.

Aristotle (384-322 Bc) Greek philosopher and
polymath who developed a cosmology based upon a

‘perfect’ Earth-centred Universe. In 367 BC he enrolled
at Plato’s Academy, where he studied under EUDOXUS;
in 335 BC he founded his own school at Athens, called
the Lyceum. It was there that Aristotle developed a
cosmology incorporating the ‘four elements’ of earth,
air, fire and water, and the four ‘fundamental qualities’ —
hot, cold, dry and wet. These ideas led him to reject the
idea of a vacuum and, therefore, any atomic theory,
because this demanded the presence of particles existing
in empty space. Aristotle also considered and rejected
any idea of a moving Earth. Aristotle taught that the
Universe was spherical, with the Sun, Moon and planets
carried round on concentric spheres nesting inside one
another. The Earth itself was a sphere, Aristotle
reasoned, because of the shape of the shadow cast on
the Moon in a lunar eclipse. All these celestial bodies
were eternal and unchanging, and he thought of them
being composed of a fifth element or essence. The
outermost sphere carried the ‘fixed stars’; it controlled
the other spheres, and was itself controlled by a
supernatural ‘prime mover’.

In Aristotle’s Universe everything had its natural place.
‘Earthy’ materials fell downwards because they sought
their natural place at the centre of the spherical Earth,
which was itself at the centre of the Universe. Water lay in
a sphere covering the Earth, hence its tendency to ‘find its
own level’. Outside the sphere of water lay that of the air,
and beyond this was the sphere of fire; flames always
burned upwards because they were seeking their natural
place above the air. Change was confined to the terrestrial
world, the ‘sublunary’ region lying inside the Moon’s
sphere. As a result meteors, comets and other transitory
events were thought to occur in the upper air; they were
classified as meteorological phenomena.

The Aristotelian world-view, as modified by Ptolemy,
would hold sway for nearly two millennia, thanks in part
to its incorporation into the doctrines of the Catholic
Church. See also GEOCENTRIC THEORY

Arizona Crater See METEOR CRATER

Armagh Observatory Astronomical research institution
close to the centre of Armagh, Northern Ireland. The
observatory was founded in 1790 and equipped with a
2%-inch (60-mm) telescope, which is still in existence. A
10-inch (250-mm) refractor was added in 1885. During
the 19th century, the observatory excelled in positional
astronomy, its most important contribution being the

Armagh Observatory

<« A ring This view of Saturn's
A ring was obtained on August
23, when Voyager 2 was about
2.8 million km (1.7 million mi)
from the planet. The Cassini
Division is at bottom right, the
Encke Division at top left and
one of the F ring’s shepherding
satellites near the top.

V Aristarchus This false-
colour image of the Aristarchus
plateau on the Moon shows
the composition of the surface.
Red indicates pyroclastic flows
from the region’s many volcanic
craters, while the bright blue
area is the 42-km-wide (26-mi)
Aristarchus crater, surrounded
by ejecta from the impact that
caused it.
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armillary sphere

» Armstrong, Neil Alden
Neil Armstrong is pictured here
with an X-15 rocket-powered
aircraft in 1960.

» Arp, Halton Christian The
interacting galaxy system Arp
102 consists of a spiral and a
fainter elliptical Seyfert galaxy
that has an active nucleus. It
was his observations of the
peculiarities of such interacting
pairs that led Arp to his
controversial theory about the
nature of active galactic nuclei.
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NEW GENERAL CATALOGUE compiled by J.L.E. Dreyer.
Today’s research topics include stellar physics and Solar
System dynamics.

armillary sphere Oldest known type of astronomical
instrument, used for both observing the heavens and
teaching. It is a skeletal celestial sphere, the centre of
which represents the Earth-bound observer. A series of
rings represent great circles such as the equator and the
ecliptic, while other rings represent the observer’s horizon
and meridian. The armillary sphere can be rotated to
show the heavens at a particular time of day. Instruments
of this kind were used from the time of the early Greek
astronomers to that of Tycho Brahe.

Armstrong, Neil Alden (1930- ) American astronaut
who, on 1969 July 20, became the first human to walk on
the Moon. After serving as a fighter pilot, he became a
test pilot for NASA’s experimental X-15 and other
rocket planes. He commanded the first docking mission
(Gemini 8, 1966) and was back-up commander for

Apollo 8 (196R8); he commanded the Apollo 11 lunar
landing mission, with ‘Buzz’ ALDRIN and Michael
Collins (1930-) completing the crew. Armstrong served
on the 1986 panel that investigated the space shuttle
Challenger tragedy.

Arneb The star o Leporis, visual mag. 2.58, distance
about 1300 ly., spectral type FO Ib. Its name comes from
the Arabic meaning ‘hare’.

Arp, Halton Christian (1927- ) American astronomer
known for his controversial theories of redshifts, which he
developed from his studies of peculiar galaxies. In 1956
he determined the relation between the absolute
magnitude of a nova at maximum brightness and the rate
at which this brightness decreases after the outburst.
From his studies of galaxies, galaxy clusters and active
galactic nuclei (AGNs), Arp proposed that AGNs, which
often display very high redshifts, are ejected from the
cores of nearby active galaxies with lower redshifts, the
higher apparent redshifts of the AGNs being the result of
the violent ejection process.

array Arrangement of RADIO TELESCOPES Or ANTENNAE
working together, most commonly in RADIO ASTRONOMY,
to improve the resolution of the image created. The
common shapes for an array are linear, Y-shaped or
circular. An array is used in APERTURE SYNTHESIS and in
RADIO INTERFEROMETRY. See also VERY LARGE ARRAY

Array for Microwave Background Anisotropy
(AMiBA) Compact array telescope being built on Mauna
Loa, Hawaii, by the Academia Sinica Institute of Astrono-
my and Astrophysics (Taiwan) to investigate structure in
the cosmic microwave background radiation. The instru-
ment consists of 19 small dishes 1.2 and 0.3 m (48 and
12 in.) in diameter on a single mounting of unusual form;
it should begin operation in 2004.

Arrhenius, Svante August (1859-1927) Swedish
chemist known for his explanation of why liquid solutions
of ions conduct electricity. In astronomy he proposed the
PANSPERMIA THEORY, according to which life was brought
to Earth by way of spore-containing meteorites.

Arsia Mons Shield volcano (8°.4S 121°.1W), 800 km
(500 mi) in diameter, situated in the THARSIS region of
MARS. It rises to 9 km (6 mi) in height, and has a large
summit caldera and radiating volcanic flows.

artificial satellite Man-made object that is placed into
orbit around the Earth, Sun or other astronomical body.
The first artificial satellite, SPUTNIK 1, was launched by
the Soviet Union on 1957 October 4. By 2002 there had
been almost 5000 successful launches, with an annual




launch rate of around 90. Most of these carried single
satellites, but it is increasingly common for two or more
to be carried by one launch vehicle. At the same time,
other objects such as the upper rocket stage and
protective nose cone may also be released, creating a
cloud of artificial debris — an undesirable class of satellites
—around Earth.

All satellites move in elliptical orbits governed by
NEWTON’S LAWS OF MOTION. However, the orbit is modi-
fied continuously by external forces, such as friction with
the upper atmosphere and variations in the gravitational
pull of the Earth. The rates of change depend on the
height of the satellite and the inclination of the orbital
plane to the equator.

Changes in the density of the atmosphere, due princi-
pally to solar activity, cause variable drag on a satellite.
The overall effect is to change the ECCENTRICITY, with the
orbit becoming more and more circular. Eventually, the
satellite will spiral inwards and experience increasing drag
until it finally plunges into the denser regions of the
atmosphere and burns up.

Other factors affecting a satellite’s orbit include atmos-
pheric tides and winds, whether the PERIGEE of the orbit
occurs in the northern or southern hemisphere and the
local times at which this occurs. Solar radiation pressure
has a major effect on satellites with a large area/mass ratio,
such as those with large solar arrays. The overall result is
that no satellite can have a stable orbit below a height of
about 160 km (100 mi). At this height the orbital period is
about 88 minutes.

Satellites are generally classified as military or civil,
although there is considerable overlap. About 25% of cur-
rent launches are for military purposes, such as photo-
reconnaissance, communications, electronic listening and
navigation. Categorizing US military satellites is fairly
straightforward, but Russian or Chinese sources rarely
divulge the purposes of their military satellites. For exam-
ple, the 2386 Russian Cosmos satellites launched by the
end of 2001 included all types of experimental, scientific
and military spacecraft.

Common names are used extensively instead of techni-
cal designations. Such names as Spot, Landsat, Meteosat
and Mir are well known, but confusion may arise when
two organizations use the same or similar names. For
example, the US GEOS was used for geodetic studies,
while the EUROPEAN SPACE AGENCY used the same name
for a satellite that investigated charged particles in the
upper atmosphere. Acronyms have been used widely,
adding to the confusion.

Fortunately, COSPAR (International Committee for
Space Research) has provided a standard system for iden-
tifying all satellites and related fragments, based on the
year of launch and the chronological order of successful
launches in that year. For example, the MIR space station,
launched on 1986 February 19, was known as 1986-17A,
since it was the 17th launch in 1986. The A referred to the
satellite. The rocket that put it into orbit was designated
1986-17B. If several satellites are launched by a single
rocket, they are usually given the letters A, B, C, and so
on. If more than 24 fragments are created by an explosion,
the letter Z is followed by AA, AB, ..., BA, BB, ..., and so
on. Before 1963 a system involving Greek letters was
used. For example, Sputnik 3 was designated 1958 & 2
whilst the associated rocket was known as 1958 3 1.

Photographic, visual and laser techniques are all used to
track satellites. However, most satellites are tracked
through their telemetry, by measuring the phase difference
between a signal transmitted from the ground and a return
signal from the satellite. This method can determine an
Earth orbiting satellite’s distance to within 10 m (33 ft).

If the sky is clear, satellites can be seen after dusk or just
before dawn, when the sky is dark but the satellite is still
illuminated by the Sun. The length of these visibility peri-
ods depends on the time of the year, the latitude of the
observer and the orbit of the satellite. The satellite’s
brightness depends on the nature and curvature of the
reflecting surface, the PHASE ANGLE (the angle between

the Sun and the observer as seen from the satellite) and its
distance and altitude from the observer. Some objects,
such as the INTERNATIONAL SPACE STATION, rival the
brightest planets, but others can only be seen through
medium-sized telescopes.

The rate at which satellites cross the sky depends on
their height above the Earth. Low satellites may cross the
sky in about 2 minutes, but those at heights of about
2000 km (1200 mi) may take half an hour. Satellites at
heights of about 36,000 km (22,400 mi) take 24 hours to
complete one revolution. If the orbital inclination is 0°, the
satellite appears motionless in the sky. Many meteorologi-
cal and communication satellites have been launched into
these GEOSTATIONARY ORBITS.

Roughly two-thirds of all the satellites launched have
been from the former Soviet Union and most of these
have been from the northern launch complex at Plesetsk,
near Archangel. The other main launch site in the former
Soviet Union is at BAIKONUR (Tyuratam), north-east of
the Aral Sea. A relatively small number of satellites have
been launched from Kapustin Yar, near Volgograd, and a
new Russian launch site is being developed at Svobodny
in the Russian Far East.

The Americans have three main launch sites: Cape
Canaveral in Florida, Vandenberg Air Force Base in Cal-
ifornia and Wallops Island in Virginia. A number of
commercial launch sites are also being developed for
small rockets.

In recent years, as other nations have begun to develop
their space industries, launch sites have sprung up in
South America and Asia. European ARIANE rockets lift off
from Kourou in French Guiana. Japan uses two southern
sites, Kagoshima and Tanegashima. India’s main launch
centre is on Sriharikota Island, northeast of Madras. China
has three main launch centres, at Jiuquan, Taiyuan and
Xichang, in the less populated areas of north, west and
southwest China respectively. The most recent innovation
is the development of an ocean-going launch platform for
the US-Ukraine-Norway SEA LAUNCH programme.

Aryabhata (oD 476—c.550) Indian mathematician and
astronomer who wrote three astronomical treatises, only
one of which, the Aryabhatiya (AD 499), survives. In it he
attributed the apparent movements of the planets in the
sky to both their periods of revolution about the Sun and
their orbital radii, presaging Copernican theory.
Aryabhata also believed that the Earth rotated while the
stars remain stationary.

Arzachel Latinized name of AL-ZARQALT

Arzachel Lunar walled plain (18°S 2°W), 97 km (60 mi)
in diameter. Arzachel is the youngest of the three great
walled plains that border Mare Nubium’s east side. Its
lofty (3000-4100 m/9800-13,500 ft), sharply defined
walls show many terraces, especially on the west side. Its

Arzachel

A artificial satellite If a high
enough tower could be built,
satellites could be fired from it
directly into orbit. The type of
orbit would depend on the initial
velocity. If the starting velocity
were low (A or B), the satellite
would soon hit the ground. But
at 8 km/s (5 mi/s) it would stay
in its path (C), falling all the time,
but never coming any closer to
the ground.
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rugged, 1500-m-high (4900-ft-high) central peak
confirms the crater’s youth. A broad and lengthy canyon
divides the south-east wall. A prominent rille runs from
north—south across the east side of Arzachel’s floor.

ASCA Abbreviation of Advanced Satellite for Cosmology
and Astrophysics. See ASUKA

ascending node () Point at which an orbit crosses
from south to north of the reference plane used for the
orbit. For the planets the reference plane is the ECLIPTIC.
For satellites it is usually the equator of the planet. See also
INCLINATION; ORBITAL ELEMENTS

Asclepius APOLLO ASTEROID, number 4581. On its
discovery as 1989 FC it caused a media furore because of
its close approach to the Earth, to within 685,000 km
(426,000 mi), which is less than twice the lunar distance.
Its discovery stimulated political action in the United
States aimed at taking steps to determine whether any
possible asteroid impact on the Earth might be foreseen
and perhaps obviated. See table at NEAR-EARTH ASTEROID

Ascraeus Mons Shield volcano situated in the THARSIS
region of MARS (11°.9N 104°.5W). It is 18 km (11 mi)
high, with complex caldera.

Aselli Latin name meaning ‘the asses’ applied to the stars
v and & Cancri, which lie north and south, respectively, of
the star cluster PRAESEPE, ‘the manger’. y Cancri (known
as Asellus Borealis, the northern ass) is of visual mag.
4.66, 158 l.y. away, and spectral type Al V. & Cancri
(Asellus Australis, the southern ass) is visual mag. 3.94,
136 Ly. away and spectral type KO III.

ashen light (Fr. lumiére cendre, ash-coloured light)
Expression sometimes given to EARTHSHINE on the
Moon, but more precisely given to the faint coppery glow
infrequently seen on the dark side of VENUS, where the
planet is visible as a thin crescent near INFERIOR
CONJUNCTION. Sometimes the entire night hemisphere is
affected, at other times the glow is patchy and localized,
but it has no preferred position. In appearance the
phenomenon is analogous to earthshine, although it is
produced in a very different way. The ashen light was
apparently seen by Giovanni Battista RICCIOLI in 1643,
but it was first accurately described in 1715 by the
English cleric William Derham, Canon of Windsor. It is
possibly the oldest unsolved mystery in the observational
history of the Solar System.

The ashen light phenomenon is rare, fugitive and sus-
pect. It is only seen, and then with extreme difficulty, if
Venus is observed on a dark sky and has its bright part
hidden by an occulting device located inside the eyepiece
of the telescope. Even this precaution is insufficient to dis-
pel thoughts of illusion, and in the absence of photograph-
ic confirmation there is a natural tendency towards
scepticism. Still, too many experienced observers have
claimed sightings of ashen light to completely discount the
phenomenon.

Volcanic activity, phosphorescence of the surface, self-
luminosity, accidental combustion and other illuminating
processes, including lightning, have all been proposed by
way of explanation. The only conceivable physical mecha-
nism that would be dependent on the phase or position of
Venus as viewed from Earth would in fact be earthlight,
but calculation clearly demonstrates that theoretical earth-
light falls well below the threshold of visibility. Possibly the
cause is to be found in an electrical phenomenon in
Venus’ upper atmosphere. Another possibility emerged in
1983 when David A. Allen (1946-94) and John W. Craw-
ford imaged the planet in infrared and found cloud pat-
terns on its night side. These clouds, with a retrograde
rotation period of 5.4 *= 0.1 days, are thought to be at a
lower level than the ultraviolet features and may be suffi-
ciently lit by radiation scattered from the day side to
become visible occasionally in integrated light.

ASP Abbreviation of ASTRONOMICAL SOCIETY OF THE
PACIFIC

aspect Position of the Moon or a planet, relative to the
Sun, as viewed from Earth. The angle on the celestial
sphere between the Sun and another Solar System body
is known as the ELONGATION of that body. When the
elongation is 0°, that body is said to be at CONJUNCTION.
When it is 180° and the two are opposite one another in
the sky, it is at OPPOSITION. When the elongation is 90°,
the body is at QUADRATURE.

association, stellar Group of stars that have formed
together but that are more loosely linked than in a star
cluster. Stellar associations lie in the spiral arms of the
Galaxy and help to define the shape of the arms, being
highly luminous. OB ASSOCIATIONS are groups of massive
Oand B stars. R associations illuminate REFLECTION
NEBULAE and are similar stars but of slightly lower mass
(3 to 10 solar masses). T ASSOCIATIONS are groups of T
TAURI STARS.

Association of Lunar and Planetary Observers
(ALPO) Organization of amateur observers that collects
reports of observations of all Solar System objects (Sun,
Moon, planets, comets, meteors and meteorites),
founded in 1947. These observations, especially of Mars,
Jupiter and Saturn, are summarized annually in the
organization’s Journal, which provides synopses of
notable happenings on these dynamic bodies.

Association of Universities for Research in
Astronomy (AURA) Consortium of US universities and
other educational and non-profit organizations; it was
founded in 1957. It operates world-class astronomical
observatories. Current members include 29 US
institutions and six international affiliates. The facilities
operated by AURA include the GEMINI OBSERVATORY, the
NATIONAL OPTICAL ASTRONOMY OBSERVATORY and the
SPACE TELESCOPE SCIENCE INSTITUTE. In addition, AURA
has a New Initiatives Office formally established in
January 2001 to work towards the goal of a 30-m (98-ft)
GIANT SEGMENTED-MIRROR TELESCOPE.

A star Member of a class of white stars, the spectra of
which are characterized by strong hydrogen ABSORPTION
LINES. Ionized metals are also present. MAIN-SEQUENCE
dwarf A stars (five times more common than B stars)
range from 7200 K at A9 to 9500 K at AO. Their zero-age
masses range from 1.6 to 2.2 times that of the Sun, and
their zero-age luminosities from 6 to 20 times that of the
Sun. Their lifetimes range from 2.5 billion to 900 million
years. Evolved A DWARF STARS can have masses up to three
times that of the Sun. Class A GIANT STARS and
SUPERGIANTS are distinguished by the narrowing of the
hydrogen lines with increasing luminosity.

Though A dwarfs can rotate rapidly, averaging from
100 km/s (60 mi/s) at A9 to 180 km/s (110 mi/s) at AO,
their envelopes are not in a state of convection, and they
lack solar-type chromospheres. A dwarfs exhibit a variety
of spectral anomalies, especially among the slower rota-
tors. Metallic-line AM STARS are depleted in calcium and
scandium, while enriched in copper, zinc and the rare
earths. The AP STARS (A-peculiar) have strong magnetic
fields that range to 30,000 gauss. They exhibit enhance-
ments of silicon, chromium, strontium and the rare earths
(europium is enriched by over 1000 times), which are
concentrated into magnetic starspots. These odd compo-
sitions result principally from diffusion, in which some
chemical elements gravitationally settle, while others are
lofted upwards by radiation. Rare LAMBDA BOOTIS stars
have weak metal lines.

DELTA SCUTI STARS (Population IA dwarfs and sub-
giants) pulsate in under a day with multiple periods and
amplitudes of a few hundredths of a magnitude (the large-
amplitude variety are known as dwarf Cepheids). Popula-
tion II RR LYRAE STARS (A and F horizontal branch) have



similar pulsation periods, but amplitudes of a few tenths
of a magnitude.

Bright A stars include Sirius Alm V, Vega A0 V, Altair
A7V and Deneb A2 Ia.

asterism Distinctive pattern formed by a group of stars
belonging to one or more constellations. Perhaps the most
famous asterism is the PLOUGH (Big Dipper), a shape
formed by seven stars in Ursa Major. Other famous
asterisms within individual constellations include the
SICKLE OF LEO and the TEAPOT in Sagittarius. The
SQUARE OF PEGASUS is an example of an asterism that is
composed of stars from two constellations (in this case,
Andromeda and Pegasus); another is the SUMMER
TRIANGLE. The term is also used for smaller groupings of
stars visible in binoculars or telescopes, some of which
have been given descriptive names such as the
COATHANGER (in Vulpecula) and Kemble’s Cascade (in
CAMELOPARDALIS).

asteroid (minor planet) Rocky, metallic body, smaller in
size than the major planets, found throughout the Solar
System. The majority of the known asteroids orbit the
Sun in a band between Mars and Jupiter known as the
MAIN BELT, but asteroids are also found elsewhere. There
is a population known as NEAR-EARTH ASTEROIDS, which
approach the orbit of our planet, making impacts
possible. Other distinct asteroid classes include the
TROJAN ASTEROIDS, which have the same orbital period as
Jupiter but avoid close approaches to that planet. Farther
out in the Solar System are two further categories of body
that are at present classed as asteroids, although in
physical nature they may have more in common with
comets in that they seem to have largely icy compositions.
These are the CENTAURS and the TRANS-NEPTUNIAN
OBJECTS, members of the EDGEWORTH—KUIPER BELT.

Although it is likely that there might be larger bodies in
the Edgeworth—-Kuiper belt awaiting discovery (see
VARUNA), the largest asteroid in the inner Solar System is
(1) CERES, which is ¢.933 km (¢.580 mi) in diameter. It
was discovered in 1801. Through a telescope, asteroids
generally appear as pin-pricks of light, which led to the
coining of the term ‘asteroid’, meaning ‘star-like’, by
William HERSCHEL. Broadly spherical shapes are attained
by asteroids if their self-gravity is sufficient to overcome
the tensile strength of the materials of which they are
composed, setting a lower limit for sphericity of about
200 km (120 mi); there are about 25 main-belt asteroids
larger than this. All other asteroids are expected to be
irregular in shape (see CASTALIA, DEIMOS, EROS, GASPRA,
GEOGRAPHOS, GOLEVKA, IDA, KLEOPATRA, MATHILDE,
PHOBOS, TOUTATIS, VESTA). Use of the HUBBLE SPACE
TELESCOPE, sophisticated techniques employing ground-
based telescopes and the application of radar imaging
have recently led to the ability to resolve the shapes of
some asteroids. OCCULTATIONS also allow asteroid sizes
and shapes to be determined observationally: on rare
occasions when asteroids pass in front of brighter stars,
observers on the ground may see a fading or
disappearance of the star, the duration of which (usually a
few seconds) defines a cord across the asteroid profile.
For many asteroids, sizes have been calculated on the
basis of a comparison of their brightness both in scattered
visible light from the Sun and also in the thermal infrared
radiation emitted, which balances the solar flux they
absorb. Such measurements allow the ALBEDO to be
derived. In most cases, however, sizes are estimated
simply on the basis of the observed absolute magnitude
and an assumed value for the albedo.

The lower limit on size at which a solid body might be
considered to be an asteroid is a matter of contention.
Before the application of photography, starting in the
1890s, asteroids were discovered visually. Long
photographic exposures on wide-field instruments, such as
astrographic cameras and Schmidt telescopes, led to many
thousands of asteroids being detected thereafter. However,
the limited sensitivity of photographic emulsions makes it

impossible to detect asteroids smaller than a few hundred
metres in size, even if they are in the vicinity of the Earth.
In the late 1980s the introduction by the SPACEWATCH
project of charge-coupled devices for asteroid searching
made it feasible to detect objects only a handful of metres
in size during passages through cis-lunar space. A
convenient size at which to draw a line is 10m (30ft): larger
solid objects may be regarded as being asteroids, while
smaller ones may be classed as METEOROIDS.

The total mass of all the asteroids in the inner Solar
System (interior to Jupiter’s orbit) is about 4 X 102! kg,
which is about 5% of the mass of the Moon. A large
fraction of that total is held in the three largest asteroids,
Ceres, PALLAS and Vesta. A decreasing fraction of the
overall mass is represented by the smaller asteroids:
although there may be over a million main-belt asteroids
each about 1 km (0.6 mi) in diameter, their total mass is
less than that of a single asteroid of diameter 200 km
(120 mi). As a rule of thumb the number of asteroids
increases by about a factor of one hundred for each
tenfold decrease in size. Because the mass depends upon
the cube of the linear dimension, the smaller asteroids
thus represent a decreasing proportion of the total mass
of the population.

When an asteroid is found its position is reported to
the International Astronomical Union’s Minor Planet
Center, and it is allotted a preliminary designation. This
is of the form nnnn pq, where nnnn is the year and pq
represents two upper-case letters. The first letter (p)
denotes the half-month in which the discovery was made,
January 1-15 being labelled A, January 16-31 as B, and
so on. The letter I is not used, so that December 16-31 is
labelled Y in this convention, and the letter Z is also not
used. The second letter (q) provides an identifier for the
particular asteroid; in this case Z is used but not I, making
25 letters/asteroids in all. Thus the third asteroid reported
in the second half of March 1989 was labelled as 1989
FC. Until the last couple of decades this designation
system was adequate because no more than 25 asteroids
were being discovered in any half-month, but now
thousands are reported and so an additional identifier is
required. This takes the form of a subscripted numeral.
Thus 1999 LD;, was the 779th asteroid reported in the
first half of June 1999. Many asteroids are reported

asteroid

V asteroid Plots of the larger
known asteroids: most of them
lie in the main belt between the
orbits of Mars and Jupiter,
while the Trojans move in the
same orbit as Jupiter, 60° in

front of or behind it.
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asteroid belt

» asteroid Because they
have low albedos, asteroids are
very difficult to spot and it is
often only their proper motion
relative to the background stars
that gives away their presence.
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several times at different epochs, and so receive multiple
designations of this form.

After an asteroid has been observed for a sufficient
length of time, such that our determination of its orbit is
secure (this generally requires three oppositions), it is
allocated a number in the master list, which begins with
(1) Ceres and continues with (2) Pallas, (3) Juno, (4)
Vesta and so on. This list exceeded 25,000 during the
year 2001. Upon numbering, the discoverers of each
asteroid have the right to suggest a name for it to the
naming committee of the International Astronomical
Union, and in most cases that suggestion is adopted.
Certain conventions apply to distinct categories of
asteroid, such as the Trojans and the Centaurs. In the
past, before strict rules were adopted for numbering and
naming, a few exceptions to these procedures occurred,
such as with ALBERT and HERMES.

Although some asteroids may be cometary nuclei that
have become dormant or extinct, most of these bodies
are thought to have originated in the region of the
present main belt. They seem to be the remnant debris
from a large complex of PLANETESIMALS that failed to
form a major planet due to the gravitational stirring
effect of Jupiter. Soon after their formation, some of the
larger proto-asteroids underwent sufficient internal
heating, through radioactive decay, to melt to some
degree, acquiring metallic cores and layered mantles.
This chemical DIFFERENTIATION is represented in the
variety of known METEORITE classes — these being in
effect asteroid fragments.

A consequence of this differentiation is that asteroids
present a variety of spectroscopic classes, representing
different surface (and, assumedly, bulk) compositions.
The most abundant group is called C-type (for
‘carbonaceous’) asteroids, these being especially prevalent
as one moves outwards through the main belt. C-type
asteroids reflect more light at the red end of the spectrum,
but their low albedos (below 0.05) make them very dark,
so they may be thought of as being black-brown. They
are thought to contain the same materials as
CARBONACEOUS CHONDRITE meteorites. The inner part of
the main belt is dominated by S-type (stony or
‘silicaceous’) asteroids. These have moderate albedos
(0.15-0.25) and are thought to be analogous to the
metal-bearing stony meteorites known as ordinary
CHONDRITES. The third most populous class are the M-
type (‘metallic’) asteroids. These also have moderate
albedos and are thought to be derived, like nickel-iron
meteorites, from the metal-rich cores of large
differentiated parent bodies that have become exposed by
collisional break-up. Members of a less common class,
the E-types (‘enstatite’), have elevated albedos of 0.40 or
more, as has the V-class Vesta. There are many other
subdivisions of each of these classes, and other rare
categories that have been recognized as being distinct
from the common groupings. The distributions of the
various asteroid types in the main belt - the

preponderance of S-types at the inner edge but with more

C-types at greater distances — suggest that the volatile-
rich asteroids formed farther from the Sun, as a result of
the presumed temperature gradient in the SOLAR NEBULA.
Similarly, the homogeneous composition of the HIRAYAMA
FAMILIES suggests that most asteroids remain in orbits
similar to those where they formed in that nebula.

Another important clue to the nature of asteroids
comes from their spin rates. The rotation period of an
asteroid may be measured from observations of its
repeating trends in brightness variation, generally
displaying two maxima and two minima in each
revolution. This pattern indicates that the changes in
brightness are dominated by the effect of the asteroid’s
non-spherical shape, rather than any albedo distribution
across its surface. Typical amplitudes are only up to 0.2
mag., or 20% in the brightness, although some near-
Earth asteroids, such as Geographos, vary by a much
greater amount, as a result of their elongated shapes.
Typically, asteroids have rotation periods in the order of
ten hours, although a few are much longer (some
weeks), possibly due to the damping effect of a
companion satellite (as with Ida, EUGENIA and PULCOVA).
At the other end of the scale, short rotation periods are
of interest because self-gravitation cannot hold together
an asteroid having a rotation period of less than about
two hours. Until recently all asteroids for which light
curves were available displayed periods in excess of this
amount, meaning that they could be ‘rubble piles’ held
together by gravity. (Another piece of evidence pointing
to such a structure is the presence of voids within
asteroids, as indicated by the low average densities
determined for some of them, for example Ceres and
Mathilde.) The first asteroid to be measured to have a
shorter period (about 97 minutes) was 1995 HM, which
thus appears to be a monolith. Since then several other
asteroids have been shown to have even higher spin rates,
with periods as short as ten minutes. These must
similarly be single rocks rather than rubble piles, being
held together by their tensile strength.

The meteoroids that produce meteorites, and indeed
some complete asteroids, leave the main belt through a
variety of mechanisms. Inter-asteroid collisions may
grossly change their orbits (evidence of past collisions
derives from the Hirayama families), and such collisions
also change the spin rates discussed above. A more
significant avenue through which asteroids can escape the
main belt is the rapid dynamical evolution that occurs if
an object acquires an orbital period that is a simple
fraction of that of Jupiter. This leads to depleted regions
of orbital space known as the KIRKWOOD GAPS. Asteroids
leaving those regions tend to acquire high-eccentricity
orbits, which can lead to them either being ejected from
the Solar System by Jupiter, or else joining the population
of MARS-CROSSING ASTEROIDS or near-Earth asteroids.

Viewed in three dimensions, the main belt is a
somewhat wedge-shaped torus, increasing in thickness
from its inner to its outer edge. The median inclination
increases from about 5° to about 9°, whereas the median
orbital eccentricity is around 0.15 throughout the main
belt. Most asteroids, therefore, follow heliocentric orbits
that are only a little more inclined than those of the
planets, and with modestly greater eccentricities. It follows
that the majority of main-belt asteroids move among the
stars, as seen from the Earth, in a similar way to the
planets: they stay close to the ecliptic, and retrograde
through opposition. There are, however, exceptions
among various dynamical classes such as the near-Earth
asteroids, the Trojans, and various specific main-belt
classes that are grouped together in terms of common
dynamical behaviour rather than composition or origin.

asteroid belt General term for the region between the
orbits of Mars and Jupiter in which the orbits of most
asteroids lie. See MAIN-BELT ASTEROID

asteroseismology Study of the internal structure of
stars using observations of the frequencies and strengths



of global oscillations detected at the surface by their
Doppler shifts. The very low amplitude of stellar
oscillations has limited its current application to pulsating
stars. See also HELIOSEISMOLOGY

asthenosphere Weak, uppermost layer of a planet’s
MANTLE, in which solid-state creep first plays a
predominant role; it lies immediately below the relatively
rigid LITHOSPHERE. At the asthenosphere the rise in
temperature with depth reaches the threshold at which
plastic flow may occur in response to small stress
differences. In the case of the Earth, seismological
evidence — the attenuation of S waves and a decrease of
wave velocities between depths of about 100-250 km
(62—-155 mi) — is taken to define the asthenosphere. The
viscosity of the asthenosphere is largely similar to that of
the bulk of the underlying mantle, but it is far less than
that of the lithosphere, enabling plate-tectonic motions to
take place. At subduction zones the asthenosphere
appears to penetrate down to approximately 700 km
(430 mi), which is comparable with the transition zone
between the upper and lower mantle. Other planets such
as Venus and Mars are assumed to have asthenospheres,
as are some of the larger satellites. The Moon is known to
have an asthenosphere at a depth of approximately
1000 km (620 mi), and recent seismological evidence
suggests that it may be even more fluid at a greater depth.
See also SEISMOLOGY; TECTONICS

astigmatism ABERRATION in lenses and mirrors that
prevents star images away from the centre of the field of
view from being focused into sharp points. When
astigmatism is present point objects such as stars usually
appear elongated, either into a line or an ellipse.
Attempts to reduce the elongated image to a point by
refocusing will cause the orientation of the elongation to
change through 90°. The best or least distorted result
occurs as the orientation changes and the image
becomes round; this is known as the circle of least
confusion. See also ANASTIGMAT

Astraea MAIN-BELT ASTEROID; number 5. It is about
117 km (73 mi) across, and was found in 1845, almost
four decades after the discovery of (4) VESTA.

Astro Fleet of Japanese ARTIFICIAL SATELLITES. When
launched, they are given individual names.

astrochemistry Chemistry in stars. The chemical
composition of most stars is dominated by hydrogen,
with helium in second place and the remaining elements
a long way behind. The relative proportions (or
abundances) of the elements are quantified either by the
number of atoms or the mass involved. In terms of mass,
average material from outer layers of the Sun and the
rest of the Solar System contain 70.7% hydrogen, 27.4%
helium and 1.6% of all the other elements. These three
quantities are called mass fractions and are
conventionally labelled X, Y and Z. In terms of the
number of atoms, hydrogen dominates even more, with
92.0% hydrogen, 7.8% helium, and all the rest just
0.12%. Elements other than hydrogen and helium are
often termed the HEAVY ELEMENTS, and their relative
abundances are shown in the accompanying table.

These figures, which are representative compositions
throughout the Universe, are changed by NUCLEOSYN-
THESIS reactions inside stars. Thus at the centre of the
Sun, the abundance of hydrogen has currently fallen to
38% by mass, and that of helium has increased to about
60%. Stars that have completed their MAIN-SEQUENCE
lives, will have cores of almost pure helium. Solar mass
stars will go on to synthesize carbon and oxygen, and
higher mass stars will create the elements all the way to
iron. The remaining elements are produced during
SUPERNOVA explosions.

Nucleosynthesis implies that hydrogen is continually
being converted into heavier elements, and so abun-

PERCENTAGE ABUNDANCE OF HEAVY
ELEMENTS IN STARS

By mass By number
carbon 0.292 0.0305
nitrogen 0.095 0.0084
oxygen 0.769 0.0608
neon 0.122 0.0076
sodium 0.003 0.0002
magnesium 0.048 0.0024
aluminium 0.004 0.0002
silicon 0.069 0.0030
sulphur 0.038 0.0015
argon 0.018 0.0006
calcium 0.006 0.0002
iron 0.165 0.0037
nickel 0.009 0.0002
remainder 0.007 0.0002

dances change slowly. But only a few per cent of helium
by mass can have been produced this way during the life-
time of the Universe. Most helium, therefore, was pro-
duced during the early stages of the Universe (see
COSMOCHEMISTRY). The remaining elements have been
produced inside stars, and then ejected to mix with the
interstellar medium through stellar winds, supernova
explosions and so on. The mass fraction, Z, of the heavy
elements is therefore increasing with time. The oldest
stellar POPULATIONS, known as Population II stars, found
in the galactic nucleus and halo and in globular clusters,
have values of Z around 0.5%. Stars in the disk of the
Galaxy are younger, have a higher proportion of heavy
elements and are called Population I stars. Thus the Sun,
which formed about 4.5 billion years ago, has Z = 1.6%,
while stars forming today have Z = 4%.

Some stars are exceptions to the norms, the most
important being the WHITE DWARFS. These stars, which
are at the ends of their lives, have lost their outer layers
and so have their cores exposed. The cores contain the
products of nucleosynthesis, and thus the composition of
white dwarfs ranges from helium-rich through relatively
pure carbon to calcium. WOLF—RAYET stars subdivide into
the WN stars, formed of helium and nitrogen, and the
WC stars, within which helium, carbon and oxygen pre-
dominate. T TAURI stars have an over-abundance of lithi-
um. AP STARS are over-abundant in elements such as
mercury, strontium, silicon, europium, holmium and
chromium. It is thought that these latter peculiarities
occur just in a thin surface layer and are perhaps brought
about by diffusion. Beneath that thin layer the remaining
parts of the star are of normal composition. CARBON
STARS have over-abundances of lithium and carbon, while
S-type stars additionally have over-abundances of zirconi-
um and yttrium. Technetium has been detected in both
carbon and S stars, and since all isotopes of technetium
are radioactive with short half-lives, it must have been pro-
duced inside the stars. Nucleosynthesis products are thus
being brought to the surface in these stars. There are other
anomalies to be found, and such stars are termed CHEMI-
CALLY PECULIAR STARS (CP).

In the outer layers of cooler stars, simple molecules
such as CH, TiO, CN and C, may be observed, but stars
are too hot for most molecules to form. Molecules are
therefore to be found in cooler regions such as planets (see
GEOCHEMISTRY) and GIANT MOLECULAR CLOUDS
(GMCs). Some 120 molecule species have been identified
so far in GMC:s, including water (H,O), ammonia (NHj;),
salt (NaCl) and ethanol (CH;CH,OH). Much of the
material between the stars is molecular hydrogen (H,).

Astro E Japanese X-ray observation satellite that has not
yet been scheduled for launch. The satellite will also carry
a US X-ray instrument, which was to have flown
originally on the CHANDRA X-RAY OBSERVATORY. Astro E
will observe in the soft X-ray region, with its main
observational subjects being hot plasmas, spectroscopy of
black hole candidates and pulsars.

Astro E
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this medieval Islamic brass
example, were important
instruments.
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astrograph Ttlescope specially designed for taking
wide-angle photographs of the sky to measure star
positions. Traditionally, astrographs are refracting
telescopes characterized by their OBJECTIVES, which have
relatively fast FOCAL RATIOS (sometimes as fast as f/4) and
fields of view up to 6° wide — large by astronomical
standards. The objectives may have three or four
component lenses to achieve this performance, and the
biggest astrographs have lenses 50 cm (20 in.) or so in
diameter. Astrographs are always placed on EQUATORIAL
MOUNTINGS, which are motor-driven to allow the
telescope to follow the apparent motion of the sky.

The first recognizable astrograph was built in 1886 at
the Paris Observatory. It had an aperture of 330 mm
(13 in.) and its objective was designed to give the best
images in blue light, early photographic emulsions being
insensitive to other colours. The success of this telescope
led, in 1887, to a major international conference of
astronomers agreeing to embark on a photographic sur-
vey of the whole sky — the CARTE DU CIEL. The Paris astro-
graph was adopted as a standard model for this ambitious
project, and several similar telescopes were built with focal
lengths of 3.4 m (134 in.) and objectives corrected for
colour and coMa, including one at Greenwich in 1890.

Astrographic photographs were always taken on glass
plates rather than film, which lacks the stability of glass.
The instruments were principally used for ASTROMETRY,
the accurate measurement of star positions, but have now
been superseded by the SCHMIDT CAMERA.

Astrographic Catalogue See CARTE DU CIEL

astrolabe Early disk-shaped astronomical instrument,
for measuring positions on the celestial sphere,
equippped with sights for observing celestial objects. The
classical form, known as the planispheric astrolabe,
originated in ancient Greece, attained its greatest
refinement in the hands of medieval Arab astronomers
(see ISLAMIC ASTRONOMY) and reached the Christian
West in about the 10th century AD. The basic form
consists of two flat disks, one of which (the mater) is fixed
and represents the observer on the Earth. The other (the
rete) is movable and represents the celestial sphere. The
altitudes and azimuths of celestial bodies can be read. A
pointer or alidade can be used for measuring altitudes
when the instrument is suspended by a string.

Given the latitude, the date and the time, the observer
can read off the altitude and azimuth of the Sun, the bright
stars and the planets, and measure the altitude of a body

and find the time. Its function of representing the night sky
for a certain latitude at various times is reproduced in the
modern PLANISPHERE. The astrolabe can be used as an
analogue computer for many problems in spherical
trigonometry, and it was used even for terrestrial surveying
work such as determining the altitude of a tower.

The mariner’s astrolabe is a simplified instrument
designed for observing the altitudes of the Sun and stars
while at sea, as an aid to navigation. It was developed by
the Portuguese and was used mainly in the 17th century,
being supplanted by the SEXTANT.

The precision (or prismatic) astrolabe is a 19th-
century instrument for determining local time and latitude
by accurately measuring when a star reaches a certain alti-
tude. It was further developed as the impersonal astro-
labe (so called because it eliminates the observer’s
personal error) by André DANJON in 1938.

astrology In its modern form, a pseudoscience that
claims to be able to assess personality traits and predict
future events from the positions of celestial objects,
particularly the visible planets. Today, more newspaper
space is devoted to horoscopes than to astronomy, and if
anything the influence of astrology is probably
increasing. Yet there is no scientific justification for the
claims made by astrologers.

Astrology has a long history and was of great impor-
tance to primitive and superstitious peoples. The positions
of the planets and the constellations at the time of a per-
son’s birth were believed to have a great influence on their
subsequent life and career.

Unusual celestial events such as eclipses of the Sun and
Moon, and the appearance of comets and ‘guest stars’,
were significant in times when most people believed that
the heavens could influence their fates, and there emerged
a class of astrologers who made their living from the gulli-
bility of their clients. Kings often employed astrologers
whose job was to keep up the morale of their subjects by
assuring them that the dates of particular events such as
royal births were auspicious ones. The efforts of
astrologers and priests to predict such apparently omi-
nous events as eclipses helped to establish astronomy as a
legitimate subject of study.

astrometric binary BINARY STAR system in which one
component is too faint to be observed directly. Its binary
nature is detected by perturbations in the visible
component’s PROPER MOTION, caused by the orbital
motion of the unseen companion. Some astrometric
binaries, just beyond the limit resolution, appear as a
single elongated image, with the orientation of the long
axis changing as a result of orbital rotation.

astrometry Branch of astronomy concerned with the
precise measurement of the apparent positions of celestial
objects through the creation of a fundamental non-
rotating reference frame on the CELESTIAL SPHERE. This
frame is used not only for precisely recording the relative
positions of celestial objects, but also for measurements of
stellar PARALLAX and PROPER MOTION, and as a reference
for relating optical observations to those in other regions
of the electromagnetic spectrum. The frame has the Sun
at its centre and is based on the plane of the Earth’s
equator (from which DECLINATION is measured) and the
FIRST POINT OF ARIES (the zero point for measuring
RIGHT ASCENSION).

The position of the equator and the First Point of
Aries for a given date (called the EPOCH) has traditionally
been defined by making observations of the Sun and
planets using a meridian or TRANSIT CIRCLE. This
instrument is mounted on a fixed east—west horizontal
axis and can only rotate in a north-south vertical plane.
The declination of a celestial object is found from the
inclination of the telescope when the object is observed
crossing the MERIDIAN; RIGHT ASCENSION is reckoned by
timing the exact moment this occurs.

Once the positions of the celestial equator and the First



Point of Aries are established, the positions of stars can be
measured relative to these by further observations.
Measuring stellar positions in this way provides
fundamental observations of the celestial bodies since
they are measured with respect to an inertial reference
frame rather than to other ‘fixed’ stars. The initial, raw
observations from the transit circle first need to be
corrected for the Earth’s movement through space, that
is, referred to the centre of the Sun (heliocentric
coordinates), and also corrected for the individual
motions of the stars themselves. The components of these
motions across the line of sight are called proper motions
and were first discovered in 1718 by Edmond HALLEY.

The observations are first referred to the centre of the
Earth by allowing for the effect of REFRACTION, diurnal
parallax and diurnal ABERRATION. By making further
corrections for PRECESSION, NUTATION and polar drift, the
coordinates are then referred to the fundamental plane of
the equator. Heliocentric coordinates are obtained by
correcting for the orbital motion of the Earth by allowing
for the effects of ANNUAL PARALLAX and aberration. It is
then possible to go one step further and make a
correction for the motion of the Sun itself, which appears
‘reflected’ in the proper motions of nearby stars. The
ultimate accuracy of our measurement of stellar positions
therefore depends on our knowledge of the astronomical
constants of precession, aberration, nutation and the
stellar proper motions.

In the past, much of our knowledge of positions,
parallaxes and proper motions was achieved through
photographic astrometry, undertaken over many years
using long-focus telescopes to obtain photographic plates
of individual areas of the sky. The stellar images on these
plates were then measured very accurately on dedicated
measuring machines to determine their relative positions.

Nowadays our knowledge comes from instruments
such as the Carlsberg Meridian Telescope (CMT) at the
Roque de los Muchachos Observatory on the Canary
Island of La Palma and the astrometric satellite
HIPPARCOS. The Carlsberg Meridian Telescope is
dedicated to carrying out high-precision optical
astrometry and is currently being used to map the
northern sky using a ccD detector. This will provide
accurate positions of stars, allowing a reliable link to be
made between the bright stars measured by the Hipparcos
satellite and fainter stars seen on photographic plates. So
far, the CMT has made measurements of some 180,000
positions, proper motions and magnitudes for stars down
to magnitude 15, and over 25,000 positions and
magnitudes of 180 Solar System objects, ranging from the
outer planets including Pluto to some of the many
asteroids that orbit the Sun between Earth and Mars.

Hipparcos was the first space experiment designed
specifically for astrometry. The satellite, which operated
between 1989 and 1993, extended the range of accurate
parallax distances by roughly 10 times, at the same time
increasing the number of stars with good parallaxes by a
much greater factor. Of the 118,218 stars in the
Hipparcos catalogue, the distances of 22,396 are now
known to better than 10% accuracy. Prior to Hipparcos,
this number was less than 1000. The companion Tycho
database, from another instrument on the satellite,
provides lower accuracy for 1,058,332 stars. This includes
nearly all stars to magnitude 10.0 and many to 11.0.

Information on star positions, parallaxes and proper
motion is published in FUNDAMENTAL CATALOGUES and
between 1750 and 1762 James BRADLEY compiled a
catalogue that was to form the basis of the first
fundamental one ever made, by Friedrich BESSEL, in
1830. By comparing Bradley’s work with that of
Giuseppe PIAZZI in Palermo in about 1800, Bessel was
able to calculate values of proper motions for certain
bright stars and also to derive the constants of precession
for the epochs involved. Bessel’s name is also inextricably
linked with two other aspects of astrometry. He was the
first, in 1838, to measure the TRIGONOMETRIC PARALLAX
of a star and derived a distance of 9.3 Ly. (the modern

Astronomical Almanac, The

value is 11.3 Ly.) for the nearby binary star SIXTY-ONE
CYGNI. From his work on the fundamental catalogue he
also found that the proper motion of SIRIUS was not
constant and he correctly attributed this ‘wobble’ to the
presence of an unseen companion pulling Sirius from its
path. The companion was discovered in 1862, making
Sirius the first example of an ASTROMETRIC BINARY.

Further fundamental catalogues followed with those of
Simon NEWCOMB (1872, 1898) and Arthur AUWERS
(1879) being especially important. The latter was the first
in the Fundamental Katalog series compiled in Germany,
the latest of which is the FKS5 Part II. This catalogue
provides mean positions and proper motions at equinox
and epoch J2000.0 for 3117 new FUNDAMENTAL STARS.

The European Space Agency also has plans for a next-
generation astrometric satellite, called GAIA. Instead of
orbiting the Earth, GAIA will be operated at the L,
Sun-Earth Lagrangian point, located 1.5 million km (0.9
million mi) from Earth in the direction away from the
Sun. Here it will have a stable thermal environment and
will be free from eclipses and occultations by the Earth.
The purpose of the satellite will be repeatedly to measure
positions of more than a billion stars to an accuracy of a
few microarcseconds, the goal being to achieve 10-
microarcsecond precision for stars as faint as 15th
magnitude, with potentially four or five microarcseconds
achievable for stars brighter than 10th magnitude. This
will be more than a hundred times more accurate than the
observations from Hipparcos.

astronautics Science of space flight. See also APOLLO
PROGRAMME; ROCKET ASTRONOMY

Astronomer Royal Honorific title conferred on a
leading British astronomer. Until 1971 the Astronomer
Royal was also the director of the ROYAL GREENWICH
OBSERVATORY. Those who have held the position are listed
in the accompanying table.

The post of Astronomer Royal for Scotland was cre-
ated in 1834 initially to provide a director for the Royal
Observatory, Edinburgh; the present holder, appointed in
1995, is John Campbell Brown (1947— ). The last
Astronomer at the Cape, working originally at the Royal
Observatory at the Cape of Good Hope (now in South
Africa), was Richard Hugh Stoy (1910-94); the post was
abolished in 1968. The post of Royal Astronomer for
Ireland was created to provide a director for the DUNSINK
OBSERVATORY. It lapsed in 1921; the last incumbent was
Henry Crozier Plummer (1875-1946).

Astronomical Almanac, The Publication containing
fundamental astronomical reference data for each calendar
year. It includes positions of the Sun, Moon and planets,
data for physical observations, positions of planetary
satellites, sunrise and sunset times, phases of the Moon,
eclipses, locations of observatories and astronomical
constants. It is published jointly by the US Naval
Observatory and Her Majesty’s Nautical Almanac Office.

ASTRONOMERS ROYAL

Name Held office
John FLAMSTEED (1646-1719) 1675-1719
Edmond HALLEY (1656-1742) 1720-42
James BRADLEY (1693-1762) 1742-62
Nathaniel BLiss (1700-1764) 1762-64
Nevil MASKELYNE (1732-1811) 1765-1811
John PoND (1767-1836) 1811-35
George Biddell ARy (1801-92) 1835-81
William cHRISTIE (1845-1922) 1881-1910
Frank DYsoN (1868-1939) 1910-33
Harold Spencer Jones (1890-1960) 1933-55
Richard wooLLEY (1906-86) 1956-71
Martin RYLE (1918-84) 1972-81
Francis GRAHAM-SMITH (1923-) 1982-90
Arnold Wolfendale (1927-) 1991-94
Martin REgs (1942-) 1995—
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Astronomical Data Center (ADC) Part of the Space
Sciences Directorate at NASA’s GODDARD SPACE FLIGHT
CENTER, located in Greenbelt, Maryland. The ADC
specializes in archiving and distributing astronomical
datasets, most of which are in the form of machine-
readable catalogues rather than images. The Center’s data
collection is accessible via the World Wide Web.

Astronomical Journal Major US journal for the
publication of astronomical results. Founded in 1849 by
Benjamin GOULD, the journal is published monthly by the
University of Chicago Press, with a bias towards
observational rather than theoretical papers. Historically,
the ‘A¥ emphasized traditional fields of astronomy, such as
galactic structure and dynamics, astrometry, variable and
binary stars, and Solar System studies. It has now
broadened its coverage to all aspects of modern astronomy.

Astronomical League (AL) Blanket organization for
amateur astronomers in the United States. It is the largest
astronomical organization in the world, with nearly
20,000 members from some 250 local societies. Its goal is
to promote amateur astronomy through educational and
observational activities. Founded in 1946, the AL holds a
nationwide meeting every year and publishes a quarterly
newsletter, 7The Reflector, which describes amateur
activities throughout the country.

Astronomical Society of Australia Australian
organization for professional astronomers, founded in
1966. The Society publishes a peer-reviewed journal,
PASA  (Publications of the Astronomical Society of
Australia). In 1997 it introduced an electronic
counterpart (called el-PASA) to improve international
access to Australian astronomical research.

Astronomical Society of the Pacific (ASP) Claimed
to be the largest general astronomy society in the world,
founded in 1889 by Californian amateur and professional
astronomers. It retains its function as a bridge between
the amateur and professional worlds, and it has developed
into a leading force in astronomy education. It publishes a
monthly magazine, Mercury, and original research is
reported in the Publications of the ASP. The Society’s
headquarters are in San Francisco.

Astronomical Technology Centre (ATC) UK’s
national centre for the design and production of state-of-
the-art astronomical technology. It is located on the site of
the ROYAL OBSERVATORY EDINBURGH (ROE). It was
created in 1998 to replace the instrument-building
functions of both ROE and the ROYAL GREENWICH
OBSERVATORY. The ATC provides expertise from within
its own staff and encourages collaborations involving
universities and other institutions. Customers include the
GEMINI OBSERVATORY (for which ATC was a prime
contractor for the GMOS multi-object spectrometers),
the Herschel Space Observatory, the UK INFRARED
TELESCOPE and the JAMES CLERK MAXWELL TELESCOPE.

astronomical twilight See TwiLIGHT

astronomical unit (AU) Mean Sun-Earth distance, or
half the semimajor axis of the Earth’s orbit, used as a unit
of length for distances, particularly on the scale of the
Solar  System. Its  best current value s
149,597,870.66 km.

The determination of the astronomical unit was one
of the most important problems of astronomy until com-
paratively recent times. From the ancient Greeks up to
the early 18th century, the Earth—-Sun distance was
known very imperfectly because it depended on very fine
angular measurements that were beyond the capabilities
of the available instruments. Johannes Kepler’s best esti-
mate, for example, was only one-tenth of the actual
value. In the 18th and 19th centuries attempts to mea-
sure the AU were made by making accurate observations

of Mars or Venus from two widely separated places on
the Earth’s surface, and calculating the planet’s distance
by triangulation. Kepler’s third law was then used to
compute the Sun—Earth distance. The first such attempt
was made by Giovanni Domenico CASSINI, who got
within 7% of the true value. Some improvement was
achieved by measuring the distances of asteroids, espe-
cially close-approaching ones, such as 433 Eros. Such
refinements were achieved in the late 19th century by
David GILL and by Harold Spencer JONES in the 20th.
The current technique makes use of radar measure-
ments, and the probable error has been reduced by sev-
eral orders of magnitude compared to the best
visible-light values.

astronomy, history of Astronomy is the oldest of the
sciences and predates the written word.
ARCHAEOASTRONOMY has shown that early peoples made
use of astronomical observations in the alignment of their
megalithic monuments.

Written records of astronomical observations in Egypt,
Babylon and China (see EGYPTIAN ASTRONOMY; BABYLON-
IAN ASTRONOMY; CHINESE ASTRONOMY) and Greece date
from pre-Christian times and it is to the Greeks that we owe
the beginnings of scientific theorizing and systematic efforts
to understand the Universe. The main legacy of Greek
astronomy was a system of thought dominated by the work
of ARISTOTLE, though many other Greek scientists of great
originality contributed to early astronomical knowledge.

Greek ideas survived the medieval period, largely
through the ALMAGEST of Ptolemy, a Graeco-Roman com-
pendium of astronomical knowledge preserved by schol-
ars in the Islamic world and the Byzantine Empire (see
MEDIEVAL EUROPEAN ASTRONOMY; ISLAMIC ASTRONOMY).

‘Modern’ astronomy can be said to have begun with
the rejection by Nicholas COPERNICUS of Aristotle’s com-
plex picture of planetary orbits, which assumed that the
Sun was the centre of the Universe. Although Copernicus
put forward a simpler and more logical view, which
placed the planets at distances from the Sun that
increased with their periods, its details were very complex
and unconvincing to many of his contemporaries (see
COPERNICAN SYSTEM). Only after the meticulous obser-
vations of Tycho BRAHE and their interpretation by
Johannes KEPLER did the new ideas begin to gain general
acceptance (see RENAISSANCE ASTRONOMY).

The invention of the telescope and its exploitation by
GALILEO began an era of astronomical discovery that com-
pletely destroyed the picture formulated by the ancients.
Building on the mathematical and physical discoveries of
the 17th century, Isaac NEWTON produced a synthesis of
ideas which explained earthly mechanics and planetary
motions, based on his three laws of motion and his
inverse-square law of gravitational attraction.

The last few centuries show an ever-increasing number
of astronomical discoveries. As early as the 17th century,
Ole ROMER showed that the speed of light is finite. Investi-
gations of the heavens beyond the Milky Way began in the
1700s and are principally associated with William HER-
SCHEL. He also began the trend towards building tele-
scopes of greater and greater power, with which the
Universe could be explored to ever-increasing distances.

The 19th century saw the development of astrophysics
as the centre of astronomical interest: astronomers
became interested in the physics of celestial phenomena
and the nature of celestial bodies, rather than just describ-
ing their positions and motions. The development of stel-
lar SPECTROSCOPY and its use by William HUGGINS and
others led the way to understanding the nature of the
many nebulous objects in the sky. ASTROPHOTOGRAPHY
emerged as a sensitive and reliable technique that allowed
sky maps to be prepared in an objective and repeatable
way. Sky SURVEYS began to be made that showed up spiral
nebulae and variable phenomena that had been beyond
the reach of purely visual techniques.

At the start of the 20th century were two astounding
discoveries that revolutionized physics and astronomy:



Max PLANCK’s realization that energy is quantized (1901),
and Albert EINSTEIN’S theory of special relativity (1905).
They were the heralds of what was to come. Observation-
al astronomy has grown exponentially ever since. The
giant telescopes in excellent climates promoted by George
Ellery HALE soon led to the discovery by Edwin HUBBLE
that the spiral nebulae are external galaxies and that the
Universe is expanding. The morphology of our own
Galaxy began to be understood.

The great outburst of technological development asso-
ciated with World War II led to the development of sensi-
tive radio and infrared detectors that allowed the Universe
to be investigated at wavelengths where new phenomena
such as pulsars and quasars were discovered. In the late
1950s space probes had been developed that could take
X-ray and gamma-ray detectors above the Earth’s atmos-
phere and open yet further vistas to astrophysics. Even
visible-light observations have been improved by the
development of CCD detectors many times more sensi-
tive than photographic plates.

The early 21st century is characterized by a new gener-
ation of giant telescopes and a vigorous investigation of
conditions near the time when the Universe was formed.
Massive data-handling techniques are allowing surveys of
unprecedented detail to be made, searching for new phe-
nomena hitherto unobserved or unobservable because of
their faintness or rarity. See also AMATEUR ASTRONOMY,
HISTORY OF; INFINITE UNIVERSE, IDEA OF

astrophotography Recording images of celestial objects
on traditional photographic emulsion (film), as opposed
to electronic means. From the late 19th century until the
last two decades of the 20th, almost all professional
astronomical observations were made using photography.
From its introduction in 1839, it was 50 years before
photography became accepted as a legitimate research
tool by professional astronomers, and another quarter of
a century before improvements to equipment and plates
had made it vital to the progress of astronomical research.

What the human eye cannot see in a fraction of a sec-
ond it will never see, whereas with both photography and
electronic imaging light is accumulated over a period of
time, revealing objects that are invisible even through the
largest telescope, and creating a permanent record that is
not affected by the observer’s imagination or accuracy.
However, early astrophotography suffered from insuffi-
ciently accurate TELESCOPE DRIVES, lack of sensitivity
(‘speed’) in film, and film’s inability to record light equally
well across the whole visible spectrum — for many years it
was ‘blind’ to red.

Despite these drawbacks, the new technology was put
to immediate use, mainly by enthusiastic amateurs. In
this first form of practicable photography, a silvered cop-
per plate sensitized with iodine vapour was exposed,
developed with mercury vapour and fixed with sodium
hyposulphite to produce a Daguerrotype, named after
Louis-Jacques-Mandé Daguerre (1789-1851), who per-
fected the process. The Moon was an obvious (because
bright) target, and the first successful Daguerreotype of
it is attributed to John DRAPER (1840 March); the expo-
sure time was 20 minutes, and the image showed only
the most basic detail. Hippolyte FIZEAU and Léon FOU-
CAULT obtained a successful Daguerreotype of the Sun
in 1845 April. In 1850 W.C. BOND obtained excellent
images of the Moon and the first star images, of Vega
and Castor.

With the replacement of Daguerrotypes by the faster
and more practical wet plate collodion technique in the
early 1850s came a more systematic approach to
astrophotography. John HERSCHEL proposed using pho-
tography on a daily basis to record sunspot activity, and
this ‘solar patrol’ was taken up and directed by Warren
DE LA RUE. This trail-blazing work, which continued
until 1872, was continued and developed by Walter
MAUNDER and Jules JANSSEN. De La Rue subsequently
obtained excellent images of the 1860 July 18 total solar
eclipse, which proved that the prominences were solar

and not lunar phenomena. In the United States, G.P.
BOND pursued stellar photography with improved equip-
ment and considerable success.

An improvement came in the 1870s with the intro-
duction of the more convenient dry photographic plates,
and talented individuals such as LLewis RUTHERFORD and
Henry DRAPER in the United States, and subsequently
Andrew COMMON and Isaac Roberts (1829-1904) in
Britain, pushed forward the frontiers of astrophotogra-
phy. In 1880 Draper succeeded in taking a photograph
of the Orion Nebula (M42), and a few years later Com-
mon and Roberts obtained excellent photographs of
M42. There were also significant advances in photo-
graphic spectroscopy, by Draper, William HUGGINS,
E.C. PICKERING and others.

The 1880s marked photography’s breakthrough in
astronomy. In 1882 David GILL obtained the first com-
pletely successful image of a comet. He was impressed by
the huge numbers of stars on the images, accumulated in
exposures lasting up to 100 minutes. With Jacobus
KAPTEYN, he set out to construct a photographic star map
of the southern sky; the resulting catalogue contained the
magnitudes and positions of over 450,000 stars. Equally
enthusiastic were the HENRY brothers at Paris Observato-
ry, who helped to instigate the international project to pre-
pare a major photographic sky chart that became known
as the CARTE DU CIEL.

With the new century came a desire to discern the
true nature of astronomical bodies by photographing
their spectra. Increasing telescope apertures enabled
greater detail to be resolved in the spiral nebulae by, for
example, James KEELER and George RITCHEY. Edwin
HUBBLE and others, using the 100-inch (2.5-m) Hooker
Telescope at Mount Wilson Observatory, showed these
objects to be other galaxies far beyond the Milky Way,
and spectroscopy showed them to be receding from
Earth, in an expanding Universe.

As the 20th century progressed, photographic materi-
als became increasingly sensitive and pushed the bound-
aries of the known Universe ever outward. But by the end
of the century the technique that had contributed so much
to astronomy had been dropped far more rapidly than it
was ever accepted, in favour of electronic imaging using
ccps. Although astrophotography was well established
and initially cheaper, their greater light sensitivity, linear
response to light and digital output saw CCDs rapidly
sweep the board. As CCDs have become larger and
cheaper, electronic imaging has almost completely
replaced astrophotography

Astrophotography at major observatories may be a
thing of the past, but many amateur astronomers still use
conventional film, despite the availability of CCDs and
digital cameras, partly because of its simplicity but also
because it continues to yield results of superlative quality
at low cost. Some advanced amateurs use film for the
exposures themselves, but then scan the images for
manipulation on a computer, borrowing one of the main
advantages of digital photography.

For astrophotography and CCD imaging alike, the
telescope or camera must be driven so as to follow
objects as they are carried across the sky by the Earth’s
rotation. The long exposure times required by photo-
graphic film, often over an hour, necessitate a means of
monitoring the accuracy of tracking and making correc-
tions to the drive rate: either a separate GUIDE TELESCOPE
or an OFF-AXIS GUIDING system. In simple systems the
astrophotographer looks through an eyepiece equipped
with cross-wires and adjusts the drive rate manually,
while more advanced systems use an AUTOGUIDER,
which makes automatic correctiorss if the chosen guide
star starts to drift out of the field of view. Autoguiders on
amateur instruments incorporate a CCD whose purpose
is to monitor the guide star — the imaging task may be left
to the superior data acquisition of photography.

Virtually every type of film has its use in amateur
astrophotography. An important characteristic of film is
its graininess: the surface is covered with minute light-sen-

astrophotography
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sitive grains, which are visible under high magnification
after exposure. Fine-grained films provide excellent
sharpness and contrast, but are relatively insensitive to
light. More sensitive films can record images with shorter
exposure times, or fainter objects in a given exposure
time, but have the disadvantage of coarse grain. Negative
films generally record a wider range of brightness than
transparency films, but require more effort afterwards to
get a satisfactory print. This drawback is now largely over-
come with the ready availability of film scanners, comput-
er manipulation and high-quality colour printers.
HYPERSENSITIZATION is an advanced technique to increase
the sensitivity and speed of film for long exposures.

As CCDs become cheaper and capable of recording
images of ever higher resolution, even amateur astropho-
tography is declining in importance. It is rare to find
advanced amateurs using film for planetary imaging or for
supernova patrolling, for example. It remains ideal for
aurora and total eclipse photography, and for general con-
stellation shots. Many deep-sky photographs, particularly
of wide fields, remain firmly in the province of film. It is
not hard to foresee the day when even ordinary film is
hard to find, but until then, photography will still have a
place in amateur astronomy.

Astrophysical Journal Foremost research journal for
theoretical and observational developments in astronomy
and astrophysics. Dating from 1895, when it was
launched by George Ellery HALE and James KEELER, the
‘Ap¥F reported many of the classic discoveries of the 20th
century. In 1953 The Astrophysical Fournal Supplement
Series was introduced to allow the publication of extensive
astronomical data papers in support of the main journal.

astrophysics Branch of astronomy that uses the laws of
physics to understand astronomical objects and the
processes occurring within them. The terms ‘astronomy’
and ‘astrophysics’ are however often used as synonyms.
Astrophysics effectively dates from the first applications
of the SPECTROSCOPE to study astronomical objects. Sir
William HUGGINS’ identification of some of the chemical
elements present in the Sun and stars in the 1860s was
the first major result of astrophysics. Today, the use of
computers for data processing, analysis and for modelling
objects and processes is an integral part of almost all
aspects of astrophysics.

SPECTROSCOPY is the most powerful technique available
in astrophysics. Individual atoms, ions or molecules emit
or absorb light at characteristic frequencies (or ‘lines’,
from their appearance in a spectroscope) and can thus be
identified and their quantity assessed. Information on the
physical and chemical state of an object can be obtained
from an analysis of the way its SPECTRUM is modified by
the collective environmental conditions within the object.
Line-of-sight velocities of the whole object or regions
within it are indicated by the DOPPLER SHIFT. The most
intensively studied spectral region is the ground-accessible
‘optical’ region (the NEAR-ULTRAVIOLET to the NEAR-
INFRARED), but much information now comes from
observations in the RADIO, MICROWAVE, FAR-ULTRAVIOLET,
X-RAY and GAMMA-RAY regions.

Stellar spectra characteristically show a continuous
bright background that by its colour distribution approxi-
mately indicates the ‘surface’ temperature (but is made up
of radiation contributed in some measure from through-
out the whole of the stellar atmosphere). Several different
processes produce these continua. In cooler stars (like the
Sun) the interaction chiefly involves electrons and hydro-
gen atoms; in hotter stars, electrons and protons; and in
the hottest stars, electrons alone. The dark spectral lines
superimposed on the continuum, which are due to atoms,
ions and molecules, strictly do not arise from absorption
by a cooler outer layer as a simple visualization suggests,
but in a complex depth-dependent manner in which radi-
ation dominantly escapes from outer and therefore cooler
(darker) regions of the atmosphere near the centre of an
absorption line, or deeper, hotter (brighter) regions for

the continuum. The fact that the lines appear dark indi-
cates that the outer layers are cooler, and indeed the tem-
perature generally is expected to decrease outwards from
the centre of any star. For the Sun and certain other stars
some bright lines are also seen, particularly in the far-
ultraviolet region, indicating that in these the temperature
is rising again in extended, extremely tenuous layers of the
outer atmosphere. The strengths, widths and polarization
of spectral lines give information on the chemical compo-
sition, ionization state, temperature structure, density
structure, surface gravity, magnetic field strength, amount
of turbulent motion within the atmosphere of the star and
stellar rotation.

A striking result of astronomical spectroscopy is the
uniformity of chemical composition throughout the Uni-
verse (see ASTROCHEMISTRY), extending even to the most
distant galaxies. Although the atomic constituents of the
Universe are everywhere the same, the proportions of
these elements are not identical in all astronomical objects.
Measurements of these differences give information on
the nuclear processes responsible for the formation of the
elements and the evolutionary processes at work. A star is
kept in a steady state for a long time by the balance of the
inward pull of gravity and the opposing force arising from
the increase of pressure with depth that is maintained by a
very high central temperature. For a star like the Sun
(mass of 2 X 10* kg, radius 700,000 km/435,000 mi) the
central temperature is about 15,600,000 K. The energy
from such hot matter works its way tortuously outwards
through the star until it is radiated away from the atmos-
pheric region near its surface. This process yields a rela-
tionship between the masses and luminosities of stars,
with the luminosity increasing very dramatically with
mass. Thus the luminosities of stars within the relatively
small range of masses between 0.1 and 10 times that of the
Sun differ by a factor of over a million. The high rate of
loss of energy requires a powerful energy-producing
process within the star, identified as thermonuclear fusion
of light atomic nuclei (mainly hydrogen nuclei) into heav-
ier ones (mainly helium nuclei). The transformation of
hydrogen into helium in the case of the Sun — a small star
— makes enough energy available to enable it to shine as it
does today for a total of about 10'° years. In contrast, the
lifetime of massive, very luminous stars, which burn up
their hydrogen very rapidly, can be as short as a million
years. During this burning process the core contracts, and
it eventually becomes hot and dense enough for helium
itself to ignite and to form carbon and oxygen. Although
the contraction of the core is thus halted, the star then has
a rather complicated structure, with two nuclear burning
zones, and may become unstable. Later stages in the evo-
lutionary cycle present many possibilities depending prin-
cipally on the initial mass of the star. It may become a
WHITE DWARF, such as the companion of Sirius, which is a
very dense, hot star with about the mass of the Sun but a
radius nearer that of the Earth. The immense pressures
built up in such stars result in the matter forming them
becoming DEGENERATE.

More massive stars than the Sun progress to advanced
stages of NUCLEOSYNTHESIS, experiencing ignition of suc-
cessively heavier nuclei at their cores. In some rare cases
much of the outer layers of the star may be violently eject-
ed in a SUPERNOVA outburst in which heavy elements
(some synthesized in the explosion) are scattered widely
into the general interstellar medium. Out of this enriched
material later generations of stars are formed. The
residues of these events may be NEUTRON STARS, which
can be observed as PULSARS, and represent a still higher
state of compression than white dwarfs, with electrons and
protons crushed together to form a degenerate neutron
gas. On the other hand, a star may go on contracting until
it becomes a BLACK HOLE, whose violent accretion of near-
by material makes its influence observable by strong emis-
sion in the X-ray region.

A great deal of theoretical work has gone into explain-
ing how the distribution of radiation over the spectrum of
a star depends on the structure of its outermost layers,



and, more broadly, the processes occurring during the life
cycles of stars. The latter includes the stars’ formation
from collapsed regions of the interstellar medium, their
active burning phases, and their deaths, which can range
from being an event in which a star mildly fades away to
being a violent explosion that at its maximum brightness
can appear as brilliant as a whole galaxy.

Such applications of physics to astronomical problems
in general are progressing strongly on most fronts and
much success has been achieved. Currently a great deal of
attention is being directed towards the processes that
occurred during the earliest phases of the formation of the
Universe, very close to the time of the Big Bang. But here
astronomers and physicists are venturing out hand in
hand, for not only is our knowledge of the behaviour of
the Universe incomplete, but so too is our knowledge of
physics itself. New physical theories unifying all forces of
nature are needed before we can begin to understand the
most fundamental properties of the evolving Universe
and, indeed, the origin of matter itself.

Asuka Japan’s fourth cosmic X-ray astronomy satellite. It
is called the Advanced Satellite for Cosmology and
Astrophysics (ASCA), also known as Astro D. It was
launched in 1993 February, equipped with four large-
area telescopes. ASCA was the first X-ray astronomy
mission to combine imaging capability with a broad-
wavelength bandwidth, good spectral resolution and
large-area coverage, as well as the first to carry charge-
coupled devices (CCDs) for X-RAY ASTRONOMY.

Atacama Large Millimetre Array (ALMA)
Millimetre-wavelength telescope planned by a major
international consortium that includes the NATIONAL
RADIO ASTRONOMY OBSERVATORY (USA), the PARTICLE
PHYSICS AND ASTRONOMY RESEARCH COUNCIL (UK) and
the EUROPEAN SOUTHERN OBSERVATORY, planned for
completion in 2010. The instrument, at an elevation of
5000 m (16,400 ft) at Llano de Chajnantor in the
Chilean Andes, will consist of at least 64 antennae 12 m
(39 ft) in diameter, allowing resolution to a scale of 0”.01.
The high altitude will give ALLMA access to wavebands
between 350 pwm and 10 mm, otherwise accessible only
from space.

ataxite See IRON METEORITE

ATC Abbreviation of ASTRONOMICAL TECHNOLOGY
CENTRE

Aten asteroid Any member of a class of asteroids that,
like the APOLLO ASTEROIDS, cross the orbit of the Earth,
but that are distinguished by having orbital periods of less
than one year. In consequence they spend most of the
time on the sunward side of our planet. The archetype is
(2062) Aten, discovered in 1976, although an asteroid of
this type was also discovered in 1954 and subsequently
lost. By late 2001 over 120 Aten-type asteroids were
catalogued. Characteristics of the following are listed in in
the NEAR-EARTH ASTEROID table: 1954 XA, (2062) Aten,
(2100) Ra-Shalom and (2340) Hathor. See also
INTRATERRESTRIAL ASTEROID

Athena Small US satellite launch vehicle powered by
solid propellants. It was originally called the Lockheed
Martin Launch Vehicle (LMLYV). There are two Athena
models, with two and three stages, respectively, capable of
placing satellites weighing a maximum of 2 tonnes into
low Earth orbit. The booster has flown six times since
1995, with four successful launches. The launcher has
now been discontinued.

Atlantis One of NASA’s SPACE SHUTTLE orbiters.
Atlantis first flew in 1985 October.

Atlas Lunar crater (47°N 44°E), 88 km (55 mi) in
diameter, located to the east of Mare Frigoris. It forms a

notable pair with the smaller crater Hercules to the west.
Atlas’ walls vary in altitude between 2750 and 3500 m
(9000-11,500 ft). The floor of Atlas is uneven and has
been observed to ‘glitter’. It contains a group of central
hills, which resemble a ruined crater ring, many craterlets
and a very noticeable cleft on the east side. To the north is
O’Kell, a large, heavily eroded, ancient ring.

Atlas One of the small inner satellites of SATURN,
discovered in 1980 by Richard Terrile during the
VOYAGER missions. It is spheroidal in shape, measuring
about 38 X 34 X 28 km (24 X 21 X 17 mi). Atlas has a
near-circular equatorial orbit just outside Saturn’s A
RING, at a distance of 137,700 km (85,600 mi) from the
planet’s centre, where its orbital period is 0.602 days. It
appears to act as a SHEPHERD MOON to the outer rim of
the A ring.

Atlas One of the USA’s primary satellite launchers. It
began its career as the country’s first intercontinental
ballistic missile in 1957. The Atlas was equipped with a
Centaur upper stage in 1962 and, since that failed
maiden flight, has operated in a number of Atlas
Centaur configurations, making over 100 flights. This
configuration later became known as the Atlas 2, 2A and
2AS, which by 2001 had together made almost 50
flights. The new Atlas 3, which first flew in 1999, and
the Atlas 5 fleets (there is no Atlas 4) will use a Russian
first-stage engine. The Atlas 2 fleets will be retired in
2002, leaving the Atlas 3 and 5 offering launches to
geostationary transfer orbit within the 4- to 8.6-tonne
range. The Atlas 5 has been built primarily as a US Air
Force launcher, under the Evolved Expendable Launch
Vehicle programme.

atlas, star Collection of charts on which are plotted the
positions of stars and, usually, numbers of deep-sky
objects, over the whole of the sky or between certain
limits of declination, down to a certain LIMITING
MAGNITUDE. The classic star atlases of the 17th and
18th centuries in particular are now appreciated for
their beauty. The 19th century saw a division appear
between atlases produced for professional and for
amateur astronomers, and the emergence of the

photographic atlases. Today’s professionals have little

atlas, star

V Atlas An Atlas 2 is launched
in 1966. The rocket is carrying

an Agena target vehicle

towards a rendezvous with

Gemini 11.
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atmosphere

¥ atmosphere The Earth’s
atmosphere consists of the
troposphere, extending from
ground level to a height of
between 8 and 17 km

(5-10 mi); the stratosphere
extends up to about 50 km
(80 mi); the mesosphere,
between 50 and about 80 km
(50 mi); the thermosphere from
about 80 up to 200 km

(125 mi); beyond this lies the
exosphere.

Concorde 10km
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use for printed atlases, and amateurs are beginning to
rely more on virtual atlases than on printed ones.

Until the 17th century, accuracy of position in atlases
was often the victim of artistic licence, stars being placed
where they looked best on intricately drawn constellation
figures. The first truly modern atlas was Johann BAYER’s
Uranometria of 1603, which plotted accurate positions
from Tycho BRAHE’s star catalogue, distinguished between
different magnitudes, and introduced the practice of
labelling stars with Greek letters (see BAYER LETTERS); the
allegorical constellation figures were depicted faintly to the
stars. Other notable atlases, based on observations by their
originators, were those of Johannes HEVELIUS and John
FLAMSTEED. The last great general all-sky ‘artistic’ star
atlas was Johann BODE’s Uranographia (1801), which
showed over 17,000 stars and nebulae on huge pages with
beautifully engraved constellation figures.

The 19th and 20th centuries saw the introduction of
photographic atlases for the professional, such as the
CARTE DU CIEL and the PALOMAR OBSERVATORY SKY SUR-
VEY, and the appearance of atlases for amateur
observers. The most venerable is perhaps Norton’s Star
Atlas, by Arthur Philip Norton (1876-1955), first pub-
lished in 1919 and with its 20th edition planned for
2002. The lavish two-volume Moillennium Star Atlas
(R.W. Sinnott and M. Perryman, 1997), showing stars
to magnitude 11, may be the last such large printed star
atlas for the amateur observer, now that virtual atlases
are readily available (see SOFTWARE).

atmosphere Gaseous envelope that surrounds a planet,
satellite or star. The characteristics of a body that
determine its ability to maintain an atmosphere are the
temperature of the outer layers and the ESCAPE
VELOCITY, which is dependent on the body’s mass.
Small bodies, such as the Moon, Mercury and the
satellites of the planets in our Solar System (apart from
TITAN and TRITON), do not have any appreciable
permanent atmosphere. The escape velocity for these
bodies is sufficiently low for it to be easily exceeded by
gas molecules travelling with the appropriate thermal
speeds for their masses and temperature. The speed of a
gas molecule increases with temperature and decreases
with the molecular weight. Consequently, the lighter
molecules, such as hydrogen, helium, methane and
ammonia, escape more readily to space than the heavier
species, such as nitrogen, oxygen and carbon dioxide.
MERCURY has a transient, tenuous atmosphere,
consisting of material that it captures from the SOLAR
WIND, which it retains for a short period. In the cold
outer reaches of the Solar System, PLUTO and Triton
have potential atmospheric gases frozen out on their
surfaces. When Pluto is close to perihelion (as in the late
20th century), the gases sublime to produce a tenuous
atmosphere of methane and ammonia. It is estimated
that these gases will refreeze on to the surface by about
the year 2020.

The primary atmospheres of the bodies in the Solar
System originated from the gaseous material in the
SOLAR NEBULA. The lighter gases were lost from many of
these objects, particularly the terrestrial planets VENUS,
EARTH and MARS, which now have secondary atmos-
pheres formed from internal processes such as volcanic
eruptions. The main constituent of the atmospheres of
Venus and Mars is carbon dioxide (CO,); the main con-
stituents of the Earth’s atmosphere are nitrogen and oxy-
gen (approximately 78% and 21% by volume,
respectively). Free oxygen in the Earth’s atmosphere is
uniquely abundant and is believed to have accumulated
as a result of photosynthesis in algae and plants. Earth’s
is thus regarded by some authorities as a tertiary atmos-
phere. The only other significant nitrogen atmosphere
found in the Solar System is on Titan, the largest satellite
of Saturn, although nitrogen gas produces the active
geyser-like plumes observed on Triton. Only the giant
outer planets, JUPITER, SATURN, URANUS and NEPTUNE,
still retain their primordial atmospheres of mainly hydro-

gen and helium. However, these major planets are also
surrounded by envelopes of escaped hydrogen. Titan,
00, is associated with a torus of neutral hydrogen atoms,
which have escaped from the satellite’s upper atmos-
phere and populate the satellite’s orbit. It is also possible
for a body to gain a temporary atmosphere through a
collision with an object containing frozen gases, such as a
cometary nucleus.

The gaseous layers of an atmosphere are divided into a
series of regions organized on the basis of the variation of
temperature with altitude. For worlds with definite solid
surfaces, such as the Earth, Venus, Mars and Titan, the
levels start from the ground and relate to existing obser-
vations. The outer planets are huge gaseous bodies with
no observable solid surface, and with atmospheres that
have been investigated to just beneath the cloud tops.
Consequently, the characteristics of the lowest layers are
based upon theoretical models and the levels usually start
from a reference level at which the pressure is 1 bar. The
names given to the various structured layers of the terres-
trial atmosphere are also applied to all other planetary
atmospheres. The precise variation of the atmospheric
temperature with altitude depends on the composition of
the atmosphere and the subsequent solar (and internal)
heating and long-wave cooling at the various levels.

The lowest layer is the TROPOSPHERE, which on the
Earth extends from sea level, where the average pressure
is 1 bar, to the TROPOPAUSE, at an altitude of between
5-8 km (3—5 mi) at the poles and 14-18 km (9—-11 mi) at
the equator. This region contains three-quarters of the
mass of the atmosphere; it is the meteorological layer,
containing the cloud and weather systems. The tropos-
phere is heated from the ground and the temperature
decreases with height to the tropopause, where the tem-
perature reaches a minimum of approximately 218 K at
the poles and 193 K over the equator. Above the
tropopause, the temperature increases with height
through the STRATOSPHERE because the heating from
ozone (0;) absorption dominates the long-wave cooling
by CO,. The temperature increases to about 273 K at an
altitude of 50 km (31 mi), which marks the stratopause.
In the Earth’s atmosphere, the region between 15 and
50 km (9 and 31 mi), where the ozone is situated, is
often called the ozonosphere. Beyond the stratopause the
temperature again decreases with altitude through the
MESOSPHERE to the atmospheric minimum of 110-173 K
at the mesopause, which lies at an altitude of 86 or
100 km (53 or 62 mi) at different seasons. The atmos-
phere at these levels is very tenuous and is therefore sen-
sitive to the heating from the Sun. Consequently, this
region and the further layers of the atmosphere have a
significant diurnal temperature cycle. Beyond the
mesopause, we enter the THERMOSPHERE, where the tem-
perature increases with height until it meets interplane-
tary space. The heating that produces this layered
structure is primarily created by the absorption of far-
ultraviolet solar radiation by oxygen and nitrogen in the
atmosphere. Solar X-rays also penetrate through to the
mesosphere and the upper atmospheric layers, which are
therefore sensitive to changes in the solar radiation and
atmospheric chemistry. The solar ultraviolet radiation
photo-ionizes the atmospheric constituents in these
outer layers to produce ionized atoms and molecules;
this results in the formation of the IONOSPHERE at an alti-
tude of about 60-500 km (40-310 mi). This region is
also the domain of METEORS and AURORAE, which regu-
larly occur in the upper atmosphere. Above 200-700 km
(120-430 mi) is the EXOSPHERE, from which the atmos-
pheric molecules escape into space.

The individual planetary atmospheres each possess
some or all of these basic structures but with specific
variations as a consequence of their size, distance from
the Sun, and atmospheric chemistry. The massive CO,
atmosphere of Venus has a deep troposphere, which
extends from the surface to an altitude of about 100 km
(62 mi). About 90% of the volume of the atmosphere is
contained in the region between the surface and 28 km



(17 mi). Venus has no stratosphere or mesosphere but
does have a thermosphere. Its planetary atmosphere is,
therefore, quite different from that of the Earth.

By terrestrial standards, the Martian atmosphere is
very thin, since the surface pressure is only 6.2 millibars.
The atmosphere does have some similarity in the vertical
layering, however, with the presence of a troposphere,
stratosphere and thermosphere. During the global dust
storms, the structure of the Martian troposphere may
change dramatically to an isothermal layer (that is, one
with a constant temperature throughout) or may even
display an inversion. However, there is much less ozone
in the Martian atmosphere than in that of Earth, so there
is no reversal in the temperature gradient as there is in
the terrestrial stratosphere. Lower temperatures are
found in the Martian thermosphere as a consequence of
the CO, cooling effect.

The basic structure of the atmospheres of the outer
planets resembles that of the Earth. There is a tropos-
phere, which extends to unknown depths beneath the
clouds, and a well-defined stratosphere, created by the
heating due to absorption of solar radiation by methane
(CH,). Knowledge of the higher levels of the atmospheres
is still incomplete. Titan has a well-defined atmospheric
structure, comprising a troposphere, stratosphere and
thermosphere, created more by the complex aerosol
chemistry than by gaseous composition alone.

These atmospheric structures vary on a local scale as a
consequence of the planetary weather systems. The atmos-
phere of the Earth receives its energy from the Sun. The
atmosphere (including clouds) reflects 37% of the incident
radiation back to space and absorbs the remainder, which
becomes redistributed so that 48% of the incident radiation
actually reaches the Earth’s surface, which then reflects 5%
of the total directly back to space. The surface reradiates
most of its absorbed energy back into the atmosphere as
long-wave radiation, with a small amount (8%) passing
directly to space. The heated atmosphere reradiates some
of the long-wave radiation to the surface while a portion
(50%) is ultimately lost to space. The atmosphere behaves
like a giant heat engine, trying to balance the absorbed
solar energy with the long-wave radiation emitted to space:
the small imbalances that are always present give rise to the
weather, and any longer-term variations produce changes
in climate. In the Earth’s atmosphere, clouds, which cover
approximately 50% of the surface, are a key factor in
weather and climate because a small change in their geo-
graphical and vertical distribution will have a profound
effect on the environment.

Exploration of the Solar System has now provided a
unique opportunity to examine the weather systems of all
the planetary atmospheres. They have very different
properties: Venus’ atmosphere is slowly rotating and total-
ly covered with cloud; Mars’ thin atmosphere is strongly
affected by the local topography and annual global dust
storms; and the outer planets Jupiter, Saturn and Neptune
have huge, rapidly rotating gaseous envelopes and meteo-
rologies that are largely driven by the planets’ internal
sources of energy. These planetary atmospheres of the
Solar System are natural laboratories for investigating geo-
physical fluid dynamics.

atmospheric extinction Reduction in the brightness
of light from astronomical objects when it passes
through the Earth’s atmosphere. The atmosphere
attenuates the light from these objects so that they
appear fainter when seen from the surface than they
would outside the atmosphere. This is caused by
absorption and scattering by gas molecules, dust and
water vapour in the atmosphere. The amount of
extinction is variable and can be determined by
measuring the  brightness of standard stars
photometrically. Atmospheric extinction 1is most
pronounced close to the horizon, where astronomical
bodies are observed through a greater volume of air.

atmospheric pressure Force exerted by the gas

ATMOSPHERIC REFRACTION

Altitude (a) in Refraction (R)
degrees above horizon in arcminutes
15° 3.69

20° 2.79

25° 219

30° 1.79

35° 1.49

40° 1.29

45° 1.09

50° 0.89

653 0.79

60° 0.69

65° 0.59

70° 0.49

80° 0.29

90° 0.0
Atmospheric refraction at a pressure of one atmosphere
(1013.25 millibars) and a temperature of 283 K

forming an atmosphere on a unit area. The units are
pascals (Pa), with 1 Pa = 1 N/m? Commonly
encountered non-SI units are the bar or millibar (1 bar
= 10° Pa) and the atmosphere (1 Atm = 101,325 Pa).
Sea-level pressure on the Earth is around 10° Pa,
surface pressures on Venus and Mars are 9.2 X 10° Pa
and 620 Pa respectively. Atmospheric pressure
represents the weight of a vertical column of the
atmosphere whose cross-section is 1 m?2.

atmospheric refraction Small increase in the apparent
altitude of a celestial object, as viewed by an observer on
the surface of the Earth, caused by light from the object
changing direction as it passes through the Earth’s
atmosphere. When light passes from one medium to
another it is bent, or refracted, and the same is true
when light from a star passes from the vacuum of space
into the Earth’s atmosphere. The result is to make the
object appear at a higher altitude than is really the case,
and the nearer it is to the horizon, the more pronounced
the effect, even causing objects below the horizon to
appear visible. The degree by which the light is refracted
is also dependent on atmospheric pressure and
temperature. All astronomical observations have to be
corrected for atmospheric refraction to obtain true, as
opposed to apparent, positions.

ATNF Abbreviation of AUSTRALIA TELESCOPE NATIONAL
FACILITY

atom Smallest part of an ELEMENT. Atoms have a
NUCLEUS containing PROTONS and NEUTRONS, together
with a surrounding cloud of ELECTRONS (see ATOMIC
STRUCTURE). The nucleus is positively charged, and
contains almost all the mass of the atom. The mass of the
atom is called the atomic mass, symbol A, and is given
approximately in ATOMIC MASS UNITS by the total
number of protons and neutrons in the nucleus. The
number of protons in the nucleus is the atomic number,
symbol Z, and it determines the element to which the
atom belongs. In the normal atom there are equal
numbers of protons and electrons, so that the atom as a
whole is electrically neutral. If an atom loses or gains one
or more electrons it becomes an ION. The number of
neutrons in the nucleus may vary and results in the
different 1ISOTOPES of the element.

There are a number of variations in the nomenclature
for atoms. Amongst the commonest are the chemical
symbol plus atomic number and mass as superscripts
and subscripts, for example: FeZ,,, °Fessq,, or
,6F'e33847. Here, the atomic mass is the average for the
element as it is found on Earth with the isotopes in their
natural abundances. When an individual isotope is sym-
bolized, the atomic mass will be much closer to a whole
number. Thus the naturally occurring isotopes of iron
on Earth are Fe2yyo (5.8%), Fe2lys (91.7%) and

atom
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atomic mass unit

» atomic structure The
Bohr-Sommerfeld model of
atomic structure visualizes
electrons orbiting around the
nucleus in discrete shells. The
first three shells are: K (blue),
which can contain a maximum
of two electrons; L (red), which
can contain a maximum of
eight electrons; and M (yellow),
which has a maximum of
eighteen.
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Fe28 435, (2.2%). An isotope may also be written down as
the element name or symbol followed by the number of
nuclear particles, for example iron-56 or Fe-56 or in the
previous notation FeZS.

atomic mass unit (amu) Unit used for the masses of
ATOMS. It is defined as one-twelfth of the mass of the
carbon-12 isotope. It is equal to 1.66033 X 10727 kg.

atomic structure The gross structure of an ATOM
comprises a nucleus containing PROTONS and NEUTRONS,
together with a surrounding cloud of ELECTRONS. The
nucleus has a density of about 2.3 X 10 kg/m? and is a
few times 10™'° m across. The atom as a whole has a size a
few times 10~ ' m (note that neither the size of the nucleus
nor of the atom can be precisely defined). Although there
is structure inside the nucleus, the term ‘atomic structure’
is usually taken to mean that of the electrons.

Quantum mechanics assigns a probability of existence
to each electron at various points around the nucleus,
resulting in electron orbitals. While the quantum mechan-
ical description may be needed to describe some aspects
of the behaviour of atoms, the conceptually simpler
Bohr-Sommerfeld model is adequate for many purposes.
This model was proposed in 1913 by the Danish physicist
Niels Bohr (1885-1962). It treats the subatomic particles
as though they are tiny billiard balls and the electrons
move in circular orbits around the central nucleus. Differ-
ent orbits correspond to different energies for the elec-
trons, and only certain orbits and hence electron energies
are permitted (that is, the orbits are quantized). Arnold
Sommerfeld (1868-1951, born in East Prussia at Konigs-
berg, now Kaliningrad) modified the theory in 1916 by
adding elliptical orbits. When an electron changes from
one orbit to another a PHOTON is emitted or absorbed, the
wavelength of which corresponds to the energy difference
between the two levels. Since the orbits are fixed, so too
are the energy differences, and thus the photons are emit-
ted or absorbed at only specific wavelengths, giving rise to
the lines observed in a SPECTRUM.

The electron energies are determined by quantum
numbers; the principal quantum number, 7, the azimuthal
quantum number, /, the magnetic quantum number, 7z,
and the spin, m,. These numbers can take values: n =1, 2,
3,4, ...0050=0,1,2, ...m— 13m =0, 1, £2, .. £I;
m, = *5. The value of # determines the shell occupied by
the electron, with » = 1 corresponding to the K shell,
n = 2 to the L shell, » = 3 to the M shell, and so on. The
value of / determines the ellipticity of the orbit, /=n — 1
gives a circular orbit; smaller values of / correspond to
increasingly more elliptical orbits.

The PAULI EXCLUSION PRINCIPLE requires that no two
electrons within an atom can have the same set of quan-
tum numbers, and its operation determines the electron

structure of the atom and so the properties of the chemical
elements. For n = 1, the other quantum numbers must be
1= 0, m =0, and m, = *3. The K shell can thus contain at
most two electrons, with quantum numbers, n = 1, /= 0,
m=0,m;=+3andn=1,/=0,m =0, and m, = —3.
Thus we have helium with two electrons in the K shell and
a nucleus with two protons and (normally) two neutrons.
Hydrogen has just one electron in the K shell. But the
third element, lithium, has to have one electron in the L
shell as well as two in the K shell, and so on. The maxi-
mum number of electrons in each shell is 272, so the L.
shell is filled for the tenth element, neon, and the eleventh,
sodium, has two electrons in the K shell, eight in the L.
shell, and one in the M shell. Atoms with completed shells
are chemically very unreactive, giving the noble gases,
helium, neon, argon, krypton, xenon and radon.

atomic time System of accurately measuring intervals
of time based on the transitions between energy levels of
the caesium-133 atom. When an atom of caesium
changes from a lower-energy level to a higher one, it
absorbs radiation of a very precise frequency, namely
9,192,631,770 Hz. This varies by less than one part in
10 billion and has therefore been used to define the
basic unit of time, the SI second, which is used in
international timekeeping. In 1967 the SI second was
defined as being ‘the duration of 9,192,631,770 periods
of the radiation corresponding to the transition between
two hyperfine levels of the ground state of the caesium-
133 atom’.

Prior to this, the second was defined in terms of the
mean solar day and astronomical observations provided a
definitive measure of time to which clocks were accord-
ingly adjusted to keep them in step. The Earth, however,
is not a good timekeeper; its rotation rate is irregular and
slowing due to the effects of tidal braking. With the advent
of more accurate quartz clocks, followed in 1955 by the
caesium-beam atomic clock, it therefore became neces-
sary to re-define the standard unit for measuring time.
Today’s atomic clocks are now accurate to one second
within a few thousand years and are used to form INTER-
NATIONAL ATOMIC TIME (TAI). See also TIMEKEEPING

AU Abbreviation of ASTRONOMICAL UNIT

aubrite (enstatite achondrite) Subgroup of the
ACHONDRITE meteorites. Aubrites are highly reduced
meteorites with mineralogies and oxygen isotopic
compositions  similar to those of ENSTATITE
CHONDRITES, leading to the suggestion that aubrites
might have formed by partial melting of an enstatite
chondrite precursor.

Aura Abbreviation of ASSOCIATION OF UNIVERSITIES FOR
RESEARCH IN ASTRONOMY

Auriga See feature article

aurora [llumination of the night sky, known popularly as
the northern and southern lights, produced when elec-
trons accelerated in Earth’s MAGNETOSPHERE collide with
atomic oxygen and molecular and atomic nitrogen in the
upper atmosphere, at altitudes in excess of 80 km (50 mi).
These collisions produce excitation, and as the atmos-
pheric particles return to their ground state, they re-emit
the excess energy as light at discrete wavelengths; aurorae
are often coloured green and red.

Geographically, the aurora is present more or less per-
manently in two oval regions, encircling either geomagnet-
ic pole. The ovals show a marked offset, being on average
20° from the pole on the dayside, 30° on the nightside.
Under normal conditions, the ovals remain comparatively
narrow and are confined to high latitudes. Release of stress
within the magnetosphere gives rise to occasional brighten-
ings of the ovals, with a westward-travelling surge of
increased activity during substorms, of which as many as
five may occur each day even in quiescent conditions.



The rather more major disturbances brought about by
GEOMAGNETIC STORMS, following the arrival of energetic,
highly magnetized plasma thrown from the Sun during
CORONAL MASS EJECTION or FLARE events, can dramatical-
ly alter the configuration of the auroral ovals. During the
biggest disturbances, each oval brightens and broadens,
particularly on the nightside, pushing auroral activity
towards the equator. During such expansions, the aurora
can become visible from lower latitudes, such as those of
the British Isles and southern USA. Aurorae at these lati-
tudes are most commonly seen a year or so ahead of
sunspot maximum, with a secondary, less intense peak
12—-18 months after sunspot maximum.

During a major display at lower latitudes, the aurora
may first appear as a structureless glow over the pole-
wards horizon. The glow may rise higher, taking on the
form of an arc, with folding giving rise to a ribbon-like
structure described as a band. Arcs and bands may be
homogeneous, lacking internal structure, or may show
long, vertical striations known as rays. Individual rays can
appear like searchlight beams, stretching over the hori-
zon. Where a rayed band has a high vertical extent, its
movement gives rise to the commonly portrayed ‘curtain’
effect. If a display is particularly intense, the rays and
other features may pass overhead and on into the equa-
torwards half of the sky. At this stage — which is compara-
tively rare in displays at lower latitudes — the aurora takes
on the form of a corona, with rays appearing to converge
on the observer’s magnetic zenith as a result of perspec-
tive. Corona formation often marks the short-lived peak
of an auroral display, following which activity again
retreats polewards. In the most major low-latitude storms
— perhaps three or four times in each roughly 11-year
sunspot cycle — activity may go on all night, with several
coronal episodes separated by quieter interludes.

As well as showing occasionally rapid movement, auro-
ral features change in brightness. Some changes are slow
(pulsing), others rapid (flaming — waves of brightening
sweeping upwards from the horizon). No two displays are
ever quite the same, and at lower latitudes the most an
observer might see on many occasions are simply the
upper parts of a display as a horizon glow towards the pole.
It is from this appearance, the ‘northern dawn’ (a descrip-
tion first used in the 6th century by Gregory of Tours),
that the aurora borealis takes its name.

Increased auroral activity is often found in the declin-
ing years of the sunspot cycle at times when Earth
becomes immersed in persistent high-speed SOLAR WIND
streams. These coronal hole-associated aurorae are
much less dynamic and extensive than the events that
follow coronal mass ejections, and they often recur at
intervals of 27 days, roughly equivalent to the Sun’s rota-
tion period as seen from Earth. Activity from these dis-
plays usually comprises a quiet homogeneous arc, with
only occasional rayed outbursts, and often lasts for sev-
eral successive nights.

Auroral rayed bands may have a vertical extent of sev-
eral hundred kilometres and a lateral extent covering tens
of degrees in longitude. Their base extent in latitude,
however, is only a few kilometres, reflecting the narrow
field-aligned sheets along which electrons undergo their
final acceleration in the near-Earth magnetosphere
before impacting on the upper atmosphere.

The aurora shows an emission spectrum that is
brightest at its red end. The human eye, however, is
most sensitive to the green oxygen 557.7 nm emission,
which predominates in the aurora at altitudes of about
100 km (62 mi). Higher up, from about 150-600 km
(90-370 mi) altitude, red oxygen emissions are found;
auroral rays often show a colour gradation from green at
their base to red at the top. At extreme altitudes of
1000 km (600 mi), molecular nitrogen can produce pur-
ple emissions under further excitation by solar ultraviolet
radiation. During intense displays, the lower border of
bands may show red nitrogen emissions.

Tonization produced during auroral activity enhances
the ionospheric E layer at 112 km (70 mi) altitude. Radio

AURIGA (GEN. AURIGAE, ABBR. AUR)

orthern constellation,

fainter than mag. 8-9.

BRIGHTEST STARS

Name RA dec. Visual Absolute

h m ° ! mag. mag.

o« Capella 05 17 +46 00 0.08 -0.5
B Menkalinan 06 00 +44 57 1.90 -0.1
0 06 00 +37 13 2.65 -1.0
L 04 57 +3310 2.69 -3.3
mn 05 07 +41 14 3.18 -1.0

representing a charioteer (possibly Erichtonius,

legendary king of Athens and inventor of the four-horse chariot), between
Perseus and Gemini. It is easily recognized by virtue of CAPELLA, at mag. 0.1 the
sixth-brightest star in the sky. EPSILON AURIGAE is a remarkable eclipsing binary,
mag. range 3.7-4.0, period 27.1 years — the longest of any such known star; anoth-
er eclipsing binary is ZETA AURIGAE. The constellation’s deep-sky objects include
the open clusters M36, M37 and M38, which each contain several dozen stars

aurora

Spectral Distance
type (Ly.)
G2 + G6 42
A2 82
A0 173
K3 512
B3 219

operators can use the aurora to scatter short-wave signals
over longer-than-normal distances to make ‘DX’ contacts.
Doppler shifts allow radar measurements of the particle
motions in auroral arcs.

References to the aurora are found in pre-Christian,
Greek, Chinese, Japanese and Korean texts. European
medieval church records often mention ‘battles’ in the sky,
equating the auroral red emissions with blood; such
imagery also appears in Viking chronicles. Treated with
due caution, such records provide useful information on
solar-terrestrial activity from pre-telescopic times.

Scientific investigations of the aurora began in earnest
in the 18th century, with the work of Edmond HALLEY,
Jean-Jacques de Mairan (1678-1771) and others. The
first modern account of the aurora australis was made by
Captain Cook in 1773. The long-suspected connection
between solar activity and the aurora was confirmed
when a major solar flare was observed in 1859, followed a
day or so later by a huge auroral storm. Theoretical work
and experiments by Kristian Birkeland (1867-1917) and
Carl Stormer (1874-1957) in the early 20th century
began to clarify some of the mechanisms by which the
aurora occurs. Stormer undertook an intensive pro-
gramme of parallactic auroral photography from Norway
beginning in 1911. Great progress in understanding the
global distribution of auroral activity was made during

< aurora The colours in
aurorae are an indication of the
height at which particles in the
Earth’s atmosphere are being
jonized: the red areas are
higher than the green.
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Australia Telescope Compact Array

PRINCIPAL AURORAL EMISSIONS

wavelength (nm)
391.4
427.8
577.7
630.0
636.4
661.1
676.8

relative intensity

47.4
24.4
100.0

10 to 600
3 to 200

emitting species typical altitude (km) visual colour
molecular N 1000 violet-purple
molecular N 1000 violet-purple
atomic O 90-150 green

atomic O >150 red

atomic O >150 red

atomic N 65-90 red

atomic N 65-90 red
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the INTERNATIONAL GEOPHYSICAL YEAR of 1957-58. Cur-
rent models owe much to the work of the Japanese
researcher Syun-Ichi Akasofu (1930-).

Continuing investigations of the aurora, which is the
most visible of several effects on near-Earth space result-
ing from the Sun’s varying activity, are further aided by
observations from spacecraft, which can directly sample
particles in the solar wind and magnetosphere, and image
the auroral ovals from above.

Australia Telescope Compact Array See AUSTRALIA
TELESCOPE NATIONAL FACILITY

Australia Telescope Long Baseline Array See
AUSTRALIA TELESCOPE NATIONAL FACILITY

Australia Telescope National Facility (ATNF) Set of
eight radio telescopes that can be used either individually
or together. Six of the telescopes, at Narrabri in New
South Wales, constitute the Australia Telescope Compact
Array. Each dish has an aperture of 22 m (72 ft). A
seventh 22-m antenna, the Mopra Telescope, is located
near SIDING SPRING OBSERVATORY, 100 km (60 mi) to the
south-west. The final component is the PARKES RADIO
TELESCOPE, a further 220 km (140 mi) away. When all
eight instruments are used together they constitute the
Australia Télescope Long Baseline Array. The ATNF is
funded by the Commonwealth Scientific and Industrial
Research Organisation (CSIRO).

autoguider Electronic device that ensures a TELESCOPE
accurately tracks the apparent movement of a celestial
object across the sky. Although a telescope is driven about
its axes to compensate for the rotation of the Earth, it is still
necessary to make minor corrections, particularly during
the course of a long observation. An autoguider achieves
this by using a photoelectric device, such as a quadrant
photodiode or a CCD, to detect any drifting of the image.
The light-sensitive surface of the detector is divided into
four quarters, with light from a bright guide star in the field
of view focused at the exact centre. If the image wanders
from the centre into one of the four quadrants, an electrical
current is produced. By knowing from which quadrant this
emanated, it is possible to correct the telescope drive to
bring the image back to the exact centre again.

autumnal equinox Moment at which the Sun’s centre
appears to cross the CELESTIAL EQUATOR from south to
north, on or near September 23 each year at the FIRST
POINT OF LIBRA. At the time of the EQUINOX, the Sun is
directly overhead at the equator and rises and sets due east
and due west respectively on that day, the hours of daylight
and darkness being equal in length. The term is also used
as an alternative name for the First Point of Libra, one of
the two points where the celestial equator intersects the
ECLIPTIC. The effects of PRECESSION cause these points to
move westwards along the ecliptic at a rate of about one-
seventh of an arcsecond per day. See also VERNAL EQUINOX

Auwers, (Georg Friedrich Julius) Arthur
(1838-1915) German astronomer, a specialist in
astrometry, and a founder of Potsdam Astrophysical
Observatory. He compiled many important star catalogues,
and computed the orbits of the binaries Sirius and Procyon
before astronomers confirmed the existence of those bright
stars’ faint companions by direct observation.

Auzout, Adrien (1622-91) French astronomer who,
independently of William GASCOIGNE, invented the
micrometer. He developed the wire micrometer for
measuring separations in the eyepiece, and was one of the
first to fit graduated setting circles to telescopes to
facilitate the measurement of coordinates. As a member
of the ‘Paris School’ of scientists, which also included
Giovanni Domenico Cassini, Jean Picard, Ole Romer and
Christiaan Huygens, Auzout was instrumental in
founding PARIS OBSERVATORY.

averted vision Technique for viewing faint objects
through a telescope. The retina of the eye is equipped
with two different types of photoreceptors: cone cells
and rod cells. Cone cells are responsible for colour
vision and respond only to high levels of light; rod cells
are more sensitive to light, but do not provide colour
vision. This is why colours cannot be seen under low
levels of light. The fovea, a small area of the retina
located directly behind the lens, contains only cones, so
when one looks directly at an object, no rods are used. A
dim object that cannot be seen when viewed directly will
often come into view if one looks slightly to the side.
This allows light from the object to fall on a region of
the retina populated by rods, which are about 40 times
(equivalent to a difference of 4 stellar magnitudes) as
sensitive as cones. The best averted vision is achieved
when the object is about 8° to 16° away from the fovea,
towards the nose. The regions above and below the
fovea are almost as sensitive, but the area towards the
ear should be avoided since the blind spot (where the
optic nerve enters the eye) is 13° to 18° in that direction.

Avior The star e Carinae, visual mag. 1.86 (but slightly
variable), distance 632 l.y., spectral type K3 III. The name
Avior is of recent application and its origin is unknown.

AXAF Abbreviation for Advanced X-Ray Astrophysics
Facility. It was renamed the CHANDRA X-RAY OBSERVATORY.

axion Elementary particle proposed to explain the lack of
CP (Charge and Parity) violation in strong interactions.
Axions have been proposed as a type of COLD DARK
MATTER, the mass of which contributes to the gravitational
potential in galaxy haloes, thus helping to explain the radial
velocity curves of galaxies. Recent background radiation
measurements and Hubble Space Telescope observations
of brown dwarfs in the haloes of galaxies have limited the
need for axions in cosmology.

axis Imaginary line through a celestial body, which joins
its north and south poles, and about which it rotates or
has rotational symmetry. The angle between this spin
axis and the perpendicular to its orbital plane is called
the axial inclination, which in the case of the Earth is
23°.45. In the cases of Venus, Uranus and Pluto, the
values exceed 90° because their axial spins are
RETROGRADE. The gravitational pull of the Sun and
Moon on the Earth’s equatorial bulge causes its
rotational axis to describe a circle over a period of
25,800 years, an effect known as PRECESSION. If a body
possesses a magnetic field, its rotational and magnetic
axes do not necessarily coincide. On the Earth the two
are inclined at about 10°.8 to one another, while on
Uranus the magnetic axis lies at 58°.6 to the rotational
axis and is also offset from the centre of the planet.

azimuth Angular distance of an object measured
westwards around the horizon from due north at 0°,
through due east at 90°, due south at 180° and so on. An
object’s azimuth is determined by the vertical circle
(meridian) running through it. Azimuth is one of the
two coordinates in the horizontal (or horizon)
coordinate system, the other being ALTITUDE. See also
CELESTIAL COORDINATES

Azophi Latinized name of AL-SUFT



BAA Abbreviation of BRITISH ASTRONOMICAL ASSOCIATION

Baade, (Wilhelm Heinrich) Walter (1893-1960) Ger-
man-American astronomer who used the large reflecting
telescopes at Mount Wilson and Palomar Observatories
to make many fundamental discoveries about the Milky
Way’s stellar POPULATIONS and the size of the observable
Universe. From 1919 to 1931 Baade worked at Ger-
many’s Hamburg Observatory, where he made many
observations of a wide variety of celestial objects —
comets, asteroids, variable stars and star clusters, and
galaxies. He discovered the unusual asteroids HIDALGO
(1920) and ICARUS (1949). His skills as an observer were
recognized by the Rockefeller Foundation, which award-
ed him a scholarship in 1929 to pursue his work at
Mount Wilson Observatory. Two years later he became
a staff member there, where he remained until 1959,
using the 100-inch (2.5-m) Hooker Telescope and, later,
Mount Palomar’s 200-inch (5-m) Hale Telescope, to
accumulate a large number of high-quality photographic
plates of the Milky Way’s stars, clusters and nebulae, as
well as many galaxies.

In 1934 Baade proposed, with Fritz ZwICKY, that neu-
tron stars were the end product of SUPERNOVAE and that
many cosmic rays originated from these violent explo-
sions of supermassive stars. With Zwicky and Rudolph
MINKOWSKI he classified supernovae into two types that
differed in their absolute magnitudes and spectral char-
acteristics. With Minkowski, he identified the optical
counterparts of the Cygnus A and Cassiopeia A radio
sources. Observing extensively during the World War II
blackout of Los Angeles, which darkened Mount Wil-
son’s skies, Baade was able to resolve for the first time
stars in the core of the ANDROMEDA GALAXY (M31), as
well as in its companions, M32 and NGC 205. In 1944
he announced that the Milky Way consists of younger,
metal-rich, highly luminous (usually blue) Population I
stars found mostly in our Galaxy’s spiral arms, and
older, reddish Population II stars of the galactic nucleus
and halo. Baade also discovered that there are two popu-
lations of CEPHEID VARIABLES. In 1952 and 1953 he used
the new Hale Telescope to measure more accurately the
brightness of Cepheid and RR LYRAE VARIABLES. He
found no Cepheids in M31, but they should have been
visible if the galaxy lay at the distance then currently
believed, so he reasoned that M31 had to be at least
twice as distant — a discovery that necessitated the dou-
bling of the cosmic distance scale.

Baade’s Window Best known of several small regions
in the sky where there is a partial clearing of the dust
clouds towards the centre of the Milky Way galaxy.
Through these ‘windows’ it is possible visually to
observe objects that are within and beyond the central
bulge of the Galaxy. Baade’s window is about three-
quarters of a degree northwest of y Sgr and surrounds
the globular cluster NGC 6522. It is 4° east of the galac-
tic centre and so lines-of-sight through the window pass
within about 1800 l.y. of the centre. The region is named
after Walter BAADE.

Babcock, Harold Delos (1882-1968) American
astronomer who, as a long-serving staff member at Mount
Wilson Observatory (1908-48), made many discoveries
about solar and stellar magnetic fields. In 1908 he detect-
ed an extremely weak solar magnetic field. After several
decades of studying the solar spectrum with a magneto-
graph, he was able accurately to measure the strength of
the Sun’s magnetic field and its variability. With his son
Horace BABCOCK, he discovered that other stars possess
strong magnetic fields.

Babcock, Horace Welcome (1912- ) American
astronomer at the Mount Wilson Observatory and the son
of Harold BABCOCK, with whom he co-invented the solar
magnetograph, an instrument used to study the Sun’s
magnetic field and its variation. He also designed and built

many instruments for the telescopes of Mount Wilson and
Palomar Observatories, including diffraction gratings,
photometers, guiding electronics, polarizers and spectro-
graphs. He was the first (1953) to propose the technique
known as ADAPTIVE OPTICS.

Babylonian astronomy Astronomy as practised in
Mesopotamia by various cultures from early in the 2nd
millennium BC to about the 1st century AD. The city of
Babylon was the dominant influence in this region for
much of this period. It was established by King
Hammurabi (1792-1750 BC) on the banks of the
Euphrates, about 100 km (60 mi) south of Baghdad.
Apart from periods of independence, it was successively
controlled by Hittites, Kassites, Assyrians and Persians
before its conquest in 311 BC by Alexander the Great.
Thanks to the preservation of Babylonian written
records on baked clay tablets from around 700 BC
onwards, Babylonian mathematics and astronomical
observations can be traced further back than those of
other peoples. From Babylon came the sexagesimal
system of numbers, based on 60 rather than our familiar
10. The subdivisions of the hour into 60 minutes and
the minute into 60 seconds, and of the degree into 60
arcminutes and the arcminute into 60 arcseconds, are
the legacy of this system.

Like many other ancient peoples, the Babylonians used
a mixed luni-solar calendar, with extra months inserted
when necessary to correct for the fact that there are
between 12 and 13 lunar months in one year. They kept
accurate records of celestial events and eventually (¢.5th
century BC) recognized the METONIC CYCLE (that a times-
pan of 235 lunar months is very close to 19 solar years).
They set up a predictable calendar based on this relation-
ship. By studying the motions of the planets they were
able to identify cycles in their behaviour and could con-
struct predictive almanacs (ephemerides). They also rec-
ognized that the annual apparent motion of the Sun
appears to be uneven, and they developed a simple model
to allow for this when predicting its position.

Although most of the surviving Babylonian records
date from after 700 BC, a compilation of celestial omens
that supposedly warned of impending disasters, called the
Entima Anu Enlil, contains references to events dating
back to the 3rd millennium BC. This text was used to

Babylonian astronomy

V Baade’s Window The
partial clearing of dust clouds
known as Baade’s Window
allowed Walter Baade to

observe stars near the centre
of the Milky Way, including RR

Lyrae variables. He used the
period-luminosity relation to

calculate their absolute

magnitude and thus calculated

the distance of the Solar
System from the centre of

our Galaxy.
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Bacchus

» Bacchus Radar images of
asteroid (2063) Bacchus have
shown it to be about 1.5 km
(0.98 mi) long. It also appears
to be smooth in texture in
comparison with such
asteroids as Eros.

[S. Ostro (JPL/NASA)]
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interpret new omens that appeared from time to time and
their possible consequences, with a view to advising the
king on how to avoid them by performing appropriate
religious rituals. Out of the recording and interpretation of
celestial omens came ‘diaries’ of the movements of the
Sun, Moon and planets, the discovery of cycles in these
movements, and eventually a mathematical model of these
movements built around arithmetical sequences.

The precision of the Babylonian observations was
complementary to the more speculative nature of Greek
astronomy. After Alexander’s conquest of Babylon drew
their attention to Babylonian achievements, Greek
astronomers such as HIPPARCHUS became interested in
making precise observations and in developing geometri-
cal models that fitted the data.

Bacchus APOLLO ASTEROID; number 2063. Radar
images show Bacchus to have a smooth, elongated shape.
See table at NEAR-EARTH ASTEROID

background noise Intrinsic noise in the detector or the
sky background noise. For radio and infrared astronomers
the main concern is usually detector noise. For optical
astronomers, the night sky itself can be brighter than the
astronomical object being observed. In all cases
astronomers attempt to measure the background noise so
that it can be removed. See also SIGNAL-TO-NOISE RATIO

backscattering Reflection of light back towards the
direction of the light source by an angle greater than 90°.
Light may be scattered from its direction of travel by fine
particles of matter. For particles significantly larger than
the wavelength of the incident light, reflection or backscat-
tering of the light occurs. See also FORWARD SCATTERING

Baikonur Important launch centre situated in a semi-arid
desert, north-east of the Aral Sea. Now leased from
Kazakstan by Russia, it is the site from which all
Soviet/Russian manned spaceflights have been launched.
It is also known as Tyuratam.

Bailey, Solon Irving (1854-1931) American
astronomer at Harvard College (1887-1931) who pio-
neered photographic surveys of the southern skies from
Peru and South Africa. In 1889 Bailey made the first of
several expeditions to South America to find a suitable
locale for Harvard’s Boyden Station, and eventually
chose a site near Arequipa, Peru, at an altitude of
2500 m (8200 ft). From there, Bailey measured the
brightness and positions of almost 8000 stars visible only
from the southern hemisphere, and studied over 500
variable stars in the globular clusters o Centauri, M3,
M5 and M15. In 1908, from Cape Colony (modern
South Africa), Bailey completed a photographic survey
of the southern regions of the Milky Way.

Bailly Vast lunar enclosure (67°S 63°W), 298 km
(185 mi) in diameter, described as a ‘field of ruins’.
Though technically the largest of the Moon’s walled
plains, Bailly is a difficult feature to make out because of

its location at the south-west limb and its broken-down
walls. Its rims rise to heights of 4250 m (14,000 ft) in
some places, but in others are barely discernible. Bailly’s
floor lacks a central peak, but it does include two
sizeable craters, known as Bailly A and B, and many
smaller impact sites.

Baily, Francis (1774-1844) English stockbroker and
amateur astronomer whose description of the phenome-
non visible during annular and total solar eclipses now
known as BAILY’S BEADS, published in 1838, was the first
to attract attention. Baily also made the first highly accu-
rate calculation of the Earth’s mean density.

Baily’s beads Phenomenon usually seen at SECOND
CONTACT and THIRD CONTACT of a total SOLAR ECLIPSE,
when several dazzling spots of the Sun’s photosphere
become visible through depressions in the Moon’s irregu-
lar limb. Baily’s beads may also be visible when the Moon
at an ANNULAR ECLIPSE only just appears too small com-
pletely to cover the Sun. Indeed, it was at just such an
eclipse, seen from Jedburgh in Scotland on 1836 May 15,
that Francis BAILY first described the ‘row of lucid points,
like a string of bright beads’ around the Moon’s limb,
from which the phenomenon takes its name.

Baker-Schmidt camera Form of SCHMIDT CAMERA
used for photographing meteors; it incorporates design
modifications by J.G. Baker. With a typical focal ratio of
f10.67, the Baker—Schmidt camera employs near-spher-
oidal primary and secondary mirrors, together with a cor-
recting plate, which produce a wide, flat field of view and
images that are largely free from CHROMATIC ABERRATION,
ASTIGMATISM and distortion.

Ball, Robert Stawell (1840-1913) Irish astronomer, the
fourth Royal Astronomer for Ireland (1873-92). He dis-
covered several galaxies with the ‘Leviathan of Parson-
stown’, Lord ROSSE’s great 72-inch (1.8-m) reflecting
telescope. Ball supported the nebular hypothesis of the
Solar System’s origin, according to which the Sun and
planets condensed from a hot primordial cloud of gas. He
believed that meteorites were produced by terrestrial vol-
canoes and expelled by violent eruptions, falling back to
the ground after temporarily orbiting our planet.

balloon astronomy Astronomical research carried out
using instruments flown on balloons. In the late 19th cen-
tury, scientists began using balloons to lift telescopes and
other astronomical instruments above the turbulent lower
atmosphere. Even after the advent of ROCKET ASTRONOMY
and ARTIFICIAL SATELLITES, the convenience and cheap-
ness of balloons ensured their continued use for research
and testing new space technology. The development of
high-altitude balloons was an important spur for balloon
astronomy. Recent applications include study of the cos-
mic microwave background (CMB); balloons have also
been used in planetary exploration.

The first astronomical use of balloons was probably in
1874 when Jules JANSSEN sponsored two aeronauts in an
unsuccessful attempt to record the solar spectrum with a
small hand-held spectroscope. In 1899 July, an automatic
photographic spectrograph developed by Aymar de la
Baume-Pluvinel (1860-1938) demonstrated that water
vapour in the Earth’s atmosphere was showing up in the
solar spectrum. Victor HESS discovered cosmic rays with a
balloon-borne electroscope in 1912; further cosmic-ray
studies were conducted in the 1930s by twin scientists
Jean DPiccard (1884-1963) and Auguste Piccard
(1884-1962), who ascended in a balloon to above
20,000 m (65,000 ft).

The first use of a balloon-borne astronomical telescope
was by Audouin Charles Dollfus (1924—) on 1954 May
30, during an attempt to detect water vapour in the Mart-
ian atmosphere. A few years later, Dollfus and the English
astronomer Donald Eustace Blackwell (1921-) took the
first astronomical photographs from the air; their high-



resolution images of the Sun’s photosphere proved that
solar GRANULATION was the product of internal convec-
tion. Higher-flying unmanned balloons were pioneered by
Martin SCHWARZSCHILD with Stratoscope I, whose 0.3-m
(12-in.) automated Sun-pointing telescope recorded
sharper images of the granulation and the photosphere
from an altitude of 24,000 m (79,000 ft). Stratoscope II,
which carried a 0.86-m (34-in.) telescope, obtained
infrared spectra of the Martian atmosphere and red giant
stars during its first flights in 1963.

Large, high-altitude, unmanned helium balloons are
still used for both astronomical observations and for trials
of new technologies and payloads for space missions.
Observations at X-ray, gamma-ray and infrared wave-
lengths continue to be made from balloons. Some of the
most significant balloon-borne campaigns of recent years
have involved studies of the CMB.

In the Boomerang experiment (1998/1999), a balloon-
borne 1.2-m (48-in.) telescope circumnavigated Antarcti-
ca, taking measurements at four frequencies to separate
faint galactic emissions from the CMB. The resultant map
covered approximately 2.5% of the sky with an angular
resolution 35 times better than had been achieved by the
COSMIC BACKGROUND EXPLORER satellite, revealing varia-
tions as small as 0.0001 K in the temperature of the CMB.
Similar endeavours include MAXIMA (Millimetre
Anisotropy Experiment Imaging Array), balloon-borne
millimetre-wave telescopes designed to measure fluctua-
tions in the CMB. MAXIMA 1 (1998 August) observed
124 square degrees of sky, while MAXIMA 2 (1999 June)
observed roughly twice that area.

The CMB and interstellar dust in our Galaxy were also
observed by submillimetre telescopes on the 3-t French
PRONAOS (Programme National d’Astronomie Submil-
limétrique) stratospheric balloons in 1994, 1996 and
1999. The successor to PRONAOS is the Elisa interna-
tional project to observe the interstellar medium. 2000
June saw the inaugural balloon flight of Claire, the first
gamma-ray telescope to use a separate detector and col-
lector. A follow-up flight with an improved version took
place in 2001 June.

Extremely large balloons that can stay aloft for up to
100 days are now being designed. The 30-day maiden
flight of NASA’s Ultra Long Duration Balloon (ULDB),
carrying the Trans-Iron Galactic Element Recorder
(TIGER) experiment, began in Antarctica on 2001
December 21. TIGER is designed to measure the abun-
dances of elements from iron to zirconium in galactic cos-
mic rays. The ULDB is a pressurized balloon made of
extremely strong materials, such as polyester, inside which
the helium gas is sealed. The balloon maintains a constant
volume and so stays at the same altitude. The French pio-
neered the use of such balloons to explore other worlds.
Two helium balloons were delivered by Soviet VEGA
spacecraft into the atmosphere of Venus on 1985 June 11
and 15. Inflated about 54 km (34 mi) above the surface,
each lasted for about 463 hours, and travelled more than a
third of the way around the planet.

Traditional ‘Montgolfier’ hot-air or ‘zero-pressure’
balloons are much lighter and more easily deployed than
their helium counterparts, and have potential for flights
above other planets. Infrared Montgolfiers could not
operate at Mars during the very cold nights, but a novel
hot-air venting system could allow repeated, precision
soft landings. Although they would be limited to daytime
flights — up to 10 hours at lower Martian latitudes, or
perhaps months during the long polar summers — such
balloons could drag an instrumented ‘snake’ over the
surface or soft-land a large rover, re-ascend, and contin-
ue imaging before landing again, possibly with a
‘nanorover’, at dusk. Other Montgolfier balloon missions
that could explore the atmospheres of Venus, Jupiter and
Titan are under study.

Balmer lines Series of EMISSION or ABSORPTION LINES
in the HYDROGEN SPECTRUM resulting from electron
transitions down to or up from the second energy level of

Barnard, Edward Emerson

that atom. The Balmer lines are named with Greek let-
ters: Ha (or Balmer o), which connects levels 2 and 3,
falls at 656.3 nm; HB , which connects levels 2 and 4,
falls at 486.1 nm; Hy falls at 434.0 nm; Hd at 410.1 nm,
and so on. The series ends at the Balmer limit in the
ultraviolet at 364.6 nm.

Bappu, (Manali Kallat) Vainu (1927-82) Indian
astronomer and director of the Kodaikanal Observatory
who, while at Mount Wilson and Palomar Observatories,
discovered with Olin Chaddock Wilson (1909-94) the
Wilson—-Bappu effect, relating the luminosity of a late-type
star to the strength of its calcium K line. He pioneered
ultra-low dispersion spectroscopy of stars and galaxies,
and made important studies of red stars in the Magellanic
Clouds and of planetary ring systems.

bar Non-SI unit by which pressure is measured. It is par-
ticularly used in astronomy to describe the pressure in a
planetary atmosphere, one bar being equivalent to the
average atmospheric pressure on the Earth at sea level.
Atmospheric pressure is often quoted in millibars, one bar
being equal to 1000 millibars.

barium star Giant G STAR or K STAR with an excess of
carbon, barium, strontium and other heavy elements
(including those from slow neutron capture) in its
atmosphere. Barium stars have white dwarf companions.
They most likely result from MASS TRANSFER that took
place when the current barium star was a dwarf and the
white dwarf was an evolving, chemically enriched, mass-
losing giant. Barium stars are loosely related to CH and
dwarf CARBON STARS.

Barlow lens Concave (negative) LENS placed between a
telescope objective and eyepiece to increase the magnifica-
tion, usually by two or three times. The negative lens
reduces the angle of convergence of the light cone, effec-
tively making it appear to the eyepiece that the primary
has a longer focal length. It was invented in the early
1800s by English physicist Peter Barlow (1776-1872).

Barnard, Edward Emerson (1857-1923) American
astronomer noted for his discoveries of comets and

Jupiter’s satellite AMAL'THEA, and for his use of photogra-
phy to map the Milky Way. While still an amateur
astronomer he came to notice for his discovery of eight
comets, which allowed him to overcome poverty and gain

V balloon astronomy The
Boomerang balloon is shown
here just before launch, with

Mount Erebus in the

background. At a height of

35 km (22 mi), the balloon flew

above 99% of the Earth’s

atmosphere for 10 days, which

allowed it to make

unprecedented measurements

of the cosmic microwave

background radiation.
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Barnard’s Loop

V barred spiral galaxy NGC
1365 in Fornax has a prominent
bar and open arms. The blue
areas in the spiral arms are
regions of intense star
formation, caused by the
gravitational influence of the bar.
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an education at Vanderbilt University. His observing skills
won him a position at the new Lick Observatory in 1887,
where he became the first astronomer to discover a comet
using photography. At Lick, Barnard used the 36-inch
(0.9-m) refractor to prove the transparency of Saturn’s
C Ring (1889) and to discover Amalthea (1892), the last
planetary satellite to be found without the aid of photogra-
phy. Three years later, he moved to the Yerkes Observato-
ry, where he remained for the rest of his life, making
numerous detailed visual observations of the planets and
comets with the 40-inch (1-m) refractor. He used Yerkes’
10-inch (250-mm) Bruce Photographic Telescope to take
wide-field images of the Milky Way’s star clouds, discov-
ering DARK NEBULAE. This work, culminating in his classic
A Photographic Atlas of Selected Regions of the Milky Way
(1927), continued photographic surveys of the Galaxy
that Barnard had started at Lick in the 1890s using the 6-
inch (150-mm) Willard wide-field telescope. He also dis-
covered (1916) the star with the largest proper motion,
named BARNARD’S STAR in his honour.

Barnard’s Loop (Sh2-276) Large, diffuse and very
faint arc of nebulosity centred on the Orion OB ASSOCIA-
TION, which is the group of hot stars south of Orion’s
Belt. The nebula is visible only on the eastern and south-
ern sides of the constellation. Barnard’s L.oop was named
after the pioneer astronomical photographer Edward
Emerson BARNARD, who discovered it in 1894. If it were
a complete ring, Barnard’s Loop would almost com-
pletely fill the region between Betelgeuse and Rigel, cov-
ering almost 20° of sky. Barnard’s L.oop appears to be a
structure resulting from clearance of dust and gas in the
interstellar medium by radiation pressure from the Orion
OB association stars.

Barnard’s Star Closest star to the Sun after the « Cen-
tauri triple system, lying 5.9 l.y. away in the constellation
Ophiuchus, with a visual magnitude of only 9.54, well
below naked-eye visibility. It is a red dwarf, spectral type
M4, with only 0.05% of the Sun’s luminosity. Discovered

in 1916 by Edward Emerson BARNARD, it has the largest
PROPER MOTION of any star, 10”.4 per year — so fast that it
moves across the sky a distance equivalent to the Moon’s
apparent diameter in under two centuries. In the 1960s
and 1970s the Dutch-American astronomer Peter Van de
Kamp (1901-95) reported an apparent wobble in the
proper motion of the star, which he attributed to the pres-
ence of two orbiting planets similar in size to Jupiter and
Saturn. This was not confirmed, and the star’s apparent
‘wobble’ seems to have been due to instrumental error (see
also EXTRASOLAR PLANET).

barn-door mount See SCOTCH MOUNT

barred spiral galaxy sPIRAL GALAXY in which the distri-
bution of stars near the nucleus is elongated in the disk
plane. Strong bars are reflected in the HUBBLE CLASSIFICA-
TION. Weaker bars are common among spirals, with the
de Vaucouleurs types indicating that about 60% of spirals
have distinct bars. Infrared observations, less sensitive to
dust absorption and the confusing influence of young
stars, may indicate an even greater fraction of spirals with
small or weak bars, among them our Galaxy. Stellar
dynamics in a disk can produce a bar because of instabili-
ties, and a bar in turn may dissolve into a ring structure
over cosmic time. Indeed, many bars are accompanied by
stellar rings. Bars can alter the chemical content of a
galaxy’s gas, since flow along the bar mixes gas originally
located at a wide range of radii, which thus started with
different chemical compositions.

Barringer Crater See METEOR CRATER

barycentre Centre of mass of two or more celestial bod-
ies. For example, when computing the perturbing effect
of the Earth and Moon on other planets it is usual to
regard the Earth and the Moon as a single body of their
combined mass, located at their barycentre. Similarly
when computing the orbits of the five outer planets one
would treat the Sun and the four inner planets as a single
body of their combined mass located at their barycentre.

barycentric dynamical time (TDB) See DYNAMICAL
TIME

baryon Elementary particle that participates in the strong
interaction. Two common baryons are protons and neu-
trons. Other, more massive baryons, such as the lambda
and sigma particles, are commonly called hyperons. They
have spins of 3, and a baryon number of +1, as well as
even intrinsic parity.

basalt Volcanic rock (solidified lava) that consists mostly
of the minerals pyroxene (Mg,Fe,Ca),Si,04 and plagio-
clase NaAlSi;O4-CaAlSi,O4. Basalts are abundant on
Earth, the Moon, Venus and Mars, forming vast plains
and volcanic constructs. They are probably abundant on
Mercury and on Jupiter’s satellite Io, where they also form
plains. Basalts make up the surfaces of some asteroids,
such as VESTA. Basalt is formed by solidification of partial-
ly melted planet MANTLE material.

basin Extensive topographically depressed area. In
planetary science the term basin is commonly used with
the adjective multi-ring. Multi-ring basins are circular
depressions of a few tens to about 4000 km (2500 mi) in
diameter; they typically have an elevated rim and one or
two concentric rings of elevated terrain inside. They are
observed on Mercury, Venus and Mars, as well as on
large satellites, including the Moon. A multi-ring basin is
an impact feature created by a collision with a comet or
an asteroid: it is a type of impact CRATER. The onset
diameter at which an impact crater becomes sufficiently
large to form a multi-ring basin depends on the character
of the target material (for example rock or ice) and on
the body’s gravitational acceleration. The onset diameter
is 40-70 km (2040 mi) on Venus, 100-130 km



(60-80 mi) on Mercury, 130-200 km (80-120 mi) on
Mars, and 200-300 km (120-190 mi) on the Moon.
The largest such structure known is the 4000-km (2500-
m) VALHALLA on Jupiter’s satellite CALLISTO. A promi-
nent basin on the Moon’s far side, called the SOUTH
POLE-AITKEN BASIN, is about 2500 km (1600 mi) in
diameter and 12 km (7 mi) deep. Next in size is the HEL-
LAS PLANITIA basin on Mars, which is about 1800 km
(1100 mi) in diameter and 5 km (3 mi) deep. Impacts of
such size happened in the early history of the Solar Sys-
tem and are not known in later times.

Bayer, Johann (1572-1625) German magistrate of
Augsburg and amateur astronomer, who in 1603 pub-
lished his Uranometria star ATLAS, which identified each
constellation’s main stars by Greek letters; this conven-
tion of so-called Bayer letters is still in use. Uranome-
tria, which consisted of 49 constellation charts, with
stellar data taken from the work of Tycho BRAHE, is
notable as the first star atlas to depict constellations
around the south celestial pole. These constellations —
Apus, Chamaeleon, Dorado, Grus, Hydrus, Indus,
Musca (which Bayer called Apis, the Bee), Pavo,
Phoenix, Triangulum Australe, Tucana and Volans — had
recently been defined by the Dutch navigator Pieter
Dirkszoon Keyser (¢.1540-96), based on earlier obser-
vations by Amerigo Vespucci and others.

BD Abbreviation of BONNER DURCHMUSTERUNG

Beagle 2 UK Mars lander, almost 50% funded by the
EUROPEAN SPACE AGENCY (ESA), which will be launched
in 2003 June, flying piggyback on ESA’s MARS EXPRESS
orbiter. The spacecraft will arrive at Mars in 2003
December. The 30-kg Beagle 2 will land at a site in the
ISIDIS PLANITIA region at about 13°N latitude, which is the
best site given the constraints for a safe landing in a
smooth area and the scientific objectives of the mission.
Beagle will take samples of Martian soil and analyse it for
signs of water and bacterial activity, as well as investigating
the chemical isotopes present. It will also measure
methane in the atmosphere and send back images of the
surface. Beagle is being part-sponsored by commercial
companies. The project is being managed by the UK’s
Open University. It will make a bouncy landing encased in
inflated balloons, which will be detached as it comes to
rest. If Beagle 2 touches down successfully on Mars, it will
become only the fourth spacecraft, after the US VIKINGS 1
and 2 in 1976 and MARS PATHFINDER in 1997, to do so.

Becklin-Neugebauer object (BN object) Strong
infrared source seen in the sky within the Orion Nebula
but actually located behind that nebula inside the KLEIN-
MANN-LOW NEBULA. It is thought to be a young B-type
star, the optical and ultraviolet radiation of which is
absorbed by a dense expanding envelope of dust that sur-
rounds the star and then re-emits the energy as infrared
radiation. It was found in 1967 by the American
astronomers Eric Becklin and Gerry Neugebauer.

Becrux (Mimosa) The star § Crucis (of which ‘Becrux’
is a contraction), visual mag. 1.25, distance 353 ly.,
spectral type B0.5 III. It is a BETA CEPHEI STAR, a type of
eclipsing binary, with a period of 0.2 days; the total
range of variation is less than 0.1 mag., which is too
slight to be noticeable to the eye.

Becvar, Antonin (1901-65) Czech astronomer, meteo-
rologist and celestial cartographer who founded and direct-
ed (1943-50) the Skalnaté Pleso Observatory, which
became known for its solar astronomy and photography of
meteors using a specially constructed battery of wide-field
cameras. Becvar is best known for his celestial ATTASES.
Altlas coeli (1950) charts 35,000 objects to the visual magni-
tude limit of 7§ and many star clusters, nebulae and galax-
ies. This atlas was the first to include the many
extraterrestrial radio sources discovered after World War II.

Bell Burnell, (Susan) Jocelyn

Bede, ‘The Venerable’ (c.673-735) First English
astronomer. His arguments for a spherical Earth overturn
the myth that all medieval people believed the world to be
flat. Much of Bede’s astronomy was concerned with
updating the calendar and calculating the date of Easter
from the Moon’s phases, and as such formed part of his
wider historical and theological studies. His calendrical
formulae came to be used across Europe, and he regular-
ized the use of AD dating (from the birth of Christ).

Beer, Wilhelm (1797-1850) German banker and ama-
teur astronomer who, with Johann Heinrich MADLER,
compiled Mappa selenographia (1837), which surpassed
all previous maps and catalogues of lunar features. It con-
tained accurate measures for the heights of over 800 lunar
mountains/crater rims and the diameters of almost 150
craters. The two German astronomers also produced the
first map of Mars to show its albedo features (1830).

Beehive See PRAESEPE

Beijing Astronomical Observatory (BAO) Major
research institute of the Chinese Academy of Science,
founded in 1958. The observatory has five observing
stations of which Xinglong is the main optical/infrared
observing site. Situated about 150 km (95 mi) north-east
of Beijing at an elevation of 960 m (3150 ft), the obser-
vatory hosts China’s largest telescope, a 2.16-m (85-in.)
reflector. There is also a 1.26-m (50-in.) infrared tele-
scope. Xinglong will be home to the giant LARGE SKY
AREA MULTT-OBJECT FIBER SPECTROSCOPIC TELESCOPE
(LAMOST). At the BAO’s radio astronomy site at
Miyun is the Metre-Wave Aperture Synthesis Radio
Telescope (MSRT) used for survey astronomy. It con-
sists of 28 dishes 9 m (30 ft) in diameter. See also
ANCIENT BEIJING OBSERVATORY

Belinda One of the small inner satellites of URANUS,
discovered in 1986 by the VOYAGER 2 imaging team.
Belinda is ¢.68 km (¢.42 mi) in size. It takes 0.624 days
to circuit the planet at a distance of 75,300 km
(46,800 mi) from its centre. It has a near-circular, near-
equatorial orbit.

Bellatrix The star y Orionis, visual mag. 1.64, distance
243 ly., spectral type B2 III. Its name is derived from a
Latin term, meaning ‘the female warrior’, and was first
applied by medieval astrologers.

Bell Burnell, (Susan) Jocelyn (1943- ) British
astronomer who discovered the first four pulsars. She
made the discovery in 1967 with a radio telescope that she

A Beagle 2 This artist’s
impression of the Beagle 2
lander shows it with its solar
panels open and its sampling
arm deployed. The
experiments are intended to
discover whether the
conditions for life ever existed,
or still exist, on Mars.

[All Rights Reserved Beagle 2.
http://www.beagle2.com]

V Bell Burnell, (Susan)
Jocelyn The team at
Cambridge were looking for
perturbations in radio waves
that might indicate the
presence of quasars when
Jocelyn Bell Burnell discovered
the first pulsar. The discovery of
these rapidly spinning, but
massive, objects confirmed the
existence of neutron stars.
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Benetnasch

V Bennett, Comet One of
the most spectacular comets
for many years, Comet
Bennett approached the Earth
closely enough for
astronomers to observe jets
within the outer nucleus. The
changes in the structure of the
ion tail were caused by rapid
fluctuations in the solar wind
close to solar maximum.
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built while she was still a graduate student of Antony
HEWISH at Cambridge University, but she did not share
the Nobel prize subsequently awarded to Hewish

Benetnasch Alternative name for the star m Ursae
Majoris. See ALKAID

Bennett, Comet (C/1969 Y1) Bright long-period comet
discovered by John Caister (Jack) Bennett, South Africa,
on 1969 December 28. The comet reached perihelion,
0.54 AU from the Sun, on 1970 March 20, approaching
Earth in the following week. Comet Bennett became a
prominent object in northern hemisphere skies, reaching
peak magnitude +0.5 during April. At this time, Comet
Bennett developed a strong dust tail 20° long and a very
active, rapidly changing ion tail.

Bepi Colombo EUROPEAN SPACE AGENCY (ESA) mission
to be launched in 2009 in conjunction with Japan to
explore the planet MERCURY. After a two-year journey,
including a fly-by of Venus, Bepi Colombo should
become the second spacecraft to orbit Mercury (after the
US MESSENGER) and will deploy a lander and a small sub-
satellite to study the magnetosphere. This surface pene-
trator will send back data on the structure of the planet.
Bepi Colombo will be powered by a solar electric propul-
sion system and will be protected against temperatures
exceeding 673 K.

BeppoSAX  (Satellite for X-ray  Astronomy)
Italian—-Dutch gamma-ray and X-RAY ASTRONOMY satel-
lite. Soon after its launch in 1996 April, as the Satellite for
X-ray astronomy, it was renamed in honour of Italian

physicist Giuseppe Occhialini, whose nickname was
‘Beppo’. It carries four spectroscopes and two wide-field
cameras. In 1997 it played a major role in identification of
GAMMA-RAY BURSTS by pinpointing X-ray emissions from
these events, so enabling their positions and cosmological
distances to be confirmed.

Berkeley lllinois Maryland Association (BIMA)
Consortium consisting of the Radio Astronomy Labora-
tory of the University of California (Berkeley), the Labo-
ratory for Astronomical Imaging at the University of
Illinois (Urbana) and the Laboratory for Millimeter-Wave
Astronomy at the University of Maryland, which operates
the BIMA Millimetre Array at HAT CREEK OBSERVATORY.

Bessel, Friedrich Wilhelm (1784-1846) German
astronomer and mathematician who was the first to mea-
sure stellar PARALLAX. In 1804, while employed as a
shipping clerk, he calculated the orbit of Halley’s Comet,
which impressed Wilhelm OLBERS sufficiently to recom-
mend that he be hired as assistant to Johann SCHROTER.
At Schroter’s private observatory in Lilienthal, Ger-
many, Bessel observed Saturn and its rings and satellites,
and comets. He continued to develop mathematical
methods for celestial mechanics; it was while trying to
solve the three-body problem of celestial mechanics
(1817-24) that he developed the class of mathematical
functions that bear his name (see BESSELIAN ELEMENTS).
He reduced the positions for 3222 fundamental stars
first observed by James BRADLEY at Greenwich Observa-
tory between 1750 and 1762; his 1818 publication of
over 63,000 star positions and proper motions, based on
his and Bradley’s observations, are considered the start
of modern ASTROMETRY. In 1809 Friedrich Wilhelm IIT
of Prussia appointed Bessel director of a new
observatory at Konigsberg.

Bessel’s most famous achievement was his 1838 mea-
surement of the parallax of the star 61 Cygni. He chose
this relatively obscure star because of its high proper
motion. Using Konigsberg’s Fraunhofer heliometer,
Bessel determined that 61 Cygni has a parallax of 0”.31
(very close to the modern value of 0”.29), implying that
the star was 10 Ly. from Earth. The Royal Astronomical
Society awarded him its Gold Medal for this achievement,
which marked the first step towards accurately measuring
stellar distances. Bessel’s 1840 paper on perturbations to
Uranus’ orbit suggested the existence of an eighth planet,
six years before the discovery of Neptune by Johann
GALLE. In 1841/1844 he predicted the existence of dark
companions of Sirius and Procyon after discovering peri-
odic variations in their proper motions — Sirius B was not
confirmed until 1862.

Besselian elements These arise in a method devised
by Friedrich BESSEL for calculating the circumstances of
an ECLIPSE. For a solar eclipse a reference plane is used
that is normal to the line passing through the centres of
the Sun and Moon, and which passes through the centre
of the Earth. The Earth’s limb and the shadow of the
Moon are projected on to this plane, and an eclipse will
occur if the shadow intersects the limb. The Besselian
elements define the location of the centre of the Moon
relative to the centre of the Earth and the radii of the
umbral and penumbral shadows within this plane, and
the direction of projection.

Be star B sTAR that shows a characteristic B-type spec-
trum with the addition of hydrogen emission lines. The
emissions are commonly doubled, revealing a circumstel-
lar disk with one side approaching the observer, the other
receding. Be-SHELL STARS have thicker disks and metallic
absorptions. Common among class B stars, Be stars are all
rapid rotators with equatorial speeds that can exceed
300 km/s (190 mi/s). The origins are contentious, and
include rotation, magnetic fields and pulsation.

Beta Centauri See HADAR



Beta Cephei star (Beta Canis Majoris star) Short-peri-
od pulsating VARIABLE STAR, of spectral type O8-B6, with
light and radial-velocity periods of 04.1 to 04.6, and ampli-
tudes of mags. 0.01 to 0.3V.

Beta Lyrae (Sheliak) Variable star that shows continu-
ous variations in brightness; it is the prototype for one of
the three subtypes of ECLIPSING BINARY. The Arabic
name, Sheliak, comes from the Arabic for ‘harp’. The
star lies at a distance of 882 ly.; its magnitude varies
between 3.3 and 4.4. Small telescopes reveal a faint,
mag. 7.2 companion. The variability and periodicity of
Beta Lyrae were discovered in 1784 by John GOODRICKE.
The first complete light-curve, obtained in 1859 by
EW.A. ARGELANDER, demonstrated that Beta Lyrae is an
eclipsing binary.

All BETA LYRAE STARS show continuous magnitude
variation between minima, resulting in a light-curve that
has distinct primary and secondary minima. The dou-
ble-humped light-curve of Beta Lyrae indicates that the
stars are deformed into ellipsoids by their mutual gravi-
tational interaction. Because the period is only 12.93854
days, the two stars must be so close to each other it
becomes inevitable that significant tidal distortion in
their shapes occurs. The light-curve can be explained by
the changing total amount of stellar surface area present-
ed to the Earth-based observer as the elongated stars
revolve about each other.

Spectroscopic observations in the 1950s established
that the primary star is a late-type B giant (B8.5II), but
classification of the secondary was confounded by pecu-
liar spectral features, some of which are caused by gas
flowing between the stars and around the system as a
whole. The secondary star is roughly four to five times
more massive than the primary. According to the
mass—luminosity relation, however, the more massive a
star is, the brighter it is. Astronomers were puzzled
because the massive secondary appeared significantly
under-luminous, much dimmer than the primary.

Current theories about Beta Lyrae, supported by
observations, suggest that the secondary star is
enveloped in a thick ACCRETION DISK of gas captured
from the primary. Material surrounding the secondary
so severely subdues its luminosity that the star itself is
impossible to observe. The primary star is overflowing
its ROCHE LOBE, and gas streams across the inner
LAGRANGIAN POINT on to the disk at the rate of 1073
solar masses per year. Ultraviolet spectra from the
OAO-3 (Copernicus) and Skylab orbiting observatories
revealed clouds of gas at the L, and Ly Lagrangian
points. Gas is constantly escaping from the system.

Beta Lyrae star ECLIPSING BINARY (subtype EB) that
shows a continuous variation in brightness throughout
the orbital period, which is generally of one day or more
in length. Both primary and secondary minima are
always present. Although once thought to be CONTACT
BINARIES (that is, systems that have tidally distorted com-
ponents with a common atmospheric envelope, as in W
URSAE MAJORIS STARS), the majority of Beta Lyrae stars
appear to be semidetached systems in which gas escap-
ing from a bloated primary star is falling on to an ACCRE-
TION DISK surrounding the secondary star. Such a
configuration is found in BETA LYRAE, which is the proto-
type for this type.

Astronomers now regard Beta Lyrae variables as
members of a broad class of double stars known as SEMI-
DETACHED BINARIES, so called because only one of the
two stars fills its ROCHE LOBE. They are probably binaries
near the end of the initial rapid phase of MASS TRANSFER.
Thus, some Beta Lyrae variables may evolve into Algol-
type binaries (see ALGOL STAR). For example, as the pri-
mary star in a Beta Lyrae variable continues to evolve
away from the main sequence, it will begin to resemble a
red subgiant. As the rate of mass transfer subsides, the
accretion disk shrouding the secondary may become
transparent and a massive unevolved star will shine
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forth. The resulting system clearly would resemble
ALGOL. Beta Lyrae stars, which account for about 20%
of all eclipsing variables, are therefore an important but
temporary stage in the early evolution of CLOSE BINARY
systems. See also STELLAR EVOLUTION

beta particle ELECTRON free of the atomic nucleus. It is
a common by-product of nuclear reactions and decays.

Beta Pictoris MAIN-SEQUENCE A5 star in the constella-
tion Pictor; it has visual magnitude 3.9 and is at a distance
of 62 l.y. The star is surrounded by a PROTOPLANETARY
DISK, which is edge-on as seen from Earth. One of the
nearest planetary systems, it has been imaged by the Hub-
ble Space Telescope and ground-based telescopes. The
disk is about 400 AU in diameter, some four times the
diameter of our Solar System. Both dust and hydrogen
gas have been detected in the disk. Spectroscopic studies
and dynamical modelling indicate that larger solid bodies
(PLANETESIMALS) are present, and planets may have
formed or be in the process of formation.

A Beta Lyrae star The
continuous light-curve of Beta
Lyrae stars is believed to be
caused by an accretion disk of
material which surrounds the
secondary star and eclipses
the primary. This theory also
explains why the secondary
star appears to be dimmer
than the primary, despite being
far more massive.

<« Beta Pictoris This Very
Large Telescope (VLT) false-
colour image of the
protoplanetary disk around Beta
Pictoris shows that it is not even
in composition. The visible kink
in the disk is about 20 AU from
the star, which corresponds
roughly to the distance of
Uranus from the Sun.



Beta Regio

V Beta Regio The rift valley
Devana Chasma in Beta Regio
is as much as 20 km (12 mi)
wide and here has cut through
an earlier impact crater, which
is itself 37 km (23 mi) across.
The whole eastern side of the
crater has collapsed and fallen
into the rift.

Beta Regio One of the three main uplands on VENUS,
discovered by the PIONEER VENUS orbiter’s radar. Beta
Regio’s 2000 X 3000 km (1200 X 1900 mi) extent is tra-
versed by the north—south trough of Devana Chasma, gen-
erally inferred to be a fault complex comparable with the
East African Rift. Superimposed on the rift at the southern
end of Beta Regio is Theia Mons, a huge volcano 226 km
(140 mi) in diameter and 5 km (3 mi) high. Satellite track-
ing shows that gravity is high over Beta Regio.

Beta Taurids DAYLIGHT METEOR STREAM active between
June 5 and July 18, with peak around the end of June. The
stream is associated with Comet 2P/ENCKE and is encoun-
tered again in October and November when it produces
the night-time TAURIDS. The TUNGUSKA airburst of 1908
June 30 may have been produced by a particularly large
piece of debris from the Beta Taurid stream.

Betelgeuse The star a Orionis, marking the right shoul-
der of Orion, distance 427 Ly. It is a red supergiant of
spectral type M2 Ib, about 500 times the Sun’s diameter
and 10,000 times as luminous. Betelgeuse is an irregular
variable with a considerable range, varying between about
mags. 0.0 and 1.3 over a period of years. At its average
value, magnitude 0.5, Betelgeuse is the 10th-brightest star.
The origin of the name is often said to be from the Arabic
bt aljauza’, meaning ‘armpit of the central one’ but may
come from bait al-jauza’, ‘house of the twins’, a reference
to neighbouring Gemini.

Bethe, Hans Albrecht (1906— ) German-American
atomic physicist who discovered the basic nuclear reac-
tions that generate energy inside stars. After receiving an
education in theoretical physics and holding teaching posi-
tions at the universities in Frankfurt, Stuttgart, Munich
and Tibingen, Bethe emigrated to England, then to the
USA, where he joined the faculty of Cornell University in
1935. During World War II he made significant contribu-
tions to the Los Alamos Science Laboratory’s Manhattan
Project, which developed the first atomic bomb, but this
work convinced him of the importance of nuclear arms
control, which he has since strongly advocated.

In the 1930s and 1940s, Bethe developed his models
for stellar nuclear processes. He found that for stars of
modest mass like the Sun, the most important nuclear
reaction converts two protons (atomic hydrogen nuclei)
into helium; Bethe also discovered that several protons
can also combine with a carbon nucleus inside Sun-like
stars to regenerate a carbon nucleus and helium ‘ash’. He
demonstrated that the powerful gravity of NEUTRON
STARS, which are much more massive than the Sun, is
sufficient to fuse protons and electrons to make neu-
trons. Bethe also modelled the carbon-nitrogen cycle of
reactions, which powers many types of massive stars. In

1947 Bethe explained the Lamb shift observed in the
spectrum of the hydrogen atom with a model that laid
the foundations of a new branch of physics known as
quantum electrodynamics.

Bianca One of the small inner satellites of URANUS,
discovered in 1986 by the VOYAGER 2 imaging team.
Belinda is about 44 km (27 mi) in size. It takes 0.435
days to circuit the planet at a distance of 59,200 km
(36,800 mi) from its centre in a near-circular, near-
equatorial orbit.

Biela, Comet 3D/ coMET discovered by Jacques Mon-
taigne at Limoges, France, on 1772 March 8 and again
by Jean Louis PONS on 1805 November 10. It was next
noted by Wilhelm von Biela, an Austrian army officer
and amateur astronomer, on 1826 February 27. He real-
ized that it was the same as that which had already been
observed in 1772 and 1805. It was subsequently named
Biela’s Comet and shown to be periodic, with a period of
6.6 years. It was seen again in 1832 and 1845-46.

On 1845 December 19 the comet appeared elongated
and by the end of the year had split in two. By 1846
March 3 the two parts were over 240,000 km
(150,000 mi) apart. At its next return, in 1852, the sepa-
ration had increased to 2 million km (1.2 million mi). The
comet was never seen again, but in November 1872 and
1885 tremendous showers of ANDROMEDID meteors —
produced by debris released on the comet’s disintegration
— occurred on exactly the date when the Earth passed
close to the comet’s orbit.

Bielids Alternative name for the ANDROMEDIDS

Big Bang theory Theory concerning the explosive cre-
ation of the Universe from a single point. The first real
strides in the study of cosmology occurred when Edwin
HUBBLE and his collaborators noticed that all of the galax-
ies in the Universe, except for those in our local cluster,
were receding from us. This fact was determined by mea-
suring the REDSHIFT of the absorption lines in galaxy spec-
tra. It was further noted that the more distant the galaxy,
the faster the velocity of recession. If the galaxy velocities
were extrapolated back into time, then all galaxies and
stars apparently started at some time in the distant past at
a single point. This cosmic singularity included not only
all of the gas, dust, stars, galaxies and radiation, but all of
SPACETIME as well.

Two types of models came out of these observations
and theoretical arguments from general relativity. The
STEADY-STATE THEORY pictured the Universe as expand-
ing, with matter created between separating galaxies and
clusters at precisely the rate needed to keep the average
properties of the Universe the same, that is, homogeneous
and isotropic. This idea suggested there was no beginning
and will be no end, just constant expansion and filling in.
The other major cosmological model, the Big Bang theo-
ry, held that the entire Universe emerged from a single
point in an explosive event called the Big Bang. GENERAL
RELATIVITY and the idea of a Big Bang are both consistent
with the fact that more distant galaxies separate from each
other more rapidly, following a mathematical relationship
known as the HUBBLE LAW.

The Big Bang model predicted that the temperature
of the very early universe was on the order of 10° K. At
the start of the expansion, between 7= 0 and 7= 10~
s (the PLANCK TIME), the laws of physics are not well
understood; in fact we would need a “THEORY OF EVERY-
THING’ to be able to describe this era. The temperature
continued to drop as the universe expanded. Between
107%3 and 1073 s the universe had just two fundamental
forces — gravity and the GUT force. After 1073 s, the
strong force separated from the electroweak force, but
the universe was still far too hot for atoms to form. Final-
ly, after about 10712 s the weak and electromagnetic
forces became distinct and the four fundamental forces
looked as they do today. At 107° s the temperature had



dropped sufficiently for the nuclei of atoms to form. Sig-
nificant NUCLEOSYNTHESIS could begin and the cCOSMIC
ABUNDANCE of elements was determined, primarily
hydrogen and helium. The next significant event was at
roughly 7" = 300,000 years after the Big Bang. At this
time the universe became transparent to photons and the
radiation decoupled from matter. As the universe contin-
ued to expand, matter evolved separately from the cos-
MIC MICROWAVE BACKGROUND (CMB) and atoms
formed. Gravity caused small inhomogeneities in the
matter distribution to collapse and form stars, galaxies
and galaxy clusters.

The Big Bang model made a significant prediction:
the Universe should have a temperature, and the temper-
ature could be measured by looking at the CBR that per-
meates the entire Universe. Calculations within the
framework of the Big Bang indicated that as the Universe
expanded, the temperature of the CBR should constant-
ly drop and the current temperature should be around 5
K. Two engineers from Bell Labs, Arno PENZIAS and
Robert Wilson, were trying to determine why the
Holmdel horn antenna, used to communicate with satel-
lites, constantly picked up static at microwave frequen-
cies. They failed to find a terrestrial or electrical
explanation for the static and it was finally deduced that
the noise was actually the CBR. This discovery, that the
Universe has background radiation at a temperature very
close to the theoretical predictions of the Big Bang
model, was the most convincing piece of evidence that
the Universe actually began as a condensed cosmic sin-
gularity many billions of years ago. Later observations by
balloon-borne telescopes and the NASA satellite COBE
precisely mapped this background radiation, even mea-
suring anisotropies and our own motion relative to it.

Along with the successes of the Big Bang theory, there
were also some problems. The horizon problem, the flat-
ness problem, the lack of magnetic monopoles and the
smoothness of the CBR all presented problems for the
Big Bang model. Since the Universe is expanding rapidly
in all directions, the two opposite horizons would be out
of causal contact, and therefore would not have to show
the same level of homogeneity as they do; this is the crux
of the horizon problem. The flatness problem suggests
that the Universe is so close to critical density that the
initial conditions must have been fine tuned to extraordi-
nary precision. The lack of magnetic monopoles present
in the Universe was also considered a problem. After
completely mapping the CBR, there seemed to be dis-
crepancies between the amount of mass seen in the Uni-
verse and the critical density inferred from the
smoothness of the CBR. The idea of an INFLATION
epoch in the early universe solved both the horizon and
flatness problems. Inflationary theory postulates that in
the very early universe, just after 7 = 10734 s, the uni-

verse expanded rapidly and increased in size by a factor
of 10°°. This rapid expansion was driven by Higgs field
symmetry breaking. Because the universe actually
expanded faster than the speed of light, the horizons
were actually in causal contact in the early universe, thus
disposing of the horizon problem. The flatness and mag-
netic monopole problems also go away since we see only
a small part of the entire Universe. There remained a
problem. The density of the Universe derived from the
CBR should be equal to the critical density according to
the Big Bang theory with inflation. Observations of the
luminous matter in the Universe fell short of the critical
density by a factor of four or more.

As observations from space platforms improved, sci-
entists concentrated on trying to derive an accurate and
consistent value for the HUBBLE CONSTANT. Determining
this constant required the distances to distant galaxies to
be measured independently of the redshift using bright
standard candles like supernovae. Results from superno-
va studies indicated that the Universe was not expanding
according to a constant value for the Hubble constant,
but is accelerating. Far from invalidating the Big Bang
theory, however, it actually explains the aforementioned
problems with the Big Bang theory. To explain the accel-
eration, either the COSMOLOGICAL. CONSTANT must be
non-zero or there exists a different form of unobserved
matter that has negative gravity, recently termed QUIN-
TESSENCE. Either the non-zero cosmological constant or
the presence of this exotic quintessence drives the
expansion of the Universe.

Big Bear Solar Observatory (BBSO) Optical solar
observatory at Big Bear Lake, California, built by the CAL-
IFORNIA INSTITUTE OF TECHNOLOGY in 1969. Now man-
aged by the New Jersey Institute of Technology, the
observatory monitors the Sun with several optical tele-
scopes, the largest of which has an aperture of 0.65 m
(26 in.). Its location in the middle of the lake provides sta-
ble daytime observing conditions, eliminating the bad see-
ing caused by heat haze over land. BBSO participates in
the GLOBAL OSCILLATION NETWORK GROUP.

Big Dipper Popular (chiefly US) name for the saucepan
shape formed by seven stars in Ursa Major, also known
as the PLOUGH.

BIMA Abbreviation of BERKELEY ILLINOIS MARYLAND
ASSOCIATION

binary pulsar puLsAR orbiting another star, forming a

binary pulsar

<« Betelgeuse The Hubble
Space Telescope'’s first direct
image of a star other than our
Sun revealed that Betelgeuse
(o« Orionis) has a bright spot
more than 2000 K hotter than
the rest of the star’s surface.
The exact nature of the spot is
not yet understood.

V Big Bear Solar
Observatory The suite of
telescopes in the dome of the
Big Bear Solar Observatory
observe the Sun in visible,
near-infrared and ultraviolet
light, thus giving astronomers
detailed information about
different parts of the solar
surface and atmosphere. This
information helps them to
monitor and understand the
way in which features on the
Sun’s surface form and evolve.
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binary star

V¥ binary star The two
components of a binary
system move in elliptical orbits
around their common centre of
gravity (G), which is not half
way between them but nearer
to the more massive
component. In accordance
with Kepler’s second law of
motion, they do not travel at
uniform rates. In (2) they are
greatly separated and moving
slowly. In (6) they are closer
and moving more rapidly.

BINARY STAR system. The first binary pulsar to be discov-
ered was PSR 1913+16, in 1974, for which its discover-
ers, Joseph Taylor and Russell HULSE, were awarded the
1993 Nobel Prize for physics. The pulsar, with a period of
0.059 seconds, orbits a neutron star with a period of
almost 8 hours. Pulses from the companion neutron star
have not been detected, but this might only be the result of
an unfavourable viewing angle. The pulses from the pul-
sar arrive 3 seconds earlier at some times relative to others,
showing that the pulsar’s orbit is 3 light-seconds across,
approximately the diameter of the Sun. Since this is a
binary system, the masses of the two neutron stars can be
determined, and they are each around 1-3 times the mass
of the Sun. Observations have shown that the pulsar’s
orbit is gradually contracting, due to the emission of ener-
gy in the form of GRAVITATIONAL WAVES, as predicted by
Einstein’s theory of GENERAL RELATIVITY, causing the pul-
sar to reach PERIASTRON slightly early. Also, periastron
advances 4° per year in longitude due to the gravitational
field (thus the pulsar’s periastron moves as far in a day as
Mercury’s moves in a century).

binary star Double star in which the two components
are gravitationally bound to each other and orbit their
common centre of mass. More than half of stars
observed are binary or belong to multiple systems, with
three or more components. In a CLOSE BINARY the stars
interact directly with each other. Other double stars are
optical doubles, which result when two stars appear to be
close because they lie almost on the same line of sight as
viewed from Earth, but in reality lie at a vast distance
from each other. Binary systems are classified in a vari-
ety of ways, including the manner in which their binary
nature is known.

Common proper motion binaries are seen as distinct
objects that move across the sky together. No orbital
motion is observed because they lie so far apart that their
orbital period is very long.

VISUAL BINARIES are pairs that are resolved into separate
components and for which orbital motion is observed.

ASTROMETRIC BINARIES are systems where only one
component is seen. This star is observed to ‘wobble’ in a
periodic manner as it moves across the sky, a movement
caused by the gravitational pull of the unseen companion.

Spectrum binaries are systems where a SPECTROGRAM
of an apparently single star reveals two sets of spectral
lines characteristic of two different types of stars.

SPECTROSCOPIC BINARIES are systems where only one
star is observed directly, but its spectrum shows one or
two sets of spectral lines, which show a DOPPLER SHIFT,
indicating orbital motion. These are known as single- and
double-lined spectroscopic binaries respectively.

ECLIPSING BINARIES are systems aligned so that one or
both members of the system are periodically observed to
pass in front or behind the other, causing the total lumi-

nosity of the system to fluctuate in a periodic manner.

In general the nature of a binary system can be ascer-
tained by the distance between the pair and thus the
orbital period. Widely separated pairs that do not influ-
ence each other are known as double stars. Common
proper motion pairs and visual binaries have the largest
separation and longest orbital periods, which can be up
to several million years. Eclipsing and spectroscopic
binaries generally have the smallest separation, and their
orbital periods can be as short as a few hours. Binaries
with non-MAIN-SEQUENCE components, such as WHITE
DWARFS, NEUTRON STARS or BLACK HOLES, can have
orbital periods of as little as a few minutes, although
these systems are short-lived, with lifetimes less than
about 10 million years.

By convention, systems with orbital periods of less than
30 years are termed close binaries because the short
orbital period implies separation of less than about 10 AU
(the distance of Saturn from the Sun). Stars that remain
within their own ROCHE LOBES are termed DETACHED
BINARIES, while SEMIDETACHED BINARIES have one star
(often a red giant) filling its Roche lobe. In semidetached
binaries, material can spill from the lobe-filling star
through the first LAGRANGIAN POINT on to its companion,
often by transfer via an ACCRETION DISK. This MASS
TRANSFER has considerable effect on the evolution of the
two components. If both stars fill their Roche lobes, they
are termed CONTACT BINARIES, and if material has escaped
from the lobes to surround both stars, the system is known
as a common envelope binary.

The first visual binary star was discovered by Joannes
Baptista RICCIOLI in 1650, when he observed MiZAR and
saw that the star was actually double, with a separation of
14" (this was distinct from the known companion
ALCOR). Small numbers of binaries were accidentally
found by telescopic observers in the course of the next
century, but it was not until 1767 that John MICHELL
argued that stars appearing close together really were
connected ‘under the influence of some general law’. The
observational proof of Michell’s theory did not appear
until 1804. William HERSCHEL had originally set out to
determine the parallactic shift of the brighter (and, there-
fore, closer) member of an unequal pair of stars with
respect to the fainter component. But for many stars, par-
ticularly CASTOR, the motion of the companion with
respect to the primary star could be explained only if the
two stars were regarded as physically connected, rotating
around a common centre of gravity. Later observations
showed that the apparent motion of the companion
described an arc of an ellipse.

In 1827 the French astronomer Félix Savary
(1797-1841) was the first to calculate an orbit that would
predict the motion of the companion star with respect to
the primary. An important consequence of this was that
the masses of the two stars were directly obtainable from
elements of the true orbit.

What is actually observed, the apparent orbit, is the
projection of the true orbit on to the plane of the sky. The
seven elements needed to define the size, shape and orien-
tation of the true orbit are calculated from observations of
POSITION ANGLE and separation (see ORBITAL ELEMENTS).
The position angle is the angle that the line between the
stars makes with the north point, and the separation is the
angular distance between the two stars in arcseconds. By
plotting position angle and separation from measurements
made at different times the apparent orbit can be drawn.
From the elements of the true orbit, the size of the semi-
major axis (a) and the period of revolution (P years) will
allow the sum of the masses of the two stars to be calculat-
ed, provided that the parallax of the binary is known. The
relation connecting these quantities is (from Kepler’s third
law):

4m’a’
GP

where M, and M, are in terms of the Sun’s mass and G is
the gravitational constant.

M, + M, =



In order to derive individual masses, another relation
between M, and M, is needed. This can be obtained by
plotting the position of each star against the background
of fainter, relatively fixed stars in the same field. The two
stars will both appear to describe ellipses, which vary only
in size depending on the mass of each star, thus:

where g, and a, are the semimajor axes of the apparent
ellipses described by the two stars. This process is a very
time-consuming job, requiring measurements of hun-
dreds of images obtained over many years. It has only
been carried out for a few systems.

The determination of masses from spectroscopic bina-
ries is more difficult than for visual binaries because it is
not possible to determine the inclination of the apparent
orbit unless eclipses occur. The best that can be done is to
assume that the inclination is 90° and to calculate from
this the minimum values that the masses are likely to take.
See also BLUE STRAGGLER; CATACLYSMIC VARIABLE; RECUR-
RENT NOVA; X-RAY BINARY

binding energy Energy that is released when an atomic
nucleus is formed; it is also called the mass defect
because it is the difference in energy terms between the
mass of the nucleus and the sum of the masses of its pro-
tons and neutrons. A star’s energy is the binding energy
that is released as hydrogen is built up to helium, carbon,
oxygen, and so on. That process, however, stops at iron,
for which the binding energy per nucleon is a maximum;
building up heavier nuclei requires more energy than is
released by the reaction. The consequent formation of
an inert iron core in massive stars leads directly
to type II SUPERNOVA explosions. See also FISSION;
FUSION; NUCLEOSYNTHESIS

binoculars Two, usually small, TELESCOPES mounted
side by side so that both eyes can be used simultaneously.
Modern binoculars are usually refracting telescopes with
fixed eyepieces and a set of built-in prisms to provide an
upright, right-reading view (see PORRO PRISM). Binoculars
are normally described by two numbers, for example,
7 X 50. The first number is the MAGNIFICATION, and the
second number is the APERTURE in millimetres. Conve-
niently, the EXIT PUPIL in millimetres is calculated by
dividing the second number by the first (about 7 mm in
this example).

True binocular vision, where both eyes are used to
form a stereoscopic view and gauge the distance to an
object, is not effective when observing celestial objects.
The distance from the objective lenses to the object is far
too great compared with the distance between the lenses.
However, apparent brightness and resolution are each
improved when both eyes are used.

biosphere Shallow region over the surface of a planet
that supports life. Earth’s biosphere includes the land to
about 8 km (5 mi) above mean sea level, the oceans to
depths of at least 3.5 km (2 mi) and the atmosphere to a
height of about 10 km (6 mi): in total, it is less than
20 km (12 mi) thick. Recently discovered microbial
organisms called extremophiles (see LIFE IN THE UNI-
VERSE) occupy a secondary subsurface biosphere that is
believed to extend to 4 km (2.5 mi) beneath the surface of
the continental crust and 7 km (4.3 mi) below the
seafloor. Specific habitats within a biosphere are known
as biomes. Only Earth is known to possess a surface and
a subsurface biosphere. Mars, Europa and Titan are tar-
gets for future space missions that will search for extrater-
restrial subsurface biospheres, and in Titan’s case,
perhaps a surface biosphere as well.

Biot, Jean-Baptiste (1774-1862) French physicist
who co-discovered the Biot—Savart law, which concerns
the intensity of a magnetic field produced by a current
flowing through a wire. He demonstrated the extraterres-

trial origin of meteorites, after investigating the meteorite
shower at I’Aigle, France, on 1803 April 26. The follow-
ing year he accompanied the chemist Joseph-Louis Gay-
Lussac on a balloon flight, to an altitude of 4000 m
(13,000 ft), in order to collect scientific data about the
upper atmosphere.

bipolar flow Non-spherical flow of material from a star.
Occasionally stars lose matter at copious rates, for exam-
ple at the end of their protostellar lives, and during their
RED GIANT phases. If these flows are organized into two
oppositely directed streams, they are called ‘bipolar’. This
phenomenon is responsible for the creation of the rapidly
moving HERBIG-HARO OBJECTS, flying away from the pre-
cursors of T TAURI STARS. Very narrow, highly confined
radio-emitting JETS characterize this youthful phase; these
jets disturb the surrounding dark clouds and sweep up
larger volumes of much slower molecular gas, also bipolar
in pattern. For older stars the outflows may lead to bi-
polar PLANETARY NEBULAE.

Usually the stars that generate bipolar flows are sur-
rounded by extensive, flattened, dusty envelopes — huge
toroids — orientated perpendicular to the star’s rotation
axis. The interplay of stellar rotation and mass outflow is
believed to create the bipolar outflows. Binarity of the dri-
ving star is implicated in at least some flows, as also may
be magnetic fields.

Birr Castle astronomy Astronomy practised at Birr
Castle, near Birr, County Offaly (formerly Parsonstown,
King’s County) in Ireland, with the ‘Leviathan of Parson-
stown’, a 72-inch (1.8-m) telescope completed by William
Parsons, Third Earl of ROSSE, in 1845. Using local work-
men whom he trained, Rosse cast mirrors of speculum
metal (a highly reflective copper—tin alloy) and construct-
ed first a 36-inch (0.9-m) reflecting telescope. Later came
the 72-inch, which remained the largest in the world until
1917, when Mount Wilson Observatory’s 100-inch (2.5-
m) Hooker Telescope went into service. The Leviathan’s
72-inch mirror had a focal length of 54 ft (16.5 m), and
the instrument was suspended between two walls 56 ft
(17.1 m) high. It could not be effectively driven, and was
unsuitable for photography.

Despite these drawbacks, the telescope’s great size
enabled Rosse to discern the spiral structure of certain
nebulae which are now known to be galaxies, most
notably the Whirlpool Galaxy (MS51), which he
sketched. Birr became an astronomical centre, and Rosse
himself became a skilful observer, making his results
freely available. After his death in 1867, his son Lau-
rence Parsons, later the Fourth Earl, took over the obser-
vatory. J.LL.E. DREYER was assistant at Birr between 1874
and 1878, during which period he accumulated much of
the information that was to be later published in his NEW
GENERAL CATALOGUE.

From 1900 activity gradually decreased; the Fourth
Earl died in 1908, and the 72-inch was dismantled. In
1916 the last Birr astronomer, Otto Boeddicker
(1853-1937), departed, and work ceased. In 1996-98
the 72-inch telescope was restored to working order with
a new glass mirror.

BIS Abbreviation of BRITISH INTERPLANETARY SOCIETY

Blaauw, Adriaan (1914-) Dutch astronomer who spe-
cialized in the structure of the Milky Way galaxy. His
research has covered the processes by which stars form,
star clusters and associations, and measuring the cosmo-
logical distance scale. Blaauw has done much to advance
European astronomy, playing a key role in founding the
EUROPEAN SOUTHERN OBSERVATORY and establishing the
leading journal Astronomy & Astrophysics. He helped to
plan the HIPPARCOS astrometric satellite.

black body radiation Radiation emitted by an idealized
perfect radiator. It has a CONTINUOUS SPECTRUM that
depends only on the temperature of the source.

black body radiation
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black drop

V Black Eye Galaxy The
prominent dust lane that gives
the Sb-type spiral galaxy M64
its name is just detectable with
large amateur instruments.
Larger instruments or image
processing are needed to
resolve the outer spiral arms.
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By KIRCHHOFF’S 1L.AWS the efficiency of the emission by
a heated object at a particular wavelength is proportional
to the efficiency of its absorption at the same wavelength.
Thus an object that absorbs with 100% efficiency over the
whole spectrum, known as a black body, will also be the
most efficient when it comes to emitting radiation. A good
practical approximation to a black body is a small hole in
the side of an otherwise closed box.

The emission from a black body, known as black body
radiation, is a good fit to the emission from many astro-
nomical objects, including stars and interstellar dust
clouds (spectrum lines are mostly minor deviations from
the overall emission). Black body radiation follows a bell-
shaped distribution given by the PLANCK DISTRIBUTION.
The peak of the distribution shifts to shorter wavelengths
as the temperature increases (see WIEN’S LAW). This leads
to the common experience that at moderate tempera-
tures objects glow a dull red, then change colour succes-
sively through bright red, yellow, white to blue-white as
the temperature is increased. The total emitted energy
increases rapidly with temperature, leading to the STE-
FAN—-BOLTZMANN LAW.

black drop Optical effect observed during the initial
(ingress) and final (egress) stages of a TRANSIT of MER-
CURY or VENUS. Once the planet is fully projected on the
Sun at ingress, but before its trailing edge breaks apparent
contact with the solar limb, the expectation is of instanta-
neous separation. Instead, the planet seems to lengthen,
with a dusky ligament appearing briefly to link it to the
Sun’s limb. This effect is the black drop, which may be
likened to a drop of water before it falls from a tap. It is
again seen at egress as the planet’s leading edge approach-
es the opposite limb. The effect may be physiological in
origin, but it has also been attributed to atmospheric tur-
bulence and to instrument defects.

black dwarf Ultimate state of a WHITE DWARF star. A
white dwarf does not have a means of maintaining its
heat, and it therefore cools steadily. Given long enough,
it cools to invisibility, and is then called a black dwarf.
Such objects are hypothetical: none have been observed,

and it is doubtful whether our Galaxy is old enough for
any to have cooled sufficiently to enter this state. See also
STELLAR EVOLUTION

Black Eye Galaxy (M64, NGC 4826) SPIRAL GALAXY in
the constellation Coma Berenices (RA 12" 56™.7 dec.
+21°41"). It has a prominent lane of dark material close to
its nucleus. The galaxy was originally discovered by J.E.
BODE in 1779. It has apparent dimensions of 9".2 X 4'.6
and magnitude +8.5. The Black Eye Galaxy’s true diame-
ter is 65,000 Ly., and it lies 24 million l.y. away.

black hole Object that is so dense and has a gravitational
field so strong that not even light or any other kind of radi-
ation can escape: its escape velocity exceeds the speed of
light. Black holes are predicted by Einstein’s theory of
GENERAL RELATIVITY, which shows that if a quantity of
matter is compressed within a critical radius, no signal can
ever escape from it. Thus, although there are many black
hole candidates, they cannot be observed directly. Candi-
dates are inferred from the effects they have upon nearby
matter. There are three classes of black hole: stellar, pri-
mordial (or mini) and supermassive.

A stellar black hole is a region of space into which a
star (or collection of stars or other bodies) has collapsed.
This can happen after a star massive enough to have a
remnant core of more than 2.3 solar masses (the Lan-
dau—Oppenheimer-Volkov limit for NEUTRON STARS)
reaches the end of its thermonuclear life. It collapses to a
critical size, overcoming both electron and neutron degen-
eracy pressure, whereupon gravity overwhelms all other
forces (see DEGENERATE MATTER).

Primordial black holes, proposed by Stephen HAWK-
ING, could have been created at the time of the BIG BANG,
when some regions might have got so compressed that
they underwent gravitational collapse. With original mass-
es comparable to that of Earth or less, these mini-black
holes could be of the order of 1 cm (about half an inch) or
smaller. In such small black holes, quantum effects
become very important (see QUANTUM THEORY). It is pos-
sible to show that such a black hole is not completely
black, but that radiation can ‘tunnel out’ of the event hori-
zon at a steady rate; such radiation is known as HAWKING
RADIATION. This then could lead to the evaporation of the
hole. Primordial black holes could thus be very hot, and
from the outside they could look like WHITE HOLES, the
time-reversals of black holes.

It seems that supermassive black holes of the order
of 100 million solar masses lie at the centres of ACTIVE
GALACTIC NUCLEIL, extreme examples of which are
QUASARS. It is thought there may also be supermassive
black holes at the centres of ordinary galaxies like the
Milky Way.

The lifetime of a black hole can be shown to be propor-
tional to the cube of its mass. For black holes of stellar
mass, their potential lifetime is of the order of 10°7 years.
Many primordial black holes will have evaporated away
completely by now.

There are various different models of black holes. The
most straightforward is that of the Schwarzschild black
hole, a non-rotating black hole that has no charge. In
nature, however, it is expected that black holes do rotate
but have little charge, so the model of a rotating Kerr black
hole with no charge is probably the most applicable. A
Kerr—Newman black hole is rotating and has a charge. A
Reissner—Nordstrom black hole is a non-rotating black
hole with a charge.

The radius of a non-rotating Schwarzschild black hole
of mass M is given by 2GM]/c?, where G is the gravita-
tional constant and c¢ is the speed of light. When a star
becomes smaller than this SCHWARZSCHILD RADIUS, grav-
ity completely dominates all other forces. The Schwarz-
schild radius determines the location of the surface of the
black hole, called the EVENT HORIZON. Only the region
on and outside the event horizon is relevant to the exter-
nal observer; events inside the event horizon can never
influence the exterior. There is no lower limit to the



radius of a black hole. Some of the primordial black
holes could be truly microscopic.

When a stellar black hole first forms, its event horizon
may have a grotesque shape and be rapidly vibrating. With-
in a fraction of a second, however, the horizon settles down
to a unique smooth shape. A Kerr black hole has an event
horizon that is flattened at the poles rather than circular
(just as rotation flattens the Earth at its poles). What hap-
pens to matter after it crosses the event horizon depends on
whether or not the star is rotating. In the case of a collapsing
but non-rotating star that is spherically symmetric, the mat-
ter is crushed to zero volume and infinite density at the SIN-
GULARITY, which is located at the centre of the hole.
Infinitely strong gravitational forces deform and squeeze
matter out of existence at the singularity, which is a region
where physical theory breaks down. In a rotating Kerr black
hole, however, the singularity need not be encountered.
Rotating black holes have fascinating implications for hypo-
thetical space travel to other universes.

The density of matter in a star as it crosses the critical
event horizon need not necessarily be very high: its densi-
ty could even be less than that of water. This is because
the density of any body is proportional to its mass divided
by its radius cubed, and the radius of a black hole is, as we
have seen, proportional to its mass. These two facts com-
bined imply that the density at which a black hole is
formed is inversely proportional to the square of the mass.
Take a supermassive black hole with a mass of from
10,000 to 100 million solar masses — the mass of a black
hole that might be found at the centre of certain active
galaxies. Such a collapsing mass would reach the black
hole stage when its average density was roughly that of
water. If the mass of the collapsing sphere were that of an
entire galaxy, the average density of matter crossing the
event horizon would be less than that of air.

Attempts to discover stellar black holes must rely on the
influence of their gravitational fields on nearby matter,
and/or their influences on the propagation of radiation in
the vicinity of the hole. Black holes within BINARY STAR sys-
tems are potentially the easiest to detect because of the
influence on their companion. Material is pulled from the
companion into the black hole via an ACCRETION DISK. The
frictional heating within the disk leads to the emission of X~
rays (see X-RAY BINARY). The first candidate where one
companion in a binary system is thought to be a black hole
is the X-ray source CYGNUS X-1. At the position of this X-
ray source lies a SPECTROSCOPIC BINARY star HDE 226868,
which has a period of 5.6 days. More recently, all-sky mon-
itors on space-borne X-ray observatories have discovered
soft X-ray transients (SXT's); objects that produce rare,
dramatic X-ray outbursts (typically separated by decades).
Around 75% of SXT's contain black hole candidates.

The existence of supermassive black holes in quasars
and as the central sources in active galactic nuclei is gener-
ally accepted as the means of explaining the phenomena
observed. Many ordinary galaxies like our own show
enhanced brightening at their cores, along with anom-
alously high velocities of objects near the centre, suggest-
ing the existence of a black hole.

There is also the MISSING MASS PROBLEM: the density of
the observable matter in our Universe is much less than
the theoretically computed value needed to ‘close’ the
Universe (see CLOSED UNIVERSE), and it may be that at
least some is in the form of black holes.

Blagg, Mary Adela (1858-1944) English astronomer
who catalogued and mapped lunar features. She standard-
ized the nomenclature of the Moon’s topographic features
(1907-13), collating and correcting thousands of names
assigned by previous lunar cartographers. In 1920 the
International Astronomical Union (IAU) appointed Blagg
to its newly established LLunar Nomenclature Commis-
sion; twelve years of further research produced the
authoritative Named Lunar Formations (1932, compiled
with Karl Muller). With W.H. Wesley, she composed a
Map of the Moon (1935), which remained the IAU’s offi-
cial lunar map until the 1960s.

blazar Term compounded from BL LACERTAE OBJECT
and QUASAR; it refers to a specific kind of extragalactic
object. The blazars are the most active of the galaxies
with active nuclei, that is, the galaxies whose central
regions are undergoing energetic processes that turn
them into SEYFERT GALAXIES, BL. Lacertae objects or
quasars. The blazars show variable optical brightness,
strong and variable optical polarization and strong radio
emission. The variations in the optical region may be on
timescales as short as days.

Much of the activity in ACTIVE GALACTIC NUCLEI is relat-
ed to JETS of gas expelled from their central regions with rel-
ativistic velocities. The most probable explanation for the
exceptional activity in blazars is that with these galaxies we
are viewing jets directed straight towards us.

Blazhko effect Periodic change in the light-curves and
periods of some RR LYRAE VARIABLE STARS; it was discov-
ered by Sergei Nikolaevich Blazhko (1870-1956). The
most likely cause is pulsation in two modes simultaneous-
ly, although certain stars appear to be ‘oblique rotators’,
that is, stars in which the magnetic axis does not corre-
spond to the rotational axis.

Blaze Star Popular name for the T Coronae Borealis, the
brightest known RECURRENT NOVA. Normally around 11th
magnitude, it has flared up to naked-eye brightness on
two occasions, once in 1866 when it reached 2nd mag.
and again in 1946 when it peaked at 3rd mag. T' Coronae
Borealis is a spectroscopic binary in which an M3 red
giant orbits with a white dwarf every 227.5 days; gas
falling from the red giant on to the companion causes the
outbursts. A possible additional periodicity of 56.7 days
may be caused by a third component.

blink comparator (blink microscope) Instrument that
enables two photographs of the same area of sky, taken at
different times, to be rapidly alternated to compare them.
Any object that has changed position or brightness during
the photograph intervals will show up.

The comparator has two optical paths so that the two
photographs can be seen together in one viewing eyepiece.
By careful adjustment, the separate images are brought into
exact coincidence and then alternately illuminated, chang-
ing from one to the other about once a second. All features
that are identical appear unchanged, but any object that is
on only one of the photographs is seen to blink on and off.
An object that has changed its position between the times
the photographs were taken appears to jump to and fro and
an object that has changed in brightness is seen to pulsate.

The eye is very efficient at detecting the few varying
objects among what can be tens of thousands of star
images. This simple technique makes possible the discov-
ery of stars of large proper motion, minor planets, comets
or variable stars, without the need individually to compare
every star image on two photographs.

These days blink comparators are particularly used by
hunters of novae and asteroids but past examples of their
work include: the discovery of pLUTO by Clyde
TOMBAUGH; the catalogue of over 100,000 stars brighter
than magnitude 14.5 with detectable proper motion, pro-
duced by WJ. LUYTEN; and the majority of the nearly
30,000 known variable stars discovered at various obser-
vatories around the world.

blink comparator

< black hole Radio jets,

spewing from the centre of a

galaxy, and lobes of radio

emission are the signatures of a
supermassive black hole. The

giant elliptical galaxy M87

(NGC 4486) houses the radio
source Virgo A (false colours

indicate the strength of the

radio emission).
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Blinking Planetary

» Blinking Planetary The
‘blink’ of NGC 6826 is an
optical effect rather than
anything occurring within the
planetary nebula itself.
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Blinking Planetary (NGC 6826) PLANETARY NEBULA
located in northern Cygnus (RA 19" 44™.8 dec. +50°31").
The nebula has a compact 25" diameter and overall mag-
nitude +8.8. The central star is a relatively bright magni-
tude +10.6, which results in the interesting illusion that if
the observer alternates between direct and AVERTED
VISION, the nebula appears to blink in and out of view.

Bliss, Nathaniel (1700-1764) English astronomer, the
fourth ASTRONOMER ROYAL (1762-64). Bliss was an able
observer who successfully observed the 1761 transit of
Venus. Bliss assisted James BRADLEY at Greenwich Obser-
vatory, succeeding him as Astronomer Royal, but made
little impression on the observatory, dying only two years
after his appointment.

BL Lacertae object Category of luminous ACTIVE
GALACTIC NUCLEUS, the defining characteristics of which
include very weak or unobservable emission lines and
rapid variability. The prototype, BL. Lacertae itself, was
long listed as a variable star until its extragalactic nature
became apparent from observations of the faint sur-
rounding galaxy. When the objects’ continuum light is
faintest, weak emission lines similar to those of quasars
may be detected, and their bright cores often have exten-
sive haloes at radio wavelengths as well. These properties
are well explained by a picture in which BL Lacertae
objects are QUASISTELLAR OBJECTS (QSOs) or RADIO
GALAXIES seen almost along the line of a relativistic JET,
so that the radiation seen from the jet is Doppler boosted
in frequency and intensity. This geometry also amplifies
small changes in the velocity or direction of the jet,
accounting for the strong variability of these objects, and
fitting with the fact that many of them have small-scale
radio jets showing superluminal motion. A few BL Lac-
ertae objects have been detected at the highest photon
energies, 1 TeV; this implies that their radiation is being
beamed into a small angle (as in gamma-ray bursts), oth-
erwise it would be lost to pair production within the
source. BLL Lacertae objects and the broadly similar opti-
cally violently variable (OVV) QSOs are often referred
to collectively as BLAZARS.

blooming Natural film that formed on early uncoated
lenses. It was noticed the bloom improved the transmission
of the lenses and some opticians still use the term to refer to
COATING. Blooming also refers to the loss of focus of a cam-
era sensor because of excessive brightness and the term
may occasionally have this meaning in astronomy.

blue moon Occasional blue colour of the Moon, due to
effects in the Earth’s atmosphere. It can be caused by dust
particles, from volcanoes or forest fires, high in the upper
atmosphere, which scatter light, making it appear blue.
The expression sometimes refers to the occurrence of a

second full moon in a calendar month, something which
occurs about seven times every 19 years, and it is used in
everyday speech to denote a rare event.

blue straggler In a GLOBULAR CLUSTER, star that
appears to be younger than the others because it still lies
on the MAIN SEQUENCE after the majority of other cluster
members have evolved off. It is observed to be on the
main sequence beyond the TURNOFF POINT: it is bluer in
spectral terms than the stars at the turnoff point. Being
younger and more massive than the other stars in the clus-
ter poses a problem as to the blue stragglers’ origin. They
are thought to be either stars in close binaries that have
been rejuvenated by mass transfer from their companions,
or stars that were produced by a stellar collision.

The Hubble Space Telescope has imaged many blue
stragglers situated in the cores of globular clusters. They
have also been found in OPEN CLUSTERS and in the
DWARF GALAXY companions to the Milky Way. See also
STELLAR EVOLUTION

BN object See BECKLIN-NEUGEBAUER OBJECT

Bode, Johann Elert (1747-1826) German astronomer,
director of Berlin Observatory from 1772. He did much
to popularize astronomy, founding the highly regarded
Astronomisches Fahrbuch in 1774, which he edited for over
half a century. In 1801 he published Uranographia, the
most beautiful star ATLAS ever drawn, with a catalogue of
over 17,000 stars and non-stellar objects. Bode’s name is
most famously associated with the empirical relationship
between planetary distances known as BODE’S LAW,
though he did not in fact discover it.

Bode’s law (Titius—Bode law) Simple numerical rela-
tionship, first noticed by Johann Titius of Wittenberg, but
popularized by Johann Elert BODE in 1772, which match-
es the distances of the then known planets from the Sun.
The formula is produced by taking the numbers 0, 3, 6,
12, 24, 48, 96 and 192 (all, apart from the first two, being
double their predecessor) and then adding four, giving
the sequence 4, 7, 10, 16, 28, 52, 100, 196. If the distance
of the Earth from the Sun is then taken to be 10, it is
found that Mercury falls into place at 3.9, Venus at 7.2,
Mars at 15.2, Jupiter at 52.0 and Saturn at 95.4. The dis-
covery of Uranus at 191.8, by Sir William Herschel in
1781, initiated a hunt for the missing planet between
Mars and Jupiter at 28. This led to the discovery in 1801
of the first minor planet, Ceres, and subsequently the
ASTEROID BELT. Neptune, at 300.7, does not fit the
sequence although Pluto, at 394.6, does. The relationship
is now widely regarded simply as a mathematical curiosi-
ty, rather than indicating anything significant about the
physical properties of the Solar System.

Bok, Bartholomeus Jan (‘Bart’) (1906-83) Dutch-
American astronomer best known for his studies of the
Milky Way and his discovery of BOK GLOBULES. At Har-
vard University (1929-57), Bok worked closely with his
wife, Priscilla Fairfield Bok (1896-1975), to map the
spiral arms of our Galaxy by ‘star-counting’ methods. In
the course of this work, the two astronomers made highly
detailed studies of the Carina region from Harvard’s
southern station in South Africa. During his tenure at
Harvard, Bok was an early advocate of radio astronomy
research, and he was instrumental in setting up Mexico’s
National Observatory at Tonantzintla. At Mount Stromlo
(Australia) Observatory (1957-66), where he was direc-
tor, they carried out similar surveys for the Magellanic
Clouds. He was especially interested in the Galaxy’s
many different kinds of gas and dust clouds, and he was
the first to identify the opaque, cool (10 K), tiny
(0.6-2 l.y.) condensations of gas and dust now named
after him that give rise to low-mass stars. The Boks wrote
the classic book The Milky Way, which had run through
five editions as of 1981. From 1966 to 1974, he directed
the Steward Observatory of the University of Arizona;



through his efforts Steward acquired a new 2.3-m
(90-in.) reflector at Kitt Peak.

Bok globule See GL.OBULE

bolide Term often used to describe a major FIREBALL that
produces a sonic boom. Such events are frequently associ-
ated with the deposit of METEORITES.

bolometer Instrument to measure the total radiation
received in a telescope from a celestial body by its effect
upon the balance of an electrical circuit.

bolometric magnitude Measure of the total radiation of
all wavelengths emitted by or received from a star
expressed on the stellar magnitude scale.

Bolton, John Gatenby (1922-93) English scientist who
spent much of his career in Australia as a pioneer of radio
astronomy. Bolton used a radio interferometer to identify
the extraterrestrial radio sources Taurus A (the Crab Nebu-
la), Centaurus A (the galaxy NGC 5128) and Virgo A (the
galaxy M87). His team was the first to confirm that the
centre of the Milky Way galaxy was a strong source of radio
emission, which they called Sagittarius A. Bolton founded
CalTech’s Owens Valley Radio Observatory in the 1950s
and later directed Australia’s Parkes Radio Observatory.

Boltzmann constant (symbol k) Constant defined as
the universal gas constant (R) divided by Avogadro’s con-
stant. It is the gas constant per particle and has a value of
1.38066 X 1072 J/K. It is often encountered in equations
relating the properties of gases to temperature, for example
the gas pressure law, in the form P = nkT, where P is the
pressure, 7 the number of particles per cubic metre, and 7°
the temperature. It also occurs in BOLTZMANN’S EQUATION.

Boltzmann’s equation Equation, introduced by the
Austrian physicist Ludwig Boltzmann (1844-1906), that
gives the relative populations of atoms with electrons in
different levels of excitation:

Nb =5 e—(bbea),//eT
N, &

where N, and N, are the number densities of atoms in exci-
tation levels a and 4, g, and g, are constants for the levels
called statistical weights, E, and I, are the excitation ener-
gies of the levels, & is BOLTZMANN’S CONSTANT and 7'is the
temperature. The equation is used in understanding stellar
spectra and processes occurring in stellar atmospheres.

Bond, George Phillips (1825-65) American astronomer
who in 1859 succeeded his father, William Cranch BOND,
as director of the HARVARD COLLEGE OBSERVATORY. He
made many contributions to the studies of double stars
and stellar parallax. With his father, he discovered Sat-
urn’s Crepe Ring (the C Ring) and its eighth satellite,

Hyperion, independently of William LASSELL. Bond
argued against the then-popular theory that Saturn’s rings
were solid, having observed stars through the Crepe Ring.
He used the new technique of photography (using ‘wet’
plates) to study the Moon and the planets and was the
first to photograph a star, Vega, in 1850 and the first to
image a double star, Mizar, in 1857.

Bond, William Cranch (1789-1859) American
astronomer who founded the HARVARD COLLEGE OBSERVA-
TORY and was its director from 1839, being succeeded by
his son George Phillips BOND. A clock-maker by trade, he
designed and built sophisticated chronometers for naviga-
tion and astronomy. He transferred his own private obser-
vatory to Harvard; Bond procured a 15-inch (380-mm)
refracting telescope, then the largest in the world, for the
observatory. With this, he and his son discovered Saturn’s
satellite Hyperion in 1848, and the planet’s semitransparent
Crepe Ring (the C Ring) in 1850. Bond also made detailed
studies of sunspots and the Orion Nebula (M42).

Bondi, Hermann (1919- ) British cosmologist and
mathematician, born in Austria, who co-originated the
STEADY-STATE THEORY of cosmology. After working for the
British Admiralty during World War II, Bondi was
appointed professor of applied mathematics at King’s Col-
lege, London in 1954. In 1948, with Fred HOYLE and
Thomas GOLD, he constructed a new cosmological theory
calling for the ‘continuous creation’ of matter at the rate of
107'% nucleons per cubic metre per year. This process,
explained Bondi, allowed the Universe to maintain a con-
stant average density of matter that counterbalanced flat
space expanding at a constant rate. The discovery in 1964
of the COSMIC MICROWAVE BACKGROUND cast serious doubt
on the validity of the steady-state theory, which has since
been abandoned in its original form. The work of Bondi
and Hoyle on stellar structure, especially of the formation
of heavier elements inside stars, was a valuable by-product
of this theory. Bondi later demonstrated that gravitational
waves are real, and not just theoretical, consequences of
Einstein’s general theory of relativity, and his work has
defined the physical properties of these phenomena.

Bonner Durchmusterung (BD) Catalogue containing
data on 324,000 stars down to magnitude 9.5, published
in 1859-62 by Friedrich Argelander and extended south-
ward in its coverage in 1886 by Eduard Schonfeld, adding
a further 133,000 stars. The stars are numbered in decli-
nation zones from +90° to —23°, and are cited in the form
‘BD +52° 1638,

Booétes See feature article

Bootes

<« blue straggler Surrounded
by older yellow stars in the
globular cluster 47 Tucanae is
a massive young, blue star
(arrowed). This blue straggler
is thought to be the product of
the slow merger of two stars in
a double star system.

BOOTES (GEN. BOOTIS, ABBR. BOO)

rans Muralis, after which the shower is named.

Name RA dec. Visual Absolute

h m ° ! mag. mag.

o Arcturus 14 16 +19 11 —0.05 -0.3
€ lzar 14 45 +27 04 2.35 -1.7
mn  Muphrid 13 55 +1824 2.68 2.4
v Seginus 14 32 +3818 3.04 1.0
d 15 16 +3319 3.46 0.7
B Nekkar 15 02 +40 23 3.49 -0.6

Large northern constellation, representing a huntsman, between Canes Venatici
and Serpens Caput. It is easily recognized by virtue of ARCTURUS, mag. —0.1,
which is the fourth-brightest star in the sky and lies on a continuation of the curved
line through the stars €, { and m) Ursae Majoris. Two interesting binaries are € Boo,
1ZAR (or Pulcherrima), which has orange and bluish-white components, mags. 2.6
and 4.8, separation 2".9; and & Boo, which has yellow and orange components,
mags. 4.8 and 7.1, separation 7.1, period 152 years. There are no bright deep-sky
objects in the constellation. The Quadrantid meteor shower radiates from the
northern part of Bodtes, which now incorporates the former constellation Quad-

BRIGHTEST STARS

Spectral Distance
type (Ly.)
K2 37
AO 210
GO 37
A7 85
G8 117
G8 219




Borrelly, Comet 19P/

60

Borrelly, Comet 19P/ SHORT-PERIOD COMET discovered
on 1904 December 28 by Alphonse Borrelly of Marseilles.
The comet is usually quite faint, reaching magnitude +8
at favourable returns. Its orbital period is 6.86 years, with
the most recent return to perihelion coming on 2001 Sep-
tember 14. At this return, Comet Borrelly was visited by
the DEEP SPACE 1 probe, becoming the second comet
(after 1P/HALLEY) to have its nucleus imaged. Results
from the spacecraft’s September 22 flyby showed the
nucleus to be a dark, elongated (6 X 3 km/3.7 X 1.9 mi)
body with three emerging gas jets.

boson Elementary particle that obeys Bose—Einstein sta-
tistics. Bosons are symmetric particles, which have inte-
gral spins (0/1). Common bosons are the helium nucleus,
the pi meson and the photon.

Boss, Lewis (1846-1912) American astronomer who in
1895 began an ambitious programme to measure star
positions and magnitudes with unprecedented accuracy,
culminating in two important star catalogues, the Prelimi-
nary General Catalogue of 6,188 Stars (1910) and the Gen-
eral Catalogue of 33,342 Stars (1937), the latter work
completed decades after his death by his son Benjamin
Boss (1880-1970). Boss observed the stars visible from
Earth’s northern hemisphere from New York’s Dudley
Observatory, where he became director in 1876, and the
southern stars from Argentina.

Bowditch, Nathaniel (1773-1838) Self-educated
American scientist, author and translator of Laplace’s
massive Traité de mécanique céleste (1829-39). Bowditch
made many observations of meteors, comets and the
Moon, which he wrote up between 1804 and 1820 — some
of the first publications based upon original astronomical
observations to appear in America.

Bowen, Edward George (1911-91) Welsh scientist
who used radar and other equipment salvaged at the end of
World War II to help found Australian radio astronomy.
He played a key role in the design and construction of the
Parkes Radio Observatory’s 64-m (210-ft) radio telescope,
which was used for several important surveys of radio
sources. Bowen pioneered the use of radio telescopes to
detect the radio-wavelength echoes produced by meteors.

Bowen, Ira Sprague (1898-1973) American astrophysi-
cist who in 1927 showed that previously unidentified lines
in the spectra of nebulae were due not to a new element,
‘nebulium’, but to so-called FORBIDDEN LINES of ionized
oxygen and nitrogen. As long-time director of the Mount
Wilson and Palomar Observatories (1946-64), Bowen
oversaw the construction of the 200-inch (5-m) Hale Tele-
scope and the 48-inch (1.2-m) Oschin Schmidt telescope
used to make the PALOMAR OBSERVATORY SKY SURVEY.

bow shock Sharp boundary standing in the SOLAR WIND
flow upstream of a planetary MAGNETOSPHERE or other
obstacle, such as a cometary or planetary IONOSPHERE.
The flow of the solar wind is supersonic and indeed faster
than the various characteristic speeds associated with the
magnetic field and plasmas of which it is constituted. As a
consequence, information that the solar wind is approach-
ing a planetary magnetosphere is unable to propagate
upstream into the flow, and a curved standing shock wave
is formed. At this shock, the solar wind plasma is rapidly
decelerated and deflected around the magnetosphere; the
upstream flow kinetic energy is converted into plasma
heating. Thus a region of hot, slow-flowing, turbulent
solar wind plasma and magnetic field appears down-
stream in the planet’s magnetosheath (the region between
the bow shock and the MAGNETOPAUSE).

Since the solar wind plasma is collisionless, it was origi-
nally assumed that a classical bow shock wave could not
form. However, the magnetic field imparts a collective
behaviour to the plasma, which thus acts in much the
same way as do molecules in a classical gas. The magnetic

field, therefore, has a strong influence on the structure of
the bow shock. A quasi-perpendicular bow shock, in
which the magnetic field points mostly at right angles to
the shock surface normal, tends to be a very abrupt
boundary. A quasi-parallel bow shock, in which the mag-
netic field is closely parallel to the shock surface normal,
allows any very energetic particles to escape back into the
upstream solar wind; it is thus a more diffuse boundary.
Bow shocks and shock waves in general are efficient accel-
erators of particles, and they may be responsible for ener-
gization processes around planetary magnetospheres and
indeed in many wider astronomical phenomena.

Boyden Observatory Optical observatory dating from
1887, situated 26 km (16 mi) east of Bloemfontein, South
Africa. The observatory transferred from Peru to its pre-
sent site in 1926 and was then equipped with a 1.5-m (60-
in.) reflector, which remains the largest telescope on the
site. Originally a southern station of HARVARD COLLEGE
OBSERVATORY, Boyden has been operated since 1976 by
the University of the Free State.

brachinite Subgroup of the ACHONDRITE meteorites. Bra-
chinites are olivine-rich igneous rocks with approximately
chondritic bulk composition. They have oxygen isotopic
compositions similar to the HOWARDITE-EUCRITE-DIOGEN-
ITE ASSOCIATION (HEDs). Like the ACAPULCOITE-LODRAN-
ITE association, brachinites are considered to be primitive
achondrites.

Brackett series Series of infrared EMISSION or ABSORP-
TION LINES in the HYDROGEN SPECTRUM resulting from
electron transitions down to or up from the fourth energy
level of that atom. The Brackett lines are named with
Greek letters: Brackett o, which connects levels 4 and 5,
lies at 4.0512 pm; Brackett B, which connects levels 4 and
6, lies at 2.6252 pm, and so on. The series ends at the
Brackett limit at 1.4584 pm.

Bradford Robotic Telescope Autonomous 400-mm
(18-in.) optical telescope located on the moors of West
Yorkshire, England. It was the first instrument in the
world to provide remote access via the Internet, princi-
pally for education.

Bradley, James (1693-1762) English astronomer and
clergyman, Savilian professor of astronomy at Oxford
and, later, at Greenwich Observatory. In 1742 he suc-
ceeded Edmond HALLEY, becoming the third
ASTRONOMER ROYAL. While searching for stellar parallax,
by making meticulous measurements of the star y Draco-
nis, Bradley discovered the ABERRATION of starlight in
1728; this was the first direct observational evidence of the
Earth’s orbital motion, confirming the Copernican model
of the Solar System. His value for this constant was 20".5,
the modern value being taken as 20”.47. Bradley calculat-
ed the time it takes sunlight to reach the Earth as 8 min-
utes 12 seconds, just 7 seconds shorter than the currently
accepted value. From observations covering a complete
revolution of the nodes of the Moon’s orbit (1727-48), he
found a periodic nodding or NUTATION of the Earth’s axis.
At Greenwich, Bradley catalogued the positions of thou-
sands of stars — because he took into account the effects of
aberration and nutation, his catalogues contained more
accurate stellar positions than those of his predecessors.
He also made accurate measurements of Jupiter’s diame-
ter and carefully observed the eclipses and other phenom-
ena of its satellites.

Brahe, Tycho (1546-1601) Danish astronomer who
used pre-telescopic instruments of his own design to
obtain planetary and star positions of unprecedented
accuracy, later used by his assistant Johannes KEPLER to
derive his three fundamental laws of planetary motions.
Tycho was born into a noble family, his father Otto
Brahe serving as a privy councillor and governor at Hels-
ingborg, Denmark (now in Sweden). He was raised by



his uncle, Jorgen Brahe, who left him a substantial inher-
itance. As a thirteen-year-old boy, Tycho was greatly
impressed by astronomers’ accurate prediction of the
total solar eclipse of 1560 August 21. From 1559 to
1570, he attended the universities at Copenhagen,
Leipzig, Wittenberg, Rostock and Basel, studying law
and the humanities but maintaining a strong interest in
astronomy. In 1566 Tycho duelled with a rival student,
losing the tip of his nose, which he covered for the rest of
his life with a metal prosthesis. During this period, his
teachers helped him make astronomical globes and sim-
ple cross-staffs, forerunners of the more sophisticated
instruments he would later use, and he read Ptolemy’s
Almagest, the only astronomy book then available.

In 1563 August, Tycho had observed a conjunction of
Jupiter and Saturn, noticing that the Copernican tables
were grossly in error (by several days) in predicting this
event. He decided to devote the rest of his life to improving
planetary and stellar positions, acquiring a large quadrant
and building a private observatory at Skane in 1571. The
next year, Tycho independently discovered a supernova in
Cassiopeia, and his report, De stella nova (1573), made him
famous. The Danish king, Frederick II, gave him the Baltic
island of Hveen in 1576, where Tycho built two observato-
ries, URANIBORG and STJERNEBORG, carrying out 20 years’
worth of very accurate observations with instruments such
as the 63-ft (2-m) mural quadrant. He described these
instruments and his work at Hveen in two magnificent
books, Astronomiae instauratae mechanica (1598) and
Astronomiae instauratae progymnasmata (1602).

Whereas previous astronomers had contented them-
selves with observing the planets at opposition and quad-
rature, Tycho obtained positions at many intermediate
points in their orbits, accurate to 30" — the best previous
planetary positions were accurate only to 15’. He was the
first astronomer to take atmospheric refraction into
account in correcting observed planetary and stellar posi-
tions. Tycho made the first truly scientific studies of
comets, observing the position, magnitude, colour and
orientation of the tail of the Great Comet of 1577. These
observations led him to conclude that the comet’s orbit,
which he determined must have an elongated shape, lay
beyond the Moon — a novel idea at the time. Tycho’s care-
ful measurements of the Sun’s apparent movement
allowed him to determine the length of a year to within 1
second, forcing 10 days to be dropped from the Julian cal-
endar in 1582 after it was shown that the Julian year
exceeded the ‘true’ year by this amount of time. He also
compiled a catalogue of 777 stars.

Tycho was not a Copernican, but created a TYCHON-
IAN SYSTEM with the planets revolving around the Sun,
and the Sun and Moon revolving around a fixed Earth.
This model was widely accepted by many astronomers
until the mid-17th century. His observations of the
comet of 1577, which demonstrated that it moved
among the planets, defeated the Aristotelian notion that
the planets were contained within solid crystalline
spheres through which a body like the comet could not
possibly move. Tycho ended his days as Imperial Mathe-
matician under the Holy Roman Emperor Rudolf II in
Prague, where Kepler was one of his assistants. Kepler
later reduced much of Tycho’s data (which appeared in
the Rudolphine Tables of 1627) to discover the three fun-
damental laws of planetary motion (1609-19).

Brahmagupta (598-¢.670) Indian astronomer and
author of the Brahmasphutasiddhanta (“The Opening of
the Universe”), a scholarly discussion of algebra, geometry
and astronomy in verse form. Brahmagupta was an expert
on the phases of the Moon, eclipses of the Sun and Moon,
and the positions and movements of the planets.

Braille MARS-CROSSING ASTEROID (number 9969)
visited by the DEEP SPACE 1 space probe in 1999 July.
Braille is an irregularly shaped asteroid c¢.2.2 km
(¢.1.4 mi) long. Its perihelion distance is 1.32 AU and
its orbital period 3.58 years.

Brans-Dicke theory Alternative theory of gravity to
Einstein’s general theory of relativity. It was proposed by
Princeton physicists C.H. Brans and R.H. Dicke in
1961. Based on the ideas of Ernst Mach about reference
frames being connected to the distribution of matter in
the Universe, Brans and Dicke modified GENERAL RELA-
TIVITY, introducing a scalar field, to include Mach’s pro-
posal. The strength of this field is governed by an
arbitrary constant w, but experiments limited the
Brans—Dicke parameter w to values closer and closer to
one, at which the Brans—Dicke theory became indistin-
guishable from general relativity.

Brashear, John Alfred (1840-1920) American tele-
scope-maker who founded a renowned optical company
in Pittsburgh, Pennsylvania, named after himself, today
known as Contraves Corp. Brashear made the 30-inch
(0.76-m) Thaw refracting telescope for Pittsburgh’s
Allegheny Observatory. Besides telescopes, Brashear’s
firm made spectroscopes, prisms and gratings and other
highly specialized astronomical equipment, including
George Ellery HALE’s spectroheliograph.

Braun, Wernher Magnus Maximilian von (1912-77)
German-American rocket scientist who played a major
role in the US space programme. His early career was
spent at the rocket development and test centre at Peen-
emiinde in north-eastern Germany, which produced a
series of rockets culminating in the A-4, renamed the V-2
when it and the team were absorbed into Germany’s war
effort. At the close of World War II, von Braun and many
other German rocket scientists were relocated first to
White Sands (New Mexico) Proving Grounds, then to
Huntsville, Alabama. At White Sands, the V-2s were put
to peaceful use in high-altitude atmospheric and astro-
nomical research. At Huntsville, von Braun led teams that
built and launched the Jupiter and Redstone missiles and,
on 1958 January 31, the USA’s first artificial satellite,
Explorer 1. He oversaw the development of the Saturn I,
IB and V launch vehicles for the Apollo programme.

breccia Rock comprising angular fragments set in a
fine-grained matrix. Breccias form as a result of rocks
being crushed by meteoroid impacts, tectonic faulting,

breccia

V Brahe, Tycho The Danish

astronomer’s model of the
Solar System, with a static

Earth at the centre. He thought
that the Moon and Sun orbited
the Earth and the other planets

moved around the Sun.
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bremsstrahlung

» B ring Voyager 2's images
of Saturn’s rings revealed that
they were made up of many
thousands of narrow ringlets.
The dark markings within the B
ring are known as ‘spokes’ and
are thought to be caused by
the planet’s magnetic field.

V brown dwarf The brown
dwarf Gliese 229B (next to the
cool red star Gliese 229), in
images from the Hale
Telescope (top) at Palomar and
the Hubble Space Telescope
(bottom). It is estimated to be
100,000 times dimmer than
our Sun.
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violent volcanic eruptions and certain other geological
processes. Some METEORITES are breccias formed by
collisions of their parent bodies. Impact-generated brec-
cias, which may also contain glass, are the most abun-

dant rocks in lunar highlands, and they were
predominant among the rock samples returned by the
Apollo astronauts.

bremsstrahlung See FREE-FREE TRANSITION

bright nebula Interstellar gas or dust cloud that may be
seen in the visible by its own light, in contrast to DARK
NEBULAE, which can only be seen when silhouetted against
a bright background. Bright nebulae include all types of
EMISSION NEBULAE plus REFLECTION NEBULAE.

Bright Star Catalogue (BS) Catalogue of all naked-eye
stars, first compiled by Frank SCHLESINGER and pub-
lished as the Yale Bright Star Catalogue by Yale University
in 1930; it is now maintained by Dorrit HOFFLEIT. The
current (5th preliminary, 1991) edition, in electronic
form, lists 9110 stars brighter than m, = 6.5 and gives
their position, parallax, proper motion, magnitude, spec-
tral type and other parameters.

B ring Second major ring of SATURN, lying inside the A
RING at a distance between 82,000 km (51,000 mi) and
117,600 km (73,100 mi) from the planetary centre.

British Astronomical Association (BAA) Main orga-
nization co-ordinating the work of amateur astronomers
in the UK, with a membership (2001) of around 2500. It
was founded in 1890 as an egalitarian alternative to the
Royal Astronomical Society. The BAA has a number of
observing sections, each dedicated to a specific area of
astronomy. Reports are published in a bimonthly Fournal,
and the annual Handbook provides ephemerides for astro-
nomical phenomena.

British Interplanetary Society (BIS) World’s longest-
established organization that is devoted solely to sup-
porting and promoting the exploration of space and
astronautics; it was founded in 1933. Though its head-
quarters are in London, the society has a world-wide
membership. Its monthly journal, Spaceflight, first
appeared in 1956, the year before the launch of the first
artificial satellite, and it is regarded as an authoritative
source on international space programmes and the com-
mercial exploration of space.

Brocchi’s Cluster See COATHANGER

Brooks, Comet (C/1893 Ul) coMET discovered in
1893, reaching peak magnitude +7.0. Its complex,
rapidly changing ion tail was one of the first to have its
activity photographed.

Brorsen, Comet 5D/ Faint short-period COMET discov-
ered by Theodor Brorsen, Germany, on 1846 February
26. With an orbital period of 5.5 years, it was seen at five
returns. At the last of these, in 1879, it underwent a dra-
matic fade and almost certainly disintegrated. Comet
5D/Brorsen has not been seen since.

Brorsen-Metcalf, Comet 23P/ Short-period COMET
discovered by Theodor Brorsen, Germany, on 1847 July
20. The comet reached peak magnitude +6.5 in mid-
August but was only observed over a short arc, leading to
uncertainties as to its orbital period. The comet was
rediscovered by Joel H. Metcalf on 1919 August 21,
reaching magnitude +4.5 around perihelion on October
17. The comet next returned to perihelion, 0.48 AU from
the Sun, on 1989 September 11, reaching magnitude +5,
and proving a readily observable object during this
apparition. Comet 23P/Brorsen—Metcalf appears to be
subject to considerable NON-GRAVITATIONAL FORCE,
which modifies the orbital parameters. The comet’s cur-
rent period is 70.54 years.

Brouwer, Dirk (1902-66) Dutch-born expert in celestial
mechanics. He spent his career at Yale University, where
he directed its observatory for a quarter-century and edit-
ed the Astronomical Journal. He was among the first to use
computers to perform the complex and laborious calcula-
tions demanded by the methods of celestial mechanics that
he developed for improving the orbital elements of planets,
asteroids and comets. Brouwer extended these methods to
calculate the orbits of the first artificial Earth satellites.

Brown, Ernest William (1866-1938) English mathe-
matician, a specialist in celestial mechanics, who moved to
America in 1891. Working at Yale University, Brown con-
structed tables of the Moon’s motion accurate to 0”.01,
based in part on a century and a half of observations
made from England’s Greenwich Observatory. His
advances in lunar theory showed that the Earth’s variable
rotation rate explained much of the irregularity in the
Moon’s movements. Brown also made major contribu-
tions to our knowledge of the Trojan asteroids.

Brown, Robert Hanbury (1916-2002) English
astronomer, born in India, who in the 1950s applied his
expertise in radar developed during World War II to the
new science of radio astronomy. His major accomplish-
ment was the invention of the intensity interferometer,
with which he was able to measure the diameters of stars,
something impossible with optical telescopes. Brown
played a major role in conducting radio surveys of the sky
from Jodrell Bank, and spent much of his later career at
the University of Sydney.

brown dwarf Star with mass greater than about 0.01
solar mass but less than 0.08 solar mass; its core tempera-
ture does not rise high enough to start thermonuclear
reactions. It is luminous, however, because it slowly
shrinks in size and radiates away its gravitational energy.
As its surface temperature is below the 2500 K lower limit
for RED DWAREFS, it is known as a brown dwarf.

The first unambiguous detection and image of a brown
dwarf, Gliese 229B (GL229B), was made in 1995.
GL.229B is a small companion to the cool red star Gliese
229, which is located 19 lLy. from Earth in the constellation
of Lepus. It is estimated to be 20 to 50 times the mass of
Jupiter. Infrared spectroscopic observations, made with the
200-inch (5-m) Hale telescope at Palomar, show that the
brown dwarf has an abundance of methane, making it sim-
ilar in composition to Jupiter and the other gas giant plan-
ets in the Solar System. More than 100 brown dwarf
candidates have since been discovered in infrared surveys,
many of which are warmer than GI.229B but cooler than
M dwarf stars. A new class of L dwarf (see L STAR) has thus
been added to the SPECTRAL CLASSIFICATION system.

The Hubble Space Telescope (HST) has carried out a
survey of brown dwarfs, showing that there are more low-



mass brown dwarfs than high-mass ones. Brown dwarfs
are far more abundant than previously thought, but they
are probably not abundant enough to contribute signifi-
cantly to the MISSING MASS. The HST survey also showed
that many brown dwarfs are ‘free-floating’ isolated bodies
rather than members of CLOSE BINARY systems, suggesting
that they form in a manner similar to stars, not planets.
However, some of the more massive EXTRASOLAR PLAN-
ETS may well be brown dwarfs.

Bruno, Giordano (1548-1600) Italian philosopher and
monk. A sharp critic of the cosmology of Aristotle and an
early supporter of Copernicus’ heliocentric theory, he was
burned at the stake in Rome for theological heresy and
suspicion of magical practices. Bruno postulated a cos-
mology in which the universe was infinite, as elucidated in
his 1584 work De l’infinito universo e mond.

BS Abbreviation of BRIGHT STAR CATALOGUE

B star Member of a class of blue-white stars, the spectra
of which are characterized by neutral helium and strong
hydrogen lines. MAIN-SEQUENCE B dwarfs have a great
range of stellar properties. Temperatures range from
10,000 K at B9.5 to 31,000 K at B0, zero-age masses
from 2.3 to 14 solar masses, zero-age luminosities from 25
to 25,000 solar luminosities, and lifetimes from 800 mil-
lion to 11 million years. B GIANTS and SUPERGIANTS have
increasingly narrow hydrogen lines, from which the Mor-
gan—Keenan class can be determined. Average dwarf rota-
tion speeds maximize at B5 at over 250 km/s (160 mi/s).
BE STARS are fast rotators surrounded by disks that radiate
emission lines. Slower rotators can be CHEMICALLY PECU-
LIAR STARS, appearing as MERCURY—MANGANESE STARS.
AP STARS extend into the class as Bp.

Because of their youth, B stars are found in the galactic
disk and in regions of star formation. Temperatures at BO
and B1 are high enough to produce diffuse nebulae. Light
scattered by dust from cooler B stars creates reflection
nebulae. Along with O STARS, B stars form loose, unbound
OB ASSOCIATIONS. While rare (one for every 1000 or more
stars), B stars are thousands of times more common than
O stars, and help to outline the spiral arms of galaxies and
to give them their bluish colours.

O dwarfs evolve into B supergiants, some of which
turn into luminous blue variables, which can have lumi-
nosities up to two million times that of the Sun and mass
loss rates up to a hundredth of a solar mass per year (Eta
Carinae, for example). B dwarfs evolve into giants and
may appear at some point as CEPHEID VARIABLES. Class B
also contains the Beta Cephei variables, all giants or sub-
giants that pulsate with multiple periods of hours and
amplitudes of a few hundredths of a magnitude. Bright
examples of B stars include Achernar B5 IV, Regulus B7
V, Rigel B8la and Spica BI V.

Bullialdus Magnificent lunar crater (21°S 22°W),
diameter 63 km (39 mi), in the middle of Mare Nubium;
it has massive 2500-m-high (8000-ft) terraced walls. A
broad, bright e¢jecta blanket flanks the ramparts of
Bullialdus, highlighting a system of gullies flowing down
the crater’s outer slopes. The crater’s squared-off interior
walls contain many landslips. The floor features a
complex group of central mountains, the highest reaching
over 1000 m (3000 ft).

Burbidge, Geoffrey Ronald (1925-) and Burbidge,
(Eleanor) Margaret (1919-) English husband-and-wife
astrophysicists noted for their studies of the NUCLEOSYN-
THESIS of elements inside stars, investigations into ACTIVE
GALACTIC NUCLEI (AGNS) and research in COSMOLOGY.
Working at Cambridge University, the California Institute
of Technology, and the University of California at San
Diego, Geoffrey Burbidge’s research has involved the
physics of non-thermal radiation processes, quasars and
other AGNSs, and alternative cosmological models, includ-
ing the ‘quasi-steady-state theory’. This model, unlike the

original STEADY-STATE THEORY, explains the COSMIC
MICROWAVE BACKGROUND. It proposes that matter is creat-
ed by a series of ‘mini Big Bangs’ at a rate of 10'¢ solar
masses on timescales of duration c¢.1/H, (the Hubble
time). Burbidge’s cosmology suggests that the isotope “He
is produced, not by the traditional Big Bang, but by stellar
hydrogen burning, as are other ‘light’ isotopes, up to ''B.
He has also directed Kitt Peak National Observatory.

Margaret Burbidge has worked at most of the same
institutions as her husband, and has served as director of
Royal Greenwich Observatory (1972-73). In much of her
work she has applied spectroscopy to determine the mass-
es and rotation rates of galaxies. In 1957 she, her husband,
William FOWLER and Fred HOYLE published a seminal
paper in which they set forth the basic processes that gov-
ern stellar nucleosynthesis. Their theory (known from the
initials of its proponents as the B*FH theory) explained
that younger stars convert their abundant supplies of
hydrogen into helium and light, and as they age, the heli-
um is gradually burned into carbon, oxygen and other
chemical elements. Heavier nuclei are formed when the
carbon and oxygen atoms combine with protons or He
nuclei — Mg, Si, S, Ar and Ca can be synthesized this way.

The Burbidges have made extensive investigations of
quasars and AGNs, finding that the two often coincide.
They concluded that AGNs emit enormous amounts of
energy from relatively confined regions, and suggested
that BLACK HOLES are the power source. Margaret Bur-
bidge also helped develop the Faint Object Spectrograph
for the HUBBLE SPACE TELESCOPE, which she has used to
study the ultraviolet flux of AGNS.

Burnham, Sherburne Wesley (1838-1921) American
observer and cataloguer of double stars who worked at
Lick Observatory (1888-92) and Yerkes Observatory
(1894-1914), discovering over a thousand new pairs.
Burnham was able to use the largest refracting telescopes
of the day, including Lick’s 36-inch (0.9-m) and Yerkes’
40-inch (1-m). His life’s work culminated in the publica-
tion of the massive two-volume General Catalogue of Dou-
ble Stars Within 121 Degrees of the North Pole, which
contained data for over 13,000 doubles.

Butterfly Cluster (M6, NGC 6405) Bright OPEN CLUS-
TER containing 80 stars of magnitude +6 and fainter
together with associated nebulosity; it is located a few
degrees north of the ‘Sting’ asterism marking the tail of
Scorpius (RA 17"40™.1 dec. —32°13"). With an integrat-
ed magnitude +4.2, the Butterfly Cluster is visible to the
naked eye under good conditions. It was catalogued by

Butterfly Cluster

V Butterfly Cluster The open

cluster M6 (NGC 6405) in
Scorpius is predominantly

composed of young, blue stars
and is thought to be about 100

million years old. It is some

20 l.y. across.
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A butterfly diagram During
the solar cycle, the latitude at
which sunspots form changes.
This is related to changes in the
Sun’s magnetic field during its
cycle. Cycles usually overlap,
with the first spots of a new
cycle forming concurrently with
the last spots of the old cycle.
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PTOLEMY in the 2nd century AD as a ‘little cloud’. The
cluster lies 2000 l.y. away in the direction of the galactic
centre. It takes its popular name from the distribution of
its stars in two fan-shaped ‘wings’. The Butterfly Cluster
has an apparent diameter of 33'.

butterfly diagram (Maunder diagram) Plot of the dis-
tribution in solar latitude of SUNSPOTS over the course of
the approximate 11-year SOLAR CYCLE. At the start of a
cycle, sunspots tend to appear at solar latitudes of up to
40° north and south of the equator. Their numbers
increase and their latitude distribution moves toward the
equator as the cycle progresses. This graphical represen-
tation of sunspot latitudes against dates of observation was

first plotted by the English astronomer Edward Walter
MAUNDER in the early 20th century. The plot for each
cycle resembles the wings of a butterfly, which gives the
diagram its popular name. The diagram is a graphical
representation of SPORER’S LAW.

Butterfly Nebula (M76, NGC 650 & 651) See LITTLE
DUMBBELL

BY Draconis stars (BY) EXTRINSIC VARIABLE star, con-
sisting of an emission-line dwarf star (with dKe—dMe spec-
tra) that shows variations of 0.01-0.5 magnitude in
luminosity. The changes arise from axial rotation of stars
with markedly non-uniform surface luminosity, caused by
large ‘starspots’ and chromospheric activity. The spots are
larger than those on the Sun (covering up to 20% of the
stellar surface) and have little or no penumbra. Periods
range from a fraction of a day to about 120 days. A number
(approximately 20) of these red dwarf stars also exhibit
flare activity, in which case they are classed as FLARE STARS.

Byurakan Astrophysical Observatory Optical obser-
vatory situated some 40 km (25 mi) north-west of Yere-
van, Armenia, at an elevation of more than 1500 m
(4900 ft). The observatory was founded in 1946 by the
Armenian Academy of Sciences, on the initiative of Viktor
AMBARTSUMIAN. Its largest telescopes are a 1-m (40-in.)
Schmidt and a 2.6-m (102-in.) reflector, opened in 1960
and 1976 respectively. The Schmidt is notable for the dis-
covery of MARKARIAN GALAXIES.



calendar

<« caldera A Magellan radar
image of Sacajawea Patera, in
the western part of Ishtar Terra
on Venus. With a depth of

1-2 km (0.6-1.2 mi), this
caldera has a maximum
diameter of 420 km (252 mi).

Caelum See feature article
CAI See CALCIUM—ALUMINIUM-RICH INCLUSION

Calar Alto Observatory German-Spanish optical
observatory situated in the Sierra de los Filabres in
Andalucia, southern Spain, at an elevation of 2170 m
(7120 ft). Dating from 1973, it is operated by the MAX-
PLANCK-INSTITUT FUR ASTRONOMIE in Heidelberg; the
Madrid Observatory also has a 1.5-m (60-in.) telescope
there. Principal instruments of the German-Spanish
Astronomical Centre are the 3.5-m (138-in.) and 2.2-m
(87-in.) reflectors, dating from 1984 and 1979 respective-
ly. There is also a 1.2-m (48-in.) telescope and a small
Schmidt that was formerly at HAMBURG OBSERVATORY.

calcium-aluminium-rich inclusion (CAI) In a METE-
ORITE, an irregular-shaped refractory inclusion of oxide
and silicate minerals such as spinel, hibonite and melilite.
CAlIs can be up to ¢.1 cm (about half an inch) in size and
frequently exhibit complex mineralogical zoning, both in
their rims and in their cores. They contain the daughter
products from now-extinct short-lived radionuclides,
indicating rapid solidification after production of the
nuclides. CAIs are the oldest solid objects from the pre-
solar nebula.

caldera Large, roughly circular volcanic depression
formed by collapse over an evacuated MAGMA chamber.
Small calderas (less than 5 km/3 mi in diameter) are
common at the crests of terrestrial basaltic and andesitic
volcanoes. Calderas as large as 75 km (47 mi) across
have formed on Earth during volcanic ash flow erup-
tions. The summit caldera of the Martian volcano OLYM-
PUS MONS, the largest volcano in the Solar System, is
about 80 km (50 mi) across.

Caldwell Catalogue Listing of 109 deep-sky objects
intended to complement those in the MESSIER CATA-
LOGUE. Charles Messier omitted from his list several
prominent objects, such as the Double Cluster in
Perseus, and southern-hemisphere objects of which he
was unaware. In 1993 English amateur astronomer

calendar System for measuring longer intervals of time
by dividing it into periods of days, weeks, months and
years. The length of the day is based on the average rota-
tion period of the Earth, while a year is based on the
orbital period of the Earth around the Sun.

The MONTH was originally the period between suc-
cessive full moons (29.5 days), giving a lunar year of 354
days, but in modern calendars it is now roughly one
twelfth of a year. Because there are not a whole number
of full moons in a year, the two cannot be simply recon-
ciled into a common calendar, and while the modern
civil calendar is based on the year, the dates of religious
festivals (such as Easter) are still set by reference to the
lunar month. The week is not based on any astronomical
phenomena but instead derives from the Jewish and
Christian tradition that every seventh day should be a
day of rest.

The ancient Egyptians were the first to use a calendar
based on a solar year, the Babylonians having used a lunar
year of 12 months, adding extra months when it became
necessary to keep the calendar in step with the seasons.

Our present calendar is based on that of the Romans,
which originally had only ten months. Julius Caesar, on
the advice of the Greek astronomer Sosigenes, intro-
duced the Julian Calendar in 45 BC. This was a solar cal-
endar based on a year of 365.25 days, but fixed at 365
days, with a leap year of 366 days every fourth year to
compensate. The year commenced on March 25 and the
Julian Calendar, which was completed by Caesar Augus-
tus in 44 BC, also established the present-day names,
lengths and order of the months.

The Julian year of 365.25 days is slightly different
from the solar year of 365.2419 days (being 11™m14%
longer) but accumulates an error of almost eight days
every 1000 years. By the 16th century this error had
become noticeable, the VERNAL EQUINOX, for example,
occurring 10 days early in 1582. To correct this error,
Pope Gregory XIII removed 10 days from the calendar
so in 1582, October 15 followed October 4, and instigat-
ed the use of a new system known as the Gregorian cal-
endar in which only century years divisible by 400 (for

CAELUM (GEN. CAELI, ABBR. CAE)

Patrick MOORE, recognizing these omissions, gathered a
further 109 deep-sky objects in a catalogue that takes its
title from one of his middle names. The list enjoys some Faint and obscure southern constellation, sandwiched between Columba and the
popularity among amateur observers who have observed southern end of Eridanus, introduced by Nicolas Lacaille in the 1750s. It rep-
all the Messier objects and are seeking further targets. resents a sculptor’s chisel. Its brightest star, a Cae, is only mag. 4.4.

See table, pages 66—67
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Sh2-155
663
7635
6946
457
869/884
6826
7243
147
185

IC 5146
7000
4449
7662
891
1275
2419
4244
6888
752
5005
7331
IC 405
4631
6992/5
6960
4889
4559
6885
4565
2392
3626
Melotte 25
7006
7814
7479
5248
2261
6934
2775
2237-9
2244
IC 1613
4697
3115
2506
7009

example, 1600, 2000) should be leap years. The start of
the year was also changed to January 1.

By the time this ‘New Style’ calendar, as it was known,
was adopted in Great Britain in 1752 the error had
increased to 11 days, so that September 14 followed Sep-
tember 2. This is why the British financial year ends on
April 5 — the old New Year’s Day (March 25) plus the 11
days lost in 1752.

Today the Gregorian calendar, which repeats every
400 years since this equates to an exact number of weeks,
is used throughout the Western world and parts of Asia.
It is also known as the Christian calendar since it uses the
birth of Christ as a starting point, subsequent dates being
designated anno domini (in the year of our Lord) and pre-
ceding dates being BC (before Christ). The accumulated
error between the Gregorian year and the true solar year
now amounts to just three days in 10,000 years.

RA (2000.0) Dec.

Constellation Type h min ° !
Cepheus open cluster 00 44.4 +85 20
Cepheus planetary nebula 00 13.0 +72 32
Draco Sb galaxy 12 16.7 +69 27
Cepheus reflection nebula 21 01.8 +68 10
Camelopardalis SBc galaxy 03 46.8 +68 06
Draco planetary nebula 17 58.6 +66 38
Camelopardalis Sc galaxy 07 36.9 +65 36
Cassiopeia open cluster 01 29.5 +63 18
Cepheus bright nebula 22 56.8 +62 37
Cassiopeia open cluster 01 46.0 +61 15
Cassiopeia bright nebula 23 20.7 +61 12
Cepheus SAB galaxy 20 34.8 +60 09
Cassiopeia open cluster 01 19.1 +58 20
Perseus open clusters 02 20.0 +57 08
Cygnus planetary nebula 19 44.8 +50 31
Lacerta open cluster 22 163 +49 53
Cassiopeia dE4 galaxy 00 33.2 +48 30
Cassiopeia dEO galaxy 00 39.0 +48 20
Cygnus bright nebula 21 53.4 +47 16
Cygnus bright nebula 20 58.8 +44 20
Canes Venatici Irregular galaxy 12 28.2 +44 06
Andromeda planetary nebula 23 25.9 +42 33
Andromeda Sb galaxy 02 22.6 +42 21
Perseus Seyfert galaxy 03 19.8 +41 31
Lynx globular cluster 07 38.1 +38 53
Canes Venatici Scd galaxy 12 17.5 +37 49
Cygnus bright nebula 20 12.0 +38 20
Andromeda open cluster 01 57.8 +37 41
Canes Venatici Sb galaxy 13 10.9 +37 03
Pegasus Sb galaxy 22 37.1 +34 25
Auriga bright nebula 05 16.2 +34 16
Canes Venatici Sc galaxy 12 42.1 +32 32
Cygnus SN remnant 20 56.8 +31 28
Cygnus SN remnant 20 45.7 +30 43
Coma Berenices E4 galaxy 13 00.1 +27 59
Coma Berenices Sc galaxy 12 36.0 +27 58
Vulpecula open cluster 20 12.0 +26 29
Coma Berenices Sb galaxy 12 36.3 +25 59
Gemini planetary nebula 07 29.2 +20 65)
Leo Sb galaxy 11 20.1 +18 21
Taurus open cluster 04 27 +16
Delphinus globular cluster 21 01.5 +16 11
Pegasus Sb galaxy 00 03.3 +16 09
Pegasus SBb galaxy 23 04.9 +12 19
Bootes Sc galaxy 13 37.5 +08 53
Monoceros bright nebula 06 39.2 +08 44
Delphinus Globular cluster 20 34.2 +07 24
Cancer Sa galaxy 09 10.3 +07 02
Monoceros bright nebula 06 32.3 +05 03
Monoceros open cluster 06 32.4 +04 52
Cetus irregular galaxy 01 04.8 +02 o7
Virgo E4 galaxy 12 48.6 =05 48
Sextans SO galaxy 10 05.2 —-07 43
Monoceros open cluster 08 00.2 -10 a7
Aquarius planetary nebula 21 04.2 —11 22

The two other major calendars in use today are the
Jewish and Muslim calendars, both of which are based
on a lunar year. The Jewish is derived from the ancient
Hebrew calendar and is based on lunar months of 29
and 30 days alternately, with an intercalary month insert-
ed every three years. The length of the Muslim year is
also 12 months of alternate lengths 30 and 29 days,
except for the 12th month which can have either 29 or
30 days.

Caliban One of the several small outer satellites of
URANUS. It was discovered in 1997 by Brett Gladman
and others. Caliban is about 60 km (40 mi) in size. It
takes 579 days to circuit the planet at an average
distance of 7.23 million km (4.49 million mi). It has a
RETROGRADE orbit (inclination near 141°) with
eccentricity 0.159. In origin Caliban is thought to be a
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captured body, previously a CENTAUR. Other recently
discovered outer Uranian satellites with a similar
suspected origin to Caliban are PROSPERO, SETEBOS,
STEPHANO and SYCORAX; an object discovered in
VOYAGER 2 images in 1999 and provisionally designated
as S/1986 U10 awaits confirmation.

California Extremely Large Telescope (CELI)
Proposed 30-m (100-ft) optical/infrared telescope,
sponsored jointly by the University of California and the
CALIFORNIA INSTITUTE OF TECHNOLOGY. The instrument
would build on the segmented-mirror technology used for
the 10-m (33-ft) telescopes of the WM. KECK
OBSERVATORY, and would have a mirror composed of 1080
hexagonal segments. It would rely on ADAPTIVE OPTICS for
high resolution, bringing the first generation of galaxies
within its grasp when fully operational in 2010-15.

California Institute of Technology (Caltech) Small,
independent university dedicated to exceptional instruc-
tion and research in engineering and science, located in
Pasadena, California, USA. Its off-campus facilities
include the JET PROPULSION LABORATORY, PALOMAR
OBSERVATORY, OWENS VALLEY RADIO OBSERVATORY and
the W.M. KECK OBSERVATORY.

California Nebula (NGC 1499) emission nebula in the
eastern part of the constellation perseus (RA 04" 00™.7
dec. +36°37’'). The nebula is illuminated by the hot,
young O-class star & Persei. Although visually faint, the
nebula shows up well in long-exposure photographs
taken on red-sensitive films. It takes its name from its
resemblance, in outline, to the American state. The Cali-
fornia Nebula covers an area of 160" X 40, elongated
roughly north-south.

California Nebula

CALDWELL CATALOGUE (CONTINUED)

RA (2000.0) Dec.
Cc NGC/IC Constellation Type h min ° ! Magnitude Size () Comment
56 246 Cetus planetary nebula 00 47.0 —-11 58 8.6 4 %3
57 6822 Sagittarius irregular galaxy 19 44.9 —14 48 8.8 20 X 10
58 2360 Canis Major open cluster 07 17.8 =15 37 7.2 13
59 3242 Hydra planetary nebula 10 24.8 —-18 38 7.8 0.27 GHOST OF JUPITER
60 4038 Corvus Sc galaxy 12 01.9 =113} 52 10.5 2.6 X2 ANTENNAE
61 4039 Corvus Sp galaxy 12 01.9 -18 53 10.5 26 X2 ANTENNAE
62 247 Cetus SAB galaxy 00 471 -20 46 9.1 20X 7
63 7293 Aquarius planetary nebula 22 29.6 —-20 48 7.3 13 HELIX NEBULA
64 2362 Canis Major open cluster o7 18.8 —24 57 4.1 8
65 253 Sculptor Scp galaxy 00 47.6 =215 17 71 25X 7 Silver Coin Galaxy
66 5694 Hydra globular cluster 14 39.6 —26 32 10.2 3.6
67 1097 Fornax SBb galaxy 02 46.3 -30 16 9.2 9Xx7
68 6729 Corona Australis bright nebula 19 01.9 —36 58 — 1.0
69 6302 Scorpius planetary nebula 17 13.7 -37 06 9.6 2 X1
70 300 Sculptor Sd galaxy 00 54.9 =87 41 8.1 20 X 15
71 2477 Puppis open cluster 07 52.3 —38 33 516} 27
72 68 Sculptor SB galaxy 00 151 -39 13 7.9 25 X 4
73 1851 Columba globular cluster 05 141 —40 03 7.3 11
74 3132 Vela planetary nebula 10 07.7 —40 26 8.2 1.4 X 0.9
{5} 6124 Scorpius open cluster 16 25.6 —40 40 1) 29
76 6231 Scorpius open cluster 16 54.0 —41 48 2.6 15
77 5128 Centaurus radio galaxy 13 2615) —43 01 6.8 18 X 14 CENTAURUS A
78 6541 Corona Australis globular cluster 18 08.0 —43 42 6.6 13
79 3201 Vela globular cluster 10 17.6 —46 25 6.7 18
80 5139 Centaurus globular cluster 13 26.8 —47 29 3.6 36 w Centauri
81 6352 Ara globular cluster 17 2615) —48 25 8.1 7
82 6193 Ara open cluster 16 41.3 —48 46 5.2 15
83 4945 Centaurus SBc galaxy 13 05.4 —49 28 8.7 20 X 4
84 5286 Centaurus globular cluster 13 46.4 Sl 22 7.6 9
85 IC 2391 Vela open cluster 08 40.2 —53 04 24 50
86 6397 Ara globular cluster 17 40.7 —53 40 B 26
87 1261 Horologium globular cluster 03 12.3 =585 13 8.4 7
88 5823 Circinus open cluster 15 05.7 =5 36 7.9 10
89 6087 Norma open cluster 16 18.9 =51 54 5.4 12
90 2867 Carina planetary nebula 09 21.4 —58 19 9.7 12
91 3532 Carina open cluster 11 06.4 —58 40 3.0 55]
92 3372 Carina bright nebula 10 45.0 =589 50 = 120 X 120 1 Carinae Nebula
93 6752 Pavo globular cluster 19 10.9 —-59 59 5.4 20
94 4755 Crux open cluster 12 53.6 —-60 20 4.2 10 KAPPA CRUCIS CLUSTER
95 6025 Triangulum Australis ~ open cluster 16 03.7 —60 30 )1l 12
96 2516 Carina open cluster 07 58.3 —-60 52 3.8 30
97 3766 Centaurus open cluster 11 36.1 —61 37 583 12
98 4609 Crux open cluster 12 42.3 —62 58 6.9 5
99 — Crux dark nebula 12 53 —63 — 420 x 300 COALSACK
100 IC 2944 Centaurus cluster 11 36.6 —63 02 4.5 60 X 40
101 6744 Pavo SBb galaxy 19 09.8 —63 &l 8.3 16 X 10
102 IC 2602 Carina open cluster 10 43.2 —64 24 1.9 50
103 2070 Dorado bright nebula 05 38.7 —69 06 — 30 X 20 TARANTULA NEBULA
104 362 Tucana globular cluster 01 03.2 =70 Bl 6.6 13
105 4833 Musca globular cluster 12 59.6 —70 53 7.3 14
106 104 Tucana globular cluster 00 241 =72 05 4.0 31 FORTY-SEVEN TUCANAE
107 6101 Apus globular cluster 16 25.8 =72 12 9.3 11
108 4372 Musca globular cluster 12 25.8 =72 40 7.8 19
109 3195 Chamaeleon planetary nebula 10 09.5 —80 62 8.4 40 X 30
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Callisto

A Callisto Asgard, a multi-
ring impact basin on Callisto,
imaged by the Galileo
spacecraft. Callisto’s icy
surface is heavily scarred by
impact cratering.

» Caloris Planitia This vast
(1300 km/800 mi diameter)
multi-ring impact basin on
Mercury was imaged during

the Mariner 10 mission in 1974.

Shockwaves from the impact,
early in Mercury’s history, have
produced unusual geological
features on the opposite
hemisphere of the planet.
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Callisto Outermost and darkest of the GALILEAN SATEL-

LITES of JUPITER. It has an albedo of only 0.2. Callisto is
heavily cratered and is the only member of the group to
show no clear surface signs of current or past geological
activity. Callisto’s density of 1.9 g/cm? suggests that it is
composed of rock and ice in a 40:60 mixture. Gravity
measurements made by the Galileo orbiter during close
flybys of Callisto suggest that its interior is only weakly dif-
ferentiated (see DIFFERENTIATION), and that the rock is not
all concentrated into a core, in contrast to Callisto’s neigh-
bour GANYMEDE. Perplexingly, measurements made by
the Galileo orbiter hinted at a magnetic field, apparently
generated at a shallow depth within Callisto as a result of
its orbital passage through Jupiter’s MAGNETOSPHERE. One
way to explain this would be if Callisto has a salty ocean
no more than 100 km (60 mi) below its icy surface, but
this is hard to reconcile with the great age of the surface
implied by the density of CRATERS.

Although Callisto’s craters are clearly produced by
meteoroidal or cometary impact, they are rather different
from those found on the Moon. For example, Callisto has
very few craters less than about 60 km (40 mi) in diame-
ter, showing that the satellite was bombarded by a differ-
ent population of impactors from that responsible for
lunar craters. The largest craters have a subdued shape, as
if Callisto’s LITHOSPHERE has not been strong enough to
support their topography. There are also a few enormous
impact basins marked by concentric rings of fractures; the
largest of these, named VALHALLA, is about 4000 km
(2500 mi) across. About a dozen linear chains of craters
have been identified on Callisto, each of which was proba-
bly produced by the serial impact of fragments of a comet
broken up by tidal forces during a close passage of Jupiter
(see SHOEMAKER-LEVY 9). See data at JUPITER

Caloris Planitia (‘Basin of Heat’) Largest single feature
on MERCURY imaged by MARINER 10. It is situated near one

of the planet’s hot poles and centred on 30°.5N 189°.8W.
The Caloris Planitia is an enormous multi-ring impact
structure 1300 km (800 mi) in diameter — a quarter that of
the planet. Imaged half-lit from the departing spacecraft, it
is defined by a ring of discontinuous mountains, the
Montes Caloris, roughly 2 km (1.2 mi) high. The BASIN
floor consists of smooth plains with quasi-concentric and
other ridges, transected by younger crack-like GRABEN.
The ejecta blanket extends to a distance of approximately
700 km (430 mi) beyond the Montes Caloris; it comprises
tracts of uneven hummocky plains and lineated terrain.
The whole structure is undoubtedly the modified scar left
by the impact of an asteroid-sized body, the floor being the
end result of refilling of the crater by the crusting-over,
semi-molten ASTHENOSPHERE. On the other side of Mer-
cury, antipodal to Caloris, is a region of ‘weird terrain’, an
extraordinary place of hills and valleys that break into
other landforms; it probably formed as a result of shock-
waves from the impact that created Caloris.

Caltech Submillimeter Observatory (CSO) Enclosed
10.4-m (34-ft) radio dish with a hexagonally segmented
mirror, at MAUNA KEA OBSERVATORY, Hawaii. The tele-
scope is operated by the CALIFORNIA INSTITUTE OF TECH-
NOLOGY under contract from the National Science
Foundation, and has been in regular use since 1988. The
instrument operates at wavelengths between 350 wm and
1.3 mm, and can be linked with the nearby JAMES CLERK
MAXWELL TELESCOPE for short-baseline interferometry.

Calypso Small satellite of SATURN, discovered in 1980 by
Dan Pascu (1938- ) and others in images from the
VOYAGER miissions. It is irregular in shape, measuring about
30 X 16 X 16 km (19 X 10 X 10 mi). With a distance
from the centre of the planet of 294,700 km (183,100 mi),
it is co-orbital with TETHYS and TELESTO. Calypso and
"Telesto have circular, near-equatorial orbits, near the L
and L, LAGRANGIAN POINTS, respectively, of Tethys’ orbit
around Saturn, with a period of about 1.89 days.




Cambridge Low Frequency Synthesis Telescope
(CLFST) East—west aperture synthesis radio telescope
consisting of 60 trackable Yagi antennae, operated by the
MULLARD RADIO ASTRONOMY OBSERVATORY and situated
close to the RYLE TELESCOPE. The individual antennae are
located on a 4.6-km (2.9-mi) baseline, and have a working
frequency of 151 MHz

Cambridge Optical Aperture Synthesis Telescope
(COAST) Instrument built by the MULLARD RADIO
ASTRONOMY OBSERVATORY to extend the interferometric
image-reconstruction techniques used in radio astronomy
to optical and near-infrared wavelengths. It consists of an
array of five 400-mm (16-in.) telescopes, of which up to
four are in use at any one time. They can be used to synthe-
size a virtual telescope mirror 100 m (330 ft) in diameter,
yielding images showing detail as fine as 0”.001 (1 milliarc-
second). COAST produced its first images in 1995.

Cambridge Radio Observatory Sec MULLARD RADIO
ASTRONOMY OBSERVATORY

Camelopardalis See feature article

Camilla MAIN-BELT ASTEROID; number 107. It is notable
because it is accompanied by a small moon.

Campbell, (William) Wallace (1862-1938) American
astronomer and mathematician who measured a large num-
ber of radial velocities. As director of Lick Observatory
(1900-1930), he founded the observatory’s southern-
hemisphere station in Chile and designed important acces-
sory instruments for Lick’s telescopes, including the Mills
spectrographs. Campbell led an eclipse expedition in 1922,
which confirmed Einstein’s general theory of relativity by
showing that the Sun’s mass was sufficient to deflect light
waves from other stars. With Heber CURTIS, he undertook a
huge photographic survey of stellar spectra to determine
the radial velocities of stars. This project had two important
results: it allowed Campbell to map the local Milky Way and
our Sun’s motion relative to other nearby stars, and it led to
the discovery of over a thousand spectroscopic binaries.

Canada-France-Hawaii telescope Optical/infrared
telescope of 3.6-m (142-in.) aperture located at MAUNA
KEA OBSERVATORY and operated jointly by the National
Research Council of Canada, the Centre National de la
Recherche Scientifique of France and the University of
Hawaii. The instrument began operation in 1979, and its
suite of instruments includes high-resolution wide-field
imagers.

canals, Martian Elusive network of dark linear markings
on the surface of Mars, reported by some observers from
around 1870 until well into the 20th century. In 1877
Giovanni SCHIAPARELLI marked a number of very narrow
features on his map of Mars which he referred to as canali,
which in Italian means ‘channels’ or ‘canals’. But when his
findings were translated into English, it was the latter
sense, with its implication of artificial construction, that
found its way into reports. Controversy continued in the
1880s, some astronomers claiming they could see the
‘canals’, while others could not. In the 1890s, their exis-
tence was championed by Percival LOWELL, who founded
Lowell Observatory in Flagstaff, Arizona, largely to study
them. He became convinced that they were waterways
constructed by intelligent beings to irrigate a desiccating
planet. Only when close-up images were returned by the
Mariner craft and later Mars probes was the existence of
canals disproved with certainty.

Martian ‘canals’ make an intriguing episode in the
annals of observational astronomy. No canal was ever
convincingly photographed, yet highly detailed maps were
prepared from sketches made at the eyepiece that showed
canals in prodigious numbers. Their explanation is part
psychological, part physiological. There is no denying the
integrity of some who reported having observed canals,

Cancer

CAMELOPARDALIS (GEN. CAMELOPARDALIS, ABBR. CAM)

airly large but faint northern constellation, representing a giraffe; it extends

from the northern borders of Perseus and Auriga towards the north celestial
pole. Camelopardalis was introduced by Petrus Plancius in 1613, supposedly to
commemorate the Biblical animal that carried Rebecca to Isaac. Its brightest star,
B Cam, is a wide double, mags. 4.0 and 8.6. NGC 1502 is a small open cluster
from which a chain of stars called Kemble’s Cascade runs for 21° towards
neighbouring Cassiopeia.

CANCER (GEN. CANCRI, ABBR. CNC)

aintest constellation of the zodiac, lying between Gemini and Leo.

Mythologically, it represents the crab that was crushed underfoot by Hercules
during his fight with the Hydra. The brightest star is B Cnc, a K4 giant of mag.
3.52, distance 290 ly. { Cnc is a long-period binary divisible through small
telescopes, mags. 5.0 and 6.2. Even easier to divide is v Cnc, mags. 4.0 and 6.6.
The constellation’s most celebrated feature is M44, also known as PRAESEPE or the
Manger, a large open star cluster. North and south of it lie 'y and & Cnc, known as
the ASELLI (‘asses’). In the south of the constellation, next to o Cnc, binoculars
show M67, a smaller and fainter open cluster 2500 Ly. away.

but equally there is no doubting that other observers were
over-zealous in seeking evidence to fit a theory. The phys-
iological factor was explained by Eugéne ANTONIADI and
others. When the eye is straining to discern detail at the
very limits of visibility — and the disk of Mars is small,
even at favourable oppositions — the brain can misinter-
pret what the eye beholds. In particular, in conditions of
low contrast, it joins the dots’ to form lines between dis-
crete features, and conjures firm borders between areas of
differing brightness.

Cancer See feature article

CANES VENATICI (GEN. CANUM VENATICORUM, ABBR. CVN)

N orthern constellation positioned beneath the tail of Ursa Major, representing a
pair of hunting dogs, Asterion and Chara, held on a leash by neighbouring
Bootes. Canes Venatici was introduced by Johannes Hevelius in 1687. o CVn,
known as COR CAROLL is an easy double, mags. 2.9 and 5.6. Y CVn is a red
supergiant semiregular variable known as L.a Superba, with range 5.0-6.5 and
period roughly 160 days. The constellation’s most famous feature is the spiral
galaxy M51, known as the WHIRLPOOL GALAXY. Other spirals visible with small
instruments are M63 and M94. One of the best globular clusters in northern skies
is M3, just on the naked-eye limit at 6th magnitude.

CANIS MAJOR (GEN. CANIS MAJORIS, ABBR. CMA)

rominent constellation just south of the celestial equator, containing the

brightest star in the sky, SIRIUS. Canis Major represents the larger of the two
dogs of Orion and is one of the constellations recognized since the time of the
ancient Greeks. € (ADHARA) and pw CMa are difficult double stars with much
fainter companions. UW CMa is an eclipsing binary, range 4.8-5.3, period 4.4
days. M41 is a naked-eye open cluster 4° south of Sirius, similar in apparent size
to the full moon and containing some 80 stars of 7th magnitude and fainter.
NGC 2362 is a small open cluster surrounding the mag. 4.4 blue supergiant
7 CMa, its brightest member. See also MIRZAM; WEZEN

BRIGHTEST STARS

Name RA dec. Visual Absolute Spectral Distance

h m ° ! mag. mag. type (Ly.)

a  Sirius 6 45 -16 43 —1.44 1.45 AOmM 8.6
€ Adhara 6 59 —2858 1.50 -4.10 B2 431
3 Wezen 7 08 —2624 1.83 -6.87 F8 1800
B Mirzam 6 23 —17 57 1.98 -3.95 B1 499
m Aludra 7 24 -2918 2.45 =741 B5 3200
¢ Furud 6 20 —-3003 3.02 —2.05 B2.5 336
0? 7 03 -2350 3.02 —6.46 B3 2600




Candy, Michael Philip

CANIS MINOR (GEN. CANIS MINORIS, ABBR. CMI)

onstellation on the celestial equator, representing the smaller of the two dogs
following Orion, the other being Canis Major. Its leading star is PROCYON, the
eighth-brightest in the sky. Apart from Procyon and f CMi, known as Gomeisa,
there is little of note.

BRIGHTEST STARS

¥ cannibalism A Hubble
Space Telescope image of the
elliptical galaxy NGC 1316 in
Fornax. The dark dust clouds
and bluish star clusters are
probably remnants of a collision
100 million years ago, during
which NGC 1316 consumed a
smaller galaxy.
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Name RA dec. Visual Absolute Spectral Distance

h m ° ! mag. mag. type (Ly.)

a Procyon 7 39 +5 14 0.40 2.68 F5 1.4

B Gomeisa 7 27 +8 18 2.89 —0.70 B8 170
Candy, Michael Philip (1928-94) English-born

astronomer who worked at Royal Greenwich Observatory
(1947-69) and Perth Observatory (1969-93). From
Perth, he directed an observational programme that con-
tributed greatly to the study of Halley’s Comet at its
1986/87 apparition. Candy was an expert on the orbits of
comets and asteroids, and has one of each type of object
named after him.

Canes Venatici See feature article, page 69
Canis Major See feature article, page 69
Canis Minor See feature article

cannibalism Merging of a GALAXY into a much larger
and more massive one, so that its content is incorporated
without a major change in the structure of the larger
galaxy. This process is thought to explain how CD GALAX-
IES at the centres of clusters have become so bright and
massive. Cannibalism of dwarf satellites also seems to
have played a role in the growth of the halos of SPIRAL
GALAXIES, exemplified by the distinct streams of stars in
the Milky Way and the ANDROMEDA GALAXY, which may
be the assimilated remnants of former companions.

Cannon, Annie Jump (1863-1941) American
astronomer who, working at the Harvard College Obser-

vatory under the direction of Edward C. PICKERING,
refined the system for classifying stellar spectra. In 1896,
after teaching physics at Wellesley College, Cannon joined
Harvard’s staff of ‘Pickering’s women’, a group of com-
puting assistants hired mainly to work on the HENRY DRAP-
ER CATALOGUE of stellar spectra.

Taking the alphabetical spectral classification begun by
Williamina FLEMING and Antonia C. MAURY, Cannon
dropped several categories and rearranged the sequence
to give O, B, A, E G, K, M, from the hottest stars to the
coolest. White or blue stars were classified as type O, B or
A, yellow stars as F or G, orange stars were designated K,
and red stars as M. This scheme, which is the basis for the
present-day HARVARD SYSTEM of spectral classification,
was used by Cannon in the first ever catalogue of stellar
spectra, for the 1122 brightest stars (1901). Later, she
added types R, N and S, plus ten subcategories based
upon finer spectral features.

In the course of her work, Cannon visually examined
and classified hundreds of thousands of spectra: the Henry
Draper Catalogue, filling nine volumes of the Harvard
Annals, ultimately contained almost 400,000 stars sorted
by spectral class. Cannon also discovered five novae, 300
new variable stars and published extensive catalogues of
these objects in 1903 and 1907. She was the first woman
to be elected an officer of the American Astronomical
Society, but because of a reluctance of the scientific com-
munity to accept women in astronomy, she did not receive
a regular appointment at Harvard until 1938, just two
years before she retired.

Canopus The star a Carinae, the second-brightest star
in the entire sky, visual mag. —0.62, distance 313 Ly. It is
a white supergiant of spectral type FO Ib, more than
10,000 times as luminous as the Sun. The Hipparcos
satellite detected variations of about 0.1 mag., but the
period (if any) and cause of the variation are not known.
Canopus is named after the helmsman of the Greek
King Menelaus.

Cape Canaveral See KENNEDY SPACE CENTER

Capella The star o Aurigae, at visual mag. 0.08 the
sixth-brightest star in the sky, distance 42 ly. It is a
spectroscopic binary, consisting of two yellow giants
with an orbital period of 104 days. Various spectral
types have been given for this pair, but they are likely to
be near G6 III and G2 III. The star’s name comes from
the Latin meaning ‘she-goat’.

Cape Observatory See ROYAL OBSERVATORY, CAPE OF
GOOD HOPE

Cape Photographic Durchmusterung (CPD) Cata-
logue compiled from the first large photographic survey
of the southern sky, made at the Cape Observatory
between 1885 and 1900 under the direction of David
GILL. Data for the CPD were taken from Gill’s photo-
graphic plates by Jacobus KAPTEYN. It contains 455,000
stars to 10th magnitude from dec. —18° to —90° and,
achieved before the CORDOBA DURCHMUSTERUNG, COm-
plements the BONNER DURCHMUSTERUNG. It was later
revised by Robert INNES.

Capricornus See feature article
captured rotation See SYNCHRONOUS ROTATION

Carafe Galaxy (Cannon’s Carafe Galaxy) SEYFERT
GALAXY in the southern constellation of Caelum (RA 04"
28m.0 dec. —47°24"), part of a group with NGC 1595
and NGC 1598. Long-exposure images show a curved jet
of emerging material, possibly the result of gravitational
interaction with NGC 1595.

carbon Sixth element, chemical symbol C; it is fourth in
order of COSMIC ABUNDANCE. Its properties include:



atomic number 6; atomic mass of the naturally occurring
element 12.01115; melting point ¢.3820 K (it sublimes at
3640 K); boiling point 5100 K; valence 2, 3 or 4. Carbon
has seven ISOTOPES, with atomic masses from 10 to 16,
two of which are stable (carbon-12 and carbon-13). Car-
bon-12 is used to define the ATOMIC MASS UNIT, and so
its atomic mass is exactly 12. The naturally occurring ele-
ment contains carbon-12 (98.89%) and carbon-13
(1.11%) plus variable but small amounts of carbon-14. In
its free state, carbon exists as amorphous carbon,
graphite and diamond.

Carbon is unique in the vast number and variety of
compounds that it can form. The study of its reactions
forms the entire discipline of organic chemistry. Carbon’s
property of forming hexagonal rings and long-chain mol-
ecules and of linking with hydrogen, nitrogen and oxygen
makes it the basis of life. In the form of carbon dioxide
(CO,) and methane (CH,) it produces the two most sig-
nificant GREENHOUSE gases.

Carbon-14 is radioactive, with a half-life of 5730
years, and forms the basis for carbon-dating archaeologi-
cal remains. It is continually produced in the Earth’s
atmosphere from nitrogen-14 by COSMIC RAYS. Once
produced, it is incorporated into living material. After the
death of the organism, the decay of the carbon-14 slowly
reduces its abundance relative to carbon-12, and so
allows determination of the age.

Carbon plays an important role in the CARBON-NITRO-
GEN—OXYGEN CYCLE, which is the major helium-produc-
ing nuclear reaction in massive stars. It is unusually
abundant in some types of peculiar star (see ASTROCHEM-
ISTRY), and may comprise the bulk of the material form-
ing some white dwarfs.

carbonaceous chondrite Chondritic METEORITE with
atomic magnesium to silicon ratio greater than 1.02. Car-
bonaceous chondrites are subdivided, on chemical or tex-
tural grounds, into seven groups, each (apart from the
CH group) named after its type specimen. The CI (for
Ivuna) group has six members, including TAGISH LAKE.
These meteorites have a composition very close to that of
the Sun, without the volatiles. They are rich in water (up
to ¢.20% by weight) and carbon (up to ¢.7% by weight);
carbon is present mainly as organic compounds, including
amino acids. Members of the CM (for Mighei) group are
similar to CI chondrites, but they contain CHONDRULES
and slightly less carbon (up to ¢.3% by weight). This
group includes MURCHISON. MICROMETEORITES show
many similarities to CM chondrites. Meteorites in the CV
(for Vigarano) group have large CHONDRULES and are rich
in refractory elements, such as aluminium and iridium.
CV chondrites contain centimetre-sized CALCIUM—ALU-
MINIUM-RICH INCLUSIONS (CAls), but little carbon or
water. ALLENDE is a member of this group. The CO (for
Ornans) group has smaller chondrules and CAls. It is
poorer in refractories than CV chondrites. CO chondrites
also contain little water or carbon. The CR (for Renazzo)
group of chondrites is characterized by abundant, well-
defined chondrules and high metal content. The CK (for
Karoonda) group is mostly thermally metamorphosed
and re-crystallized chondrites. Members of the CH group
(H for high iron content) have very small chondrules and
high metal contents.

carbon-nitrogen-oxygen cycle (CNO cycle, CN
cycle, Bethe—Weizsicker cycle) Cycle of nuclear reactions
that accounts for the energy production inside MAIN-
SEQUENCE stars of mass greater than the Sun. The cycle
was first described, independently, by Hans BETHE and
Carl von WEIZSACKER in 1938.

The reactions involve the fusion of four hydrogen
nuclei (PROTONS) into one helium nucleus at temperatures
in excess of 4 million K. The cycle is temperature depen-
dent, and at temperatures greater than 20 million K it
becomes the dominant energy-producing mechanism in
stellar cores. The mass of one helium nucleus (4.0027
atomic mass units) is less than the total mass of four pro-

carbon star

CAPRICORNUS (GEN. CAPRICORNI, ABBR. CAP)

mallest constellation of the zodiac, lying in the southern celestial hemisphere

between Sagittarius and Aquarius. In Greek mythology, it was said to
represent the god Pan after he jumped into a river to escape from the monster
Typhon. The constellation’s brightest star is & Cap, known as Deneb Algedi
(‘kid’s tail’). It is a BETA LYRAE STAR, an eclipsing binary with a range of
0.2 mag. and a period of 1.02 days. a Cap (known as Algedi or Giedi, from the
Arabic meaning ‘kid’) is of a wide unrelated pair of yellow stars, mags. 3.6 and
4.3, spectral types G9 and G3. B Cap is a wide double, mags. 3.1 and 6.1,
colours golden yellow and blue-white.

BRIGHTEST STARS

Name RA dec. Visual Absolute Spectral Distance

h m ° ! mag. mag. type (Ly.)

8 Deneb Algedi 21 47 —-1609 2.85 2.49 ABMF2 39
B Dabih 20 21 —1447 3.05 —2.07 KO+ A5 344

tons (4.0304 units) so some matter is converted into ener-
gy and emitted as gamma rays. Positrons and NEUTRINOS
are also emitted during the cycle.

The presence of carbon as one of the reactants is essen-
tial, but it behaves like a catalyst. Carbon-12 is used in the
first reaction, but after a series of reactions, during which
four hydrogen nuclei are absorbed and a helium nucleus is
formed, carbon-12 is reproduced. Isotopes of carbon,
oxygen and nitrogen occur as transient intermediate prod-
ucts during the reactions.

carbon star (C star) Classically, a cool GIANT STAR,
between about 5800 and 2000 K, that exhibits strong
spectral absorptions of C,, CN and CH and that has an
atmosphere containing more carbon than oxygen. The
original classes, R STARS (comparable in temperature with
G STARS and K STARS) and N STARS (comparable with M
STARS), are combined into class C. N stars are on the
asymptotic giant branch (AGB) of the
HERTZSPRUNG—RUSSELL DIAGRAM (HR diagram). As
main-sequence stars evolve on to the upper AGB, those
of intermediate mass can dredge up carbon made by the
TRIPLE-a¢ PROCESS into their atmospheres, turning first
into carbon-rich S STARS and then into genuine carbon
stars. When carbon exceeds oxygen, the two combine to
make molecules (particularly CO), leaving no oxygen to
make metallic oxides. The rest of the carbon then
combines with itself and other atoms.

Most N-type carbon stars are irregular, semi-regular,
or Mira variables. Carbon dust forming in strong stellar
winds can surround, or even bury, the stars in molecule-
rich shrouds, the stars being visible only in the infrared.
Such carbon stars are also rich in elements created by the
s process. Carbon stars are a major source of galactic dust
and a significant source of interstellar carbon.

The warmer R stars appear to be core-helium-burning

<« carbonaceous
chondrite A thin section of
the Cold Bokkeveld meteorite,
which fell in Cape Province,
South Africa, in 1838. Taken
with a petrological microscope,
this photograph shows a near-
circular chondrule about 1 mm
in diameter.

71



Carina

CARINA (GEN. CARINAE, ABBR. CAR)

Name RA

h m
a«  Canopus 06 24
B Miaplacidus 09 13
e Avior 08 23
v Aspidiske 09 17
0 10 43
v 09 47
® 10 14
X 07 57

rominent southern constellation, part of the old Greek figure of ARGO NAVIS,

the ship of the Argonauts; Carina represents the ship’s keel. Its leading star is
CANOPUS, the second-brightest in the entire sky. Carina lies on the edge of a rich
region of the Milky Way. ETA CARINAE is a violently variable star within the large
and impressive ETA CARINAE NEBULA, NGC 3372. v Car is an easy double for small
telescopes, mags. 3.0 and 6.0. The variables R and S Car are MIRA STARS, reaching
respectively 4th and 5th magnitude at maximum and with periods of 309 and 150
days, while 1 (‘ell’) Carinae is a bright Cepheid, range 3.3—4.2, period 35.5 days.
IC 2602 is a prominent open cluster known as the Southern Pleiades, 480 Ly.
away; its brightest member is 6 Car, mag. 2.7. Other notable open clusters are
NGC 2516, 3114 and 3532.

BRIGHTEST STARS

dec. Visual Absolute Spectral Distance
° ! mag. mag. type (Ly.)
—-5241 -0.62 —5.53 FO 313
—69 42 1.67 -0.99 Al 111
—59 31 1.86 —4.58 K3 + B2 632
-5916 2.21 —4.42 A7 692
—64 23 2.74 —2.91 B0.5 439
—65 04 2.92 —5.56 A6 1620
-7002 3.29 -1.99 B8 370
—52 58 3.46 -1.91 B3 387

» Cartwheel Galaxy An
Anglo-Australian Telescope
photograph of this irregular
galaxy, whose ring and spoke
configuration is a result of a
comparatively recent encounter
with another galaxy.
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red giants that fall in a ‘clump’ in the HR diagram around
absolute visual magnitude zero. Carbon-rich giant ‘CH’
stars (G and K stars with strong CH, CN and C, mole-
cules), giant G and K BARIUM STARS, and dwarf carbon
(dC) stars are binaries with white dwarf companions; they
were probably contaminated by MASS TRANSFER when the
white dwarf was a carbon-type giant. R Coronae Borealis
and WC Wolf-Rayet stars are, respectively, carbon-rich
helium giants and supergiants.

Carina See feature article

Carina arm Nearby spiral arm of the Milky Way
GALAXY. It extends in the sky from Carina to Centaurus.
It may be an extension of the SAGITTARIUS ARM, rather
than a complete individual spiral arm. It may best be
traced from its TWENTY-ONE CENTIMETRE radio emissions
from hydrogen and by the presence of young blue stars.

Carme Outer moon of JUPITER, about 40 km (25 mi) in
size. Carme was discovered in 1938 by Seth Nicholson. It
takes 692 days to orbit Jupiter, at an average distance of
22.6 million km (14.0 million mi) in an orbit of eccentricity
0.253. It has a RETROGRADE path (inclination 165°), in
common with other members of its group. See also ANANKE

Carnegie Observatories Observatories of the
Carnegie Institution of Washington, founded in 1904.
The main offices in Pasadena, California, house the
observatories’ scientific and technical staff. Until 1980
the Carnegie Observatories operated the MOUNT WILSON
and PALOMAR Observatories under the name °‘Hale
Observatories’ in partnership with the CALIFORNIA
INSTITUTE OF TECHNOLOGY. Today, their main observ-
ing site is LAS CAMPANAS OBSERVATORY.

Carrington, Richard Christopher (1826-75) English
brewer and amateur astronomer who built his own obser-
vatory at Redhill, Surrey. By making daily measurements
of sunspot positions during the years 1853-61, he discov-
ered, independently of Gustav SPORER, that the Sun’s
equatorial regions rotate faster than its more extreme lati-
tudes. From a sunspot’s heliographic latitude, he was able
to predict how quickly the spot would move across the
solar disk. In 1859 Carrington became the first person to
observe a solar flare, one sufficiently energetic to be visible
to the naked eye, and noted that it was followed by auroral
displays. He also compiled an important catalogue (1857)
of almost 4000 circumpolar stars.

Carrington rotation Mean period of 25.38 days intro-
duced in the 19th century by the English astronomer
Richard C. CARRINGTON from observations of SUNSPOTS
as the mean length of time taken for the Sun to rotate on
its axis at the equator with respect to the fixed stars. Since
the Earth revolves about the Sun in the same direction that
the Sun rotates, this SIDEREAL PERIOD is lengthened to a
SYNODIC PERIOD of 27.28 days when observed from Earth.
Beginning with that which commenced on 1853 Novem-
ber 9, the Sun’s synodic rotations are numbered sequen-
tially; Carrington defined the zero of solar longitude as the
central solar meridian on this day. For example, Carring-
ton Rotation 1985 commenced on 2002 January 7.

Carte du Ciel Programme initiated in 1887 by the broth-
ers HENRY and others to map the whole sky in 22,000 pho-
tographs taken from 18 observatories, using identical
‘astrograph’ telescopes. One of the first large international
astronomical projects, the Carte du Ciel took about 60
years to complete. The project also included the genera-
tion of the Astrographic Catalogue, listing several million
stars down to 11th magnitude, which has since proved
invaluable for the derivation of accurate proper motions.
See also HIPPARCOS CATALOGUE

Carter Observatory National observatory of New
Zealand, established in Wellington’s Botanic Garden in
1941. It now functions as a centre for public astronomy,
for which 230-mm (9-in.) and 150-mm (6-in.) refrac-
tors are used, together with a planetarium. The observa-
tory also serves as a national repository for New
Zealand’s astronomical heritage.

Cartwheel Galaxy (MCG-06-02-022a) STARBURST
GALAXY in the southern constellation Sculptor (RA 00"
37m.4 dec. —33°44"). It lies about 500 million lLy. away.
The galaxy’s structure has been disrupted by the recent
passage through it of a second, dwarf galaxy, which trig-
gered an episode of star formation in the ring-shaped rim.
The rim has a diameter of 150,000 ly., and spokes of
material extend towards it from the galaxy’s centre.

cascade image tube Type of IMAGE INTENSIFIER used
to amplify the brightness of faint optical images through a
multistage process. In a simple image tube, the incident
light beam falls on to a photocathode, liberating a stream
of electrons. These electrons are accelerated by an electric
field of around 40 kV and are focused by either a magnet-
ic or electrostatic field on to a phosphor screen to form an



Cassini Division

became the observatory’s director. César-Francois was
responsible for producing the first truly reliable map of
France, which took half a century to complete. Despite
this work, the fortunes of Paris Observatory declined dur-
ing his directorship, due to lack of government support
and competition from better-funded private observato-
ries. After his death in 1784, his son Jacques Dominique

<« Cassegrain telescope
A cutaway showing the light
path in a Cassegrain telescope.
Light collected by the primary
mirror is reflected from a
hyperboloidal secondary to the
eyepiece through a hole in the

image. A cascade image tube incorporates a number of
photocathode stages; the output image from one section
serves as the input for the next, resulting in increased
amplification of the signal, and hence greater image
brightness. The final detector may be a television camera
or a CCD (charge-coupled device).

Cassegrain telescope REFLECTING TELESCOPE with a
concave PARABOLOIDAL primary and a convexX HYPER-
BOLOIDAL secondary. Light is gathered by the primary
and reflected to the secondary, which is placed in the light
path on the optical axis. The convex secondary increases
the focal length by enough for the light to pass through a
hole in the primary before coming to a focus behind it.
This ‘folding’ of the light path results in an instrument
that is much more compact than a refractor or Newtonian
of the same focal length. The Cassegrain has no chromat-
ic or spherical ABERRATION, but does suffer from slight
astigmatism, moderate coma and strong field curvature.
The design is credited to the French priest Laurent
Cassegrain (1629-93), but did not become popular until
the late 19th century because of the difficulty of accu-

Cassini (1748-1845, Cassini IV) took over the observa-
tory and restored its former prestige.

Cassini, Giovanni Domenico (1625-1712) Italian
astronomer and geodesist (also known as Jean
Dominique after his move to France, and to historians as
Cassini I) who founded PARIS OBSERVATORY and helped
to establish the scale of the Solar System. As a result of
his important studies of the Sun and Venus, Mars and
Jupiter carried out at Bologna University, he was invited
to plan the new Paris Observatory, built between 1667
and 1672 by order of Louis XIV. Cassini became the
observatory’s director and used its very long focal length,
tubeless refracting telescopes to discover, in 1675, the
division in Saturn’s ring system that today bears his
name. He also discovered four Saturnian moons
(1671-84). He constructed a lunar map from eight years
of original observations; this map served as the standard
for the next 100 years.

Cassini accurately determined the rotation periods of
Mars and Venus, and his studies of Jupiter’s satellites
enabled Ole ROMER to calculate the velocity of light by
observing the delay in satellite eclipse intervals caused by
variations of Jupiter’s distance from the Earth. Most
importantly, Cassini established the scale of the Solar Sys-
tem. He derived a measure of Mars’ parallax from his own
Paris observations and those made by Jean RICHER from
Cayenne, South America, that corresponded to a value of
140 million km (85 million mi) for the astronomical unit.
Although 10 million km (6 million mi) short of the true
figure, this was a huge improvement on previous values
(for example, Johannes Kepler’s estimate of 15 million
km/10 million mi). After Cassini’s health failed in 1700,
his son Jacques assumed the directorship of Paris Obser-
vatory (see CASSINI FAMILY).

Cassini Division Main division in SATURN’s ring system,
separating the bright A RING and B RING at a distance of
117,600 km (73,100 mi) from the planet’s centre. The

primary’s centre.

¥ Cassini En route to Saturn,

the Cassini spacecraft passed

through the Jupiter systel

m. This

image of Jupiter’s Great Red

Spot and its environs, together

with lo and its shadow on the
cloud-tops, was obtained on

rately figuring the convex hyperboloidal secondary mir-  Cassini Division is not empty: VOYAGER results show that 2000 December 12 from a
ror. However, this eventually became the commonest it contains several narrow rings and that there are particles  distance of 19.5 million km
design for large professional telescopes, and popular for  in the gaps between these rings. (12.1 million mi).

compact amateur instruments, leading to the develop-
ment of many variations, such as the DALL-KIRKHAM
TELESCOPE, SCHMIDT—CASSEGRAIN ~ TELESCOPE and
RITCHEY—CHRETIEN TELESCOPE.

Cassini NASA spacecraft launched to SATURN in 1997
November. In 2004 November, it will become the first
spacecraft to orbit Saturn and will also deploy the Euro-
pean Space Agency craft HUYGENS, which is scheduled
to land on the surface of the Saturnian moon TITAN.
Cassini flew towards Saturn via two gravity assist flybys
of Venus and one of the Earth, and in 2000-2001 it con-
ducted, with the orbiting GALILEO, the first dual-space-
craft Jupiter science mission.

Cassini family French family of Italian origin that pro-
duced four astronomers and cartographers, all associated
with PARIS OBSERVATORY, which was set up by Giovanni
Domenico CASSINI (known to historians as Cassini I) at
the invitation of Louis XIV of France. The elder Cassini’s
son, Jacques (or Giacomo) Cassini (1677-1756, Cassi-
ni IT), assumed directorship of Paris Observatory in 1700.
Jacques’ major contributions were in geodesy and cartog-
raphy: he established the definitive arc of the Paris Merid-
ian, and conceived a method for finding longitudes by
observing lunar occultations of stars and planets.

In 1771 Jacques’ son, César-Frangois (or Cesare
Francesco) Cassini de Thury (1714-84, Cassini III),
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Cassiopeia

CASSIOPEIA (GEN. CASSIOPEIAE, ABBR. CAS)

rominent northern constellation, easily identified by the ‘W’ formed by its five

brightest stars. Cassiopeia represents Queen of Ethiopia, wife of Cepheus, in
the ANDROMEDA myth. y Cas, which can unpredictably brighten or fade by half a
magnitude or more, is the prototype GAMMA CASSIOPEIAE STAR. RHO CASSIOPEIAE
is an immensely luminous pulsating supergiant of spectral type G2, estimated to
lie more than 10,000 ly. away. n Cas is a beautiful coloured double for small
telescopes, mags. 3.5 and 7.5; it is a true binary with orbital period of 480 years.
v Cas is another double divisible in small telescopes (mags. 4.5 and 8.4). Closer
and more difficult is o Cas (mags. 5.0 and 7.3). Cassiopeia lies in the Milky Way
and contains rich starfields. M52, NGC 457 and NGC 663 are good open
clusters for binoculars. M103, smaller and elongated, is better seen through a
telescope. TYCHO’S STAR appeared here in 1572.

BRIGHTEST STARS

Name RA dec. Visual Absolute Spectral Distance

h m ° ! mag. mag. type (Ly.)

Y 00 57 +60 43 215 —4.22 BO 613
a  Shedir 00 41 +56 32 2.24 -1.99 KO 229
B Caph 00 09 +59 09 2.28 1.17 F2 55
8 Ruchbah 01 26 +60 14 2.66 0.24 A5 99
€ 01 54 +63 40 3.35 —2.31 B3 442
mn 00 49 +57 49 3.46 4.59 F9 19.4

V¥ Cassiopeia The
distinctive ‘W’ shape of this
familiar northern constellation is
marked out by five second-
magnitude stars.
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Cassiopeia See feature article

Cassiopeia A Strongest radio source in the sky, apart
from the Sun. It appears optically as a faint nebula. It is a
SUPERNOVA REMNANT from an unrecorded supernova
explosion in 1660.

Castalia APOLLO ASTEROID discovered in 1989; number
4769. Radar images have shown Castalia to have a twin-
lobed shape. It is ¢.2.4 km (c.1.5 mi) long. See table at
NEAR-EARTH ASTEROID

Castor The star a« Geminorum, visual mag. 1.58,
distance 52 Ly. Castor is a remarkable multiple star. Small
telescopes show it as a double star, with blue-white
components of mags. 2.0 and 2.9, spectral types A2 V
and A5 V; these form a genuine binary with an orbital
period of about 450 years, separation currently
increasing. Each component is also a spectroscopic
binary, with periods of 9.2 and 2.9 days respectively.
There is also a third member of the Castor system,
known as YY Geminorum, an ALGOL STAR eclipsing
binary consisting of two red dwarfs, both of spectral type
M1. During eclipses, which occur every 19.5 hours, their
total visual magnitude drops from 9.3 to 9.8. Castor is
named after one of the celestial twins commemorated by
the constellation Gemini, the other being POLLUX.

cataclysmic variable (CV) Term given to a diverse
group of stars that undergo eruptions, irrespective of the
cause of the outburst. The term may describe a
SUPERNOVA, NOVA, RECURRENT NOVA, NOVA-LIKE
VARIABLE, FLARE STAR, DWARF NOVA, some X-ray objects,
and other erupting stars. CVs are very close binary
systems, with outbursts caused by interaction between the
two components. A typical system of this type has a low
mass secondary which fills its ROCHE LOBE, so that
material is transferred through its LAGRANGIAN POINT on
to the primary, which is usually a WHITE DWARF. The
transferred material has too much angular momentum to
fall directly on to the primary; instead, it forms an
ACCRETION DISK, on which a hot spot is formed where the
infalling material impacts on its outer edge. For any
particular star, outbursts occur at irregular intervals from
about ten days to weeks, months or many years.

Most dwarf novae and recurrent novae show a relation-
ship between maximum brightness and length of the
mean cycle: the shorter the cycle, the fainter the maxi-
mum magnitude. Nova-like variables are a less homoge-
neous group and are also less well-studied. Some have

bursts of limited amplitude; others have had no observed
outburst but have spectra resembling old novae. There are
many other objects that show some if not all of the charac-
teristics of CVs, for example old novae, some X-ray
objects, AM HERCULIS STARS and others.

Many models have been suggested to explain the
observed outbursts. The two most probable theories are
that they are caused either by variations in the rate of MASS
TRANSFER or by instabilities in the accretion disk. Both
models require transfer of mass from the red secondary. A
few systems are so aligned that we see them undergoing
eclipses, enabling the main light source to be studied in
detail. Typical examples of such systems are Z
Chamaeleontis and OY Carinae; these stars may be exam-
ined both at outburst and minimum. It appears that dur-
ing outbursts the disk increases in brightness. The
intervals between consecutive outbursts of the same type
vary widely, as they do for most CVs. Z Chamaeleontis
has a mean cycle for normal outbursts of 82 days; for
super-outbursts the mean cycle is 287 days. For OY Cari-
nae the respective values are about 50 and 318 days. Their
semiperiodic oscillations, timed in seconds, are small.

The advantage of studying eclipsing systems is that
both the primary and the hot spot may be eclipsed, indi-
cating the probable sizes of the components. It is generally
agreed that a variable mass-flow rate can account for
many observations. For the mass-flow rate to vary, there
must be instability in the red star, but no generally accept-
ed theory has been advanced. The red star must relax
after a burst until another surge again overflows, discharg-
ing another burst of gas, but exactly what causes this ebb
and flow is a mystery. The angular momentum of the
mass flow prevents it from falling directly on to the prima-
ry. Instead a disk is formed around it on which a hot spot
is formed at the point of impact. Some of this matter must
be carried away, and it is not known whether this material
is lost to the system or whether it splashes back on to the
disk. When an eclipsing system is at minimum, the main
light source at primary eclipse comes from the red star.
The disk is then in a steady state.

Theories stipulating that the cause of the outburst is
instabilities in the disk, while accepting variable mass
transfer as the origin of the subsequent observed phenom-
ena, contend that it is what happens on the disk that gives
rise to outbursts. A number of disk models have been pro-
posed, but none appears to fit the observed facts. For
example, the disk increases in brightness during outbursts,
at least in the eclipsing systems, and presumably in other
dwarf novae. Disk instability models differ on how this
released energy spreads through the disk, which mainly
radiates in the ultraviolet. This ultraviolet radiation does
not behave in the same way as the visual radiation and
appears to contradict these models. If the disk dumps
energy on to the primary, nuclear burning would be
expected, but evidence on this is unclear.

catadioptric system Telescope or other optical system
that includes both mirrors and lenses. To be considered
catadioptric, at least one lens and mirror must be optically
active (it must converge, diverge or correct the optical
path) — flat mirrors and optical ‘windows’ do not count.
So, for instance, the SCHMIDT—CASSEGRAIN TELESCOPE
and MAKSUTOV TELESCOPE are both catadioptric, the light
passing through an optically figured corrector plate before
striking the primary mirror, but a folded refractor or a
Cassegrain telescope with a flat optical window is not.
The catadioptric design is compact, and is often used for
portable instruments.

catalogue, astronomical Tabular compilation of stars
or other deep-sky objects, giving their CELESTIAL COOR-
DINATES and other parameters, such as magnitude. The
various types of catalogue are distinguished by their con-
tent (the kind of sources covered and the parameters
given), their context (when, why and how they were cre-
ated) and their scope (the LIMITING MAGNITUDE). Thou-
sands of astronomical catalogues have been produced,



from the one in Ptolemy’s ALMAGEST (¢.AD 150), which
gave positions (to an accuracy of around 1°) and magni-
tudes of about 1000 stars, to modern catalogues — usual-
ly accessible only as electronic files — which may contain
the positions (accurate to 0”.1 or better) and magnitudes
of up to several hundred million sources. A list of cata-
logues is given in the Dictionary of Nomenclature of Celes-
tial Objects, maintained under the auspices of the
International Astronomical Union.

Before the modern era, cataloguers such as AL-SUFT
were concerned mainly with refining the positions and
magnitudes given in the Almagest. The need for improved
navigation that came with European expansion after the
Renaissance provided the impetus for early modern
catalogues such as John FLAMSTEED’s Historia coelestis
brittanica. As the power of telescopes increased, more and
more stars were revealed for the cataloguers to measure.
In the 19th and early 20th centuries, photographic
methods supplanted visual observation as a means of
gathering data, and catalogues swelled to contain
hundreds of thousands of entries. Stars are known by
their designations in catalogues, preceded by the
catalogue’s initials (see STELLAR NOMENCLATURE).

Three great Durchmusterungen (‘surveys’ in German)
were compiled between 1855 and 1932 at Bonn,
Cordoba and Cape Town, gathering together 1.5 million
positions and magnitudes for about 1 million stars over
the whole sky: the BONNER DURCHMUSTERUNG (BD), the
CORDOBA DURCHMUSTERUNG (CD) and the c4PE
PHOTOGRAPHIC DURCHMUSTERUNG (CPD). The first
major catalogue of stellar spectra was the HENRY DRAPER
cA1ALOGUE (HD), classifying 360,000 stars by spectral
type, compiled by Annie CANNON and published between
1918 and 1936. The first major astrometric and
photometric catalogues were produced by, respectively,
Lewis and Benjamin BOSS and by Friedrich ZOLLNER.
Other notable star catalogues include the Astrographic
Catalogue from the CARTE DU CIEL project; the BRIGHT
STAR CATALOGUE (BS), with accurate values of the
positions, parallaxes, proper motion, magnitudes, colours,
spectral types and other parameters for the 9110 stars
brighter than magnitude 6.5; the 1966 SMITHSONIAN
ASTROPHYSICAL OBSERVATORY STAR CATALOG (SAQ), the
first large ‘synthetic’ catalogue created on a computer by
combining data from several astrometric catalogues; the
GUIDE STAR CATALOGUE (GSC), created for the Hubble
Space Telescope in 1990; and the 1997 HIPPARCOS
CATALOGUE (HIP) and Tycho Catalogue (TYC), the
products of the Hipparcos astrometry mission.

Many other star catalogues have been compiled for
specific categories of stars, such as the Catalogue of
Nearby Stars (Gl, after its compiler, Wilhelm Gliese,
1915-93). Important early catalogues of double stars
were prepared by Wilhelm STRUVE (%), Otto STRUVE
(0Y), Sherburne BURNHAM (BPS) and Robert AITKEN
(ADS); the principal modern source is the 1996
Washington Visual Double Star Catalog (WDS) by C.E.
Worley and G.C. Douglass. For variable stars the current
reference is the GENERAL CATALOGUE OF VARIABLE STARS.
Stars with high proper motion are listed in William
LUYTEN’s  Two-Tenths Catalog of Proper Motions
(1979-80). FUNDAMENTAL CATALOGUES give highly
accurate positions and proper motions for selected stars
against which the relative positions of other celestial
objects may be measured.

There are also many catalogues of non-stellar objects.
The earliest is the famous MESSIER CATALOGUE (M);
there followed John HERSCHEL’s General Catalogue of
Nebulae and Clusters, and ]J.LL.E. Dreyer’s NEW GENERAL
CATALOGUE (NGC) and INDEX cATALOGUES (IC). The
NGC and the two ICs together represent the last
attempt to include all known non-stellar objects in a
single listing before the advent of today’s powerful
SURVEY capabilities. Subsequent catalogues dealing with
specific objects included: Edward Emerson BARNARD’s
1927 list of dark nebulae, Catalogue of 349 Dark Objects
mn the Sky (B); S. Sharpless’ 1959 listing of emission

nebulae, A Catalogue of H II Regions (Sh-2); and the
Catalog of Galactic Planetary Nebulae by Lubo$ Perek
(1919- ) and Lubos Kohoutek (1935— ) published in
1967 (PK). Catalogues of galaxies include the 1962-68
Morphological Catalogue of Galaxies (IMCG or VV, from
author Boris Alexandrovich Vorontsov-Vel’iaminov,
1904-94) and 1973 Uppsala General Catalogue of
Galaxies (UGC) by Peter Nilson (1937-98). Peculiar
galaxies have been catalogued by Halton ARP, and
clusters of galaxies by George ABELL.

Catalogues have also been compiled for sources of
radiation outside the optical region. The first Cambridge
catalogue, of the 50 brightest radio sources, was
published in 1950 (see THIRD CAMBRIDGE CATALOGUE).
A recent radio catalogue, The NRAO VLA Sky Survey,
nearing completion, has yielded a catalogue of over 1.7
million radio sources north of dec. —40°. At the other
end of the electromagnetic spectrum, the Rosat
catalogues (RX) are currently the most frequently used
sources for X-ray emitters.

catena Chain of CRATERS. There are many named cate-
nae on Earth’s Moon, Mars, Jupiter’s satellites Io,
Ganymede and Callisto and on Neptune’s satellite Triton.

catena

A Cassiopeia A Chandra

X-ray image of this supernova

remnant, which is extremely

faint at visual wavelengths. The
image reveals a shell of material

10 Ly. in diameter.

¥ Castalia This series
radar images of the near-

of

-Earth

asteroid (4769) Castalia was

obtained during its close

approach in 1989 using the

Arecibo telescope.
[S. Ostro (JPL/NASA)]
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They are typically tens to hundreds of kilometres long and
consist of craters of less than one kilometre to tens of kilo-
metres in diameter. Catenae are most frequently chains of
impact craters. Some catenae, such as those found on Io,
may be chains of volcanic craters. Drainage of surface
material into tectonic fault openings or collapsed lava
tubes may also form small catenae.

Catharina Lunar crater (18°S 24°E), 88 km (55 mi) in
diameter. With THEOPHILUS and CYRILLUS, it forms a
trio of similar large craters. An older formation,
Catharina shows much erosion, which gives its walls a
highly irregular outline. Later impacts have almost
completely destroyed its north-east wall. No terracing is
visible on Catharina’s inner slopes, and its floor is
devoid of a central peak.

Cat’s Eye Nebula (NGC 6543) Comparatively bright
(magnitude +8.1) PLANETARY NEBULA; it shows a greenish
tint when observed visually. Located in the northern con-
stellation Draco, roughly midway between { and & (RA
17" 58™.6 dec. +66°38"), the Cat’s Eye has an apparent
diameter of 350”. It has an 11th-magnitude central star.

Caucasus Montes Lunar mountain range (36°N 8°E),
dividing Mare IMBRIUM from Mare SERENITATIS. Some
of its peaks rise to altitudes of 3650 m (12,000 ft).
Material ejected by the Imbrium impact has scoured the
Caucasus Mountains, which run roughly north—south.
The most southerly part of the range consists mainly of
isolated mountain peaks.

CCD (charge-coupled device) Small electronic imaging
device, widely used in astronomy, which is highly efficient
in its response to light and therefore able to detect very
faint objects over a broad range of the spectrum.

CCDs consist of an oxide-covered silicon substrate
with a two-dimensional rectangular array of light-sensitive
electrodes on the surface. These electrodes form a matrix
of pixels, or picture elements, each less than 0.03 nm in
size and capable of storing electronic charges created by
the absorption of light.

Photons imaged on to the surface of the CCD penetrate
the electrode structure and enter the substrate, where elec-
tron-hole pairs are generated via the photoelectric effect,
in numbers precisely proportional to the number of inci-
dent photons. The holes are conveniently lost by diffusion
down into the depths of the substrate, while the electrons
migrate rapidly to the nearest biased electrode, where they
collect as a single charge packet in a ‘potential well’.

Since it is impractical to wire the output from each indi-
vidual electrode, the signal charge is transferred through the
array, from one pixel to the next, by changing the voltages
on each one. Pixels in adjacent rows are said to be ‘charge-
coupled’ and the signal can move in parallel from row to
row. As each row of signals reaches the end of the CCD it is
read off into a serial register from which it can be stored in a
computer, processed and the final image displayed.

Because the charge in each pixel is in proportion to the
number of photons that have fallen on it, the output from
a CCD is linear, which in turn means that the brightness
of the final image produced is directly related to the
brightness of object being observed, something which is
not true for photographic emulsions.

In order to generate electron—hole pairs, photons have
to pass through the electrode structure, and some are
inevitably absorbed in this layer. Because of this, the quan-
tum efficiency of front-illuminated CCDs is poor in the
blue and UV regions of the electromagnetic spectrum. To
overcome this, the silicon substrate can be thinned to
around 15 pm and the CCD back-illuminated, thus elimi-
nating the need for the photons to negotiate the electrode
structure. This process can increase the sensitivity of a
CCD by a factor of two and the use of anti-reflective coat-
ings can also improve quantum efficiency.

One of the other problems that has to be overcome
when using CCDs is the generation of ‘dark current’. This

is the unwanted charge that is created by the natural ran-
dom generation and recombination of electron—hole pairs
that occurs at temperatures above absolute zero. This
thermally induced charge can mask the signal when
observing very faint objects over a long period of time but
can be effectively eliminated by cooling the CCD using
liquid nitrogen. A low dark current makes it possible to
store the signal charge for long periods of time, thus allow-
ing exposures from a few tens of seconds to several hours
to be achieved.

CCDs can thus be used to accumulate signals from
very faint light sources. They are more sensitive than
photographic emulsion, are linear, spatially uniform and
stable with time. They are also sensitive over a broad
range of the spectrum, have low noise levels and a large
dynamic range so that they can be used to detect both
bright and faint objects at the same time. They can be
used for direct imaging applications, surveying large
areas of sky, for photometry or as spectroscopic detec-
tors. Because of their versatility, they have almost com-
pletely replaced photographic plates.

CD Abbreviation of CORDOBA DURCHMUSTERUNG

cD galaxy Largest, most luminous kind of normal
GALAXY. Often found at the centres of rich clusters, they
resemble giant ELLIPTICAL GALAXIES except for having a
more extensive outer envelope of stars. Some cD galax-
ies can be traced over spans exceeding a million light-
years. They may grow as a result of attracting stars that
were stripped from surrounding galaxies by tidal
encounters, either within the cluster as a whole or with
the cD galaxy. This class was recognized by William W.
MORGAN as part of the Yerkes system of galaxy classifica-
tion, along with N GALAXIES.

CDS Abbreviation of CENTRE DE  DONNEES
ASTRONOMIQUES DE STRASBOURG

celestial coordinates Reference system used to define
the positions of points or celestial objects on the celestial
sphere. A number of systems are in use, depending on
the application.

EQUATORIAL COORDINATES are the most commonly
used and are the equivalent of latitude and longitude on
the Earth’s surface. DECLINATION is a measure of an
object’s angular distance north or south of the CELESTIAL
EQUATOR, values north being positive and those south
negative. RIGHT ASCENSION, or RA, equates to longitude
and is measured in hours, minutes and seconds eastwards
from the FIRST POINT OF ARIES, the intersection of the
celestial equator with the ECLIPTIC. HOUR ANGLE and
POLAR DISTANCE can also be used as alternative measures.

The HORIZONTAL COORDINATE system uses the observ-
er’s horizon as the plane of reference, measuring the ALTI-
TUDE (angular measure of an object above the horizon)
and AZIMUTH (bearing measured westward around the
horizon from north).

ECLIPTIC COORDINATES are based upon the plane of the
ECLIPTIC and use the measures of CELESTIAL LATITUDE
and CELESTIAL LONGITUDE (also known as ecliptic latitude
and ecliptic longitude). Celestial latitude is measured in
degrees north and south of the ecliptic, while celestial lon-
gitude is measured in degrees eastwards along the ecliptic
from the First Point of Aries.

The GALACTIC COORDINATE system takes the plane of
the Galaxy and the galactic centre (RA 17" 46™ dec.
—28°56") as its reference points. Galactic latitude is mea-
sured from 0° at the galactic equator to 90° at the galactic
pole, while galactic longitude is measured from 0° to 360°
eastwards along the galactic equator.

celestial equator Projection on to the CELESTIAL
SPHERE of the Earth’s equatorial plane. Just as its terrestri-
al counterpart marks the boundary between the northern
and southern hemispheres of the Earth and is the point
from which latitude is measured, so the celestial equator



delineates between the northern and southern hemi-
spheres of the sky and is used as the zero point for mea-
suring the celestial coordinate DECLINATION.

celestial latitude (symbol B, ecliptic latitude) Angular
distance north or south of the ECLIPTIC and one coordi-
nate of the ecliptic coordinate system. Designated by the
Greek letter 8, celestial latitude is measured in degrees
from the ecliptic (0°) in a positive direction to the north
ecliptic pole (+90°) and a negative direction to the south
ecliptic pole (—90°). See also CELESTIAL LONGITUDE

celestial longitude (symbol A, ecliptic longitude) Angu-
lar distance along the ecliptic from the FIRST POINT OF
ARIES and one coordinate of the ecliptic coordinate sys-
tem. Designated by the Greek letter \, celestial longitude
is measured from 0° to 360°, eastwards of the First Point
of Aries. See also CELESTIAL LATITUDE

celestial mechanics (dynamical astronomy) Discipline
concerned with using the laws of physics to explain and
predict the orbits of the planets, satellites and other celes-
tial bodies. For many years the main effort in the subject
was the development of mathematical methods to gener-
ate the lengthy series of perturbation terms that are need-
ed to calculate an accurate position of a planet. The
advent of computers has eased this task considerably, with
the result that the main emphasis of the subject has
changed dramatically. Much effort is now devoted to the
study of the origin, evolution and stability of various
dynamical features of the Solar System, and in particular
of the numerous intricate details of rings and satellite
orbits revealed by the VOYAGER spacecraft.

The subject can be said to have started with the publi-
cation of Newton’s PRINCIPIA in 1687, in which are stated
his law of gravitation, which describes the forces acting on
the bodies, and his three laws of motion, which describe
how these forces cause accelerations of the motions of the
bodies. Then the techniques of celestial mechanics are
used to determine the orbits of the bodies resulting from
these accelerations. One of the first results achieved by
Newton was to give an explanation of KEPLER’S LAWS.
These laws are descriptions deduced from observations of
the motions of the planets as being elliptical orbits around
the Sun, but until the work of Newton no satisfactory
explanation of these empirical laws had been given. How-
ever, Kepler’s laws are true only for an isolated system of
two bodies; in the real Solar System the attractions of the
other planets and satellites cause the orbits to depart sig-
nificantly from elliptical motion and, as observational
accuracy improved, these perturbations became apparent.
The greatest mathematicians of the 18th and 19th cen-
turies were involved in the effort of calculating and pre-
dicting the perturbations of the orbits, in order to match
the ever-increasing accuracy and time span of the obser-
vations. The orbit of the Moon was the major problem,
partly because the Moon is nearby, and so the accuracy of
observation is high, but also because its orbit around the
Earth is very highly perturbed by the Sun.

Various techniques were developed for calculating the
perturbations of an orbit. An important technique is the
method of the ‘variation of arbitrary constants’, devel-
oped by Leonhard EULER and Joseph LAGRANGE. An
unperturbed orbit can be described by the six ORBITAL
ELEMENTS, or arbitrary constants, of the ellipse. The
effect of perturbations can be described by allowing these
‘constants’ to vary with time. Thus, for example, the
eccentricity of the orbit may be described as a constant
plus a number of periodic terms. The resulting expres-
sions are called the ‘theory of the motion of the body’,
and can be very lengthy in order to achieve the desired
accuracy, perhaps hundreds of periodic terms. Around
the middle of the 19th century an alternative method was
developed in which the perturbations of the three coordi-
nates of the body (for example, longitude, latitude and
distance from the Sun) are calculated instead of the per-
turbations of the six elements. Variants of this method

have been used ever since for lunar and planetary theo-
ries, but the variation of constants is still more suitable for
many of the satellites. The latest theories used to calculate
the positions of the Moon and planets in the almanacs
used by navigators and astronomers are those derived by:
Simon NEWCOMSB for the five inner planets, Uranus and
Neptune; by Ernest BROWN for the Moon; and by George
HILL for Jupiter and Saturn.

Overall, Newton’s four laws and the techniques of
celestial mechanics have proved successful at explaining
the motions of the planets and satellites. Problems with
the orbit of the Moon were eventually resolved by
improved theories, and anomalous perturbations of the
orbit of Uranus led John Couch ADAMS and Urbain LE
VERRIER to suspect the existence of a further planet,
which resulted in the discovery of Neptune in 1846 close
to the predicted position. Problems with the seemingly
unaccountably rapid advance of Mercury’s perihelion
were eventually solved in 1915 with the publication of
Einstein’s general theory of relativity (see VULCAN). This
is a more accurate representation of the laws of motion
under the action of gravitation, but the differences from
using Newton’s laws are small, and only become notice-
able in strong gravity fields.

By the early 20th century fairly good theories had been
developed for the Moon and the planets, but these had
just about reached the limit of what was possible with the
means then available, of mechanical calculators, mathe-
matical tables, and masses of hand algebra. There was
some further effort on theories for other satellites and
some asteroids, but much effort in the subject moved into
other areas, particularly into theoretical studies such as the
idealized THREE-BODY PROBLEM. With the advent of com-
puters, renewed effort on the development of lunar and
planetary theories became feasible. The initial idea was to
use the same techniques as before, but to do the vast
amounts of algebraic manipulation involved on a comput-
er. Excellent theories of the Moon and some of the planets
have been produced in this way. However it has proved to
be more effective to use the less elegant but much simpler
and more accurate method of integrating the equations of
motion by numerical techniques. The positions of the
Moon and planets in the almanacs are now all computed
in this way, but the old algebraic methods are still the most
effective for most of the natural satellites.

With the task of planetary theory development that had
occupied celestial mechanics for 300 years now effectively
solved, the main emphasis of the subject has changed dra-
matically, with many problems of origin, evolution and
stability now being studied. The stability of the Solar Sys-
tem has long been of considerable interest, and recent
numerical integrations suggest that the orbits of the major
planets are stable for at least 845 million years (about 20%
of the age of the Solar System), but the orbit of Pluto may
be unstable over that time scale. Another problem that is
now close to a full solution after more than a century of
effort is to explain the origin of the KIRKWOOD GAPS in the
ASTEROID BELT, which occur at certain distances from the
Sun that correspond to commensurabilities of period with
Jupiter. The explanation that was found for the gap at the
3:1 COMMENSURABILITY required the introduction of the
concept of CHAOS into Solar System dynamics. Using a
sophisticated combination of analytical and numerical
methods, it was found that over a long period of time the
orbital elements of an object at the commensurability
could have occasional large departures (termed chaotic
motion) from the small range of values expected from
conventional analytical modelling of the motion. Subse-
quent work suggests that the same mechanism can explain
the widest gap at the 2:1 commensurability. Many other
instances of chaos have been identified, and with them is
the realization that the Solar System is not such a deter-
ministic dynamical system as had been supposed.

It is now realized that TIDAL EVOLUTION has been a
major factor in adjusting the orbits of satellites, and modi-
fying the spin rates of satellites and planets. There are
many more occurrences of commensurabilities in the

celestial mechanics
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celestial meridian

» celestial sphere A useful
concept for describing
positions of astronomical
bodies. As shown, key points
of reference — the celestial pole
and celestial equator — are
projections on to the sphere of
their terrestrial equivalents. An
object’s position can be
defined in terms of right
ascension and declination
(equivalent, respectively, to
longitude and latitude).

—— declination circle

right ascension circle ——

(dec.)

equator
| : declination
celestial equator

vernal equinox
| (0" or 24"RA, 0° dec.)
ecliptic
(Earth’s orbital plane)

right ascension
(RA)

Solar System, particularly among the satellites, than
would be expected by chance. It has been shown that
some of these could have been caused by orbital evolution
due to tidal action, which would continue until a com-
mensurability was encountered, whereupon the satellites
would become trapped.

A theory of shepherding satellites was proposed to
explain the confinement of the narrow rings of Uranus,
which were discovered by ground-based occultation
observations. Subsequent images from the Voyager space-
craft have discovered small satellites close to one of the
rings, and similar satellites close to one of Saturn’s narrow
rings, thus at least partially supporting the shepherding
mechanism. Many other interesting problems of dynam-
ics have arisen following the Voyager observations, such as
the cause of the intricate structure of Saturn’s rings, which
consist of hundreds of individual ringlets. Some of the fea-
tures have been explained by resonances with the satel-

CENTAURUS (GEN. CENTAURI, ABBR. CEN)

Name RA
h m
Rigil Kent 14 40
Hadar 14 04
Menkent 14 07
Muhlifain 12 42
13 40
14 36
13 56
12 08
13 21
11 36
14 59
13 50
13 50

m 2 W R

o o~ 3

= ISl = <

Large, prominent southern constellation,

representing a centaur, a mythological beast with the legs and body of a horse
and the upper torso of a man. This particular centaur was said to be Chiron, who
taught the princes and heroes of Greek mythology. The constellation’s brightest
star iS ALPHA CENTAURI, a triple system that includes the red dwarf PROXIMA
CENTAURI, the closest star to the Sun. @ and 3 Cen act as pointers to Crux, the
Southern Cross. An easy double is 3 Cen, with components of 4.6 and 6.1
divisible with small apertures. R Cen is a variable MIRA STAR, ranging between 5th
and 12th magnitude in about 18 months. o Cen is the brightest globular cluster in
the sky, so prominent that it was given a stellar designation by early observers.
NGC 3766 and 5460 are open clusters for binoculars. NGC 5128 is a 7th-
magnitude peculiar galaxy, also known as the radio source CENTAURUS A.
NGC 3918 is a planetary nebula known as the Blue Planetary, resembling the
planet Uranus in small telescopes.

BRIGHTEST STARS

the ninth-largest in the sky,

dec. Visual Absolute Spectral  Distance
° ! mag. mag. type (Ly.)
—6050 -0.28 4.07 G2 + K1 4.4
—6023 0.61 —5.42 B1 525
—36 22 2.06 0.70 KO 61
—48 58 2.20 —-0.81 Al 130
—5328 2.29 -3.02 B1 367
—4210 2.33 -2.55 B1 309
—4717 2.55 -2.81 B2.5 385
—5044 2.58 -2.84 B2 395
—36 43 2.75 1.48 A2 59
—63 01 3.1 -2.39 B9 410
—42 06 3.13 -2.96 B2 539
—41 41 3.41 —-2.41 B2 475
—4229 3.47 —2.57 B2 527
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lites, which can cause various effects such as clumping
around a ring, and radial variations of density. Other fea-
tures are possibly caused by small unseen satellites orbit-
ing within the rings, but there are many features still to be
explained, and no doubt many new dynamical mecha-
nisms still to be discovered.

celestial meridian Great circle on the CELESTIAL SPHERE
that passes through the north and south celestial poles,
together with the ZENITH and the NADIR. The term is usual-
ly used to refer to that part of the circle which is above the
observer’s horizon, intersecting it due north and due south.

celestial pole Either of the two points on the CELESTIAL
SPHERE that intersect with a projection of the Earth’s axis
of rotation into space, and about which the sky appears to
rotate. Because their position is dictated by the orientation
of the Earth’s axis, the celestial poles are subject to the
effects of PRECESSION. This causes them to slowly drift,
describing a circle in the sky of radius 23°.5 (the inclina-
tion of the Earth’s axis) over a period of some 25,800
years, the effect only being noticeable over a few decades.
At present, the north celestial pole is within 1° of the star
Polaris, which is known as the POLE STAR, but in 3000 BC
the north Pole Star was THUBAN, in Draco and by AD
10,000 it will be DENEB. For an observer, the ALTITUDE of
the celestial pole is always equal to their latitude.

Celestial Police Name given themselves by the 24
astronomers who collaborated to search for a planet
between the orbits of Mars and Jupiter, as predicted by
BODE’S LAW. They were first convened in 1800 by Franz
von ZACH, at Johann SCHROTER’s observatory. Members
of this international group, who also included Johann
BODE, William HERSCHEL, Nevil MASKELYNE, Charles
MESSIER and Wilhelm OLBERS, discovered three asteroids
(Pallas, Juno and Vesta) between 1802 and 1807, after
Giuseppe Piazz1 had found the first, Ceres, in 1801.

celestial sphere Inside of an imaginary sphere, with the
Earth at its centre, upon which all celestial bodies are
assumed to be projected.

The stars and planets are so far away that everything
we see in the sky appears to be projected on to an enor-
mous screen extending all around us, as if we were inside
a gigantic planetarium. This is the illusion of the celestial
sphere, half of which is always hidden from an observer
on the Earth’s surface, but upon which we base our charts
of the sky and against which we make our measurements.
The illusion is so strong that the early astronomers postu-
lated the existence of a crystal sphere of very great radius
to which the stars were fixed.

The most obvious behaviour of the celestial sphere is
its apparent daily east to west rotation, due to the axial
spin of the Earth. In the northern hemisphere we see
some stars that never set — the CIRCUMPOLAR STARS; they
appear to turn about the polar point near to the bright
star Polaris. There is, of course, a similar polar point in
the southern hemisphere marked by the fifth magnitude
star, o Octantis. The direction of the polar axis seems
fixed in space, but it is in fact slowly drifting because of
the effects of PRECESSION.

Having recognized one easily observed direction within
the celestial sphere, it is possible to define another — the
celestial equator. This is a projection of the Earth’s equa-
tor on to the celestial sphere, dividing the sky into two
hemispheres and enabling us to visualize a set of small cir-
cles similar to those of latitude on Earth, known as DECLI-
NATION, which allow us to specify the position of an object
in terms of angle above or below the celestial equator.

RIGHT ASCENSION, the celestial equivalent of longitude,
is based upon the Earth’s orbital motion around the Sun
and is measured eastwards along the ECLIPTIC, the appar-
ent path of the Sun through the constellations. For half of
each year the Sun is in the northern hemisphere of the
sky and for the other half it is in the southern hemisphere.
On two dates each year, known as the EQUINOXES, it



crosses the equator and it is the point at which it crosses
into the northern hemisphere, at the spring or VERNAL
EQUINOX, that is chosen as the zero of right ascension.
This point on the celestial sphere, where the ecliptic and
the celestial equator intersect, is called the FIRST POINT OF
ARIES. This was an accurate description of its position
thousands of years ago, but precession has now carried it
into the constellation Pisces.

Right ascension can be measured in angular terms.
However, it is more common to use units of time (hours,
minutes, seconds or " ™ %), Astronomers measure time by
the rotation of the Earth relative to the stars, that is exactly
360° of axial rotation, rather than to the Sun. Their ‘sidere-
al’ timescale has a day of 24 sidereal hours, which in terms
of civil time, is 23 hours, 56 minutes and 4 seconds long.

The beginning of the sidereal day is when the First
Point of Aries lies on the MERIDIAN, the great circle linking
the north and south points and passing directly overhead.
After 24 sidereal hours it will be in that position again.
The right ascension figures work like the face of a clock so
that when the first point of Aries is on the meridian the
sidereal time is O". At 1" sidereal time the sky will have
rotated 15° and stars this angle east of the First Point of
Aries will then lie on the meridian.

Apart from right ascension and declination,
astronomers also use other systems of CELESTIAL COORDI-
NATES to locate objects or points on the celestial sphere,
dependent upon the particular application.

Although the stars seem relatively fixed in position, the
Sun, Moon and planets (apart from Pluto) move across
the celestial sphere in a band of sky about 8° either side of
the ecliptic. This belt of sky is known as the ZODIAC and is
divided into 12 signs named after the constellations they
contained at the time of the ancient Greeks.

Celsius, Anders (1701-44) Swedish astronomer, best
known for inventing the Centigrade temperature scale,
now known as the CELSIUS scale. He took part in the 1736
expedition to Lapland organized by the French
astronomer Pierre Louis Moreau de Maupertuis
(1698-1759) to measure the length of a meridian arc. The
results of this and a second expedition to Peru showed
that the Earth is oblate. Celsius was a pioneer of stellar
photometry, using a series of glass filters to measure the
relative intensity of light from stars of different magni-
tudes, and he was one of the first to realize that the auro-
rae were related to Earth’s magnetic field.

Celsius scale Temperature scale on which the freezing
point of water is 0°C and the boiling point of water is
100°C. It is named after Anders CELSIUS. The magnitude
of 1°C is the same as 1 K. It is also known as the Centi-
grade scale, although this name was officially abandoned
in 1948. See ABSOLUTE TEMPERATURE

CELT Abbreviation of CALIFORNIA EXTREMELY LARGE
TELESCOPE

Censorinus Small (5 km/3 mi) but brilliant lunar crater
(0° 32°E); it is located on a bluff near the south-east
border of Mare TRANQUILLITATIS.

Centaur Any of a group of planet-crossing objects in the
outer planetary region that are classified as being
ASTEROIDS, although it is likely that in nature they are
actually large COMETS. Through to late 2001 more than
35 Centaurs had been discovered, taking the criterion for
membership as a Neptune-crossing orbit (that is,
perihelion distance less than 30 AU), implying that the
Centaurs could not be classed as TRANS-NEPTUNIAN
OBJECTS. At such great distances from the Sun, the
temperature is extremely low and only the most volatile
chemical constituents sublimate, making comet-like
activity either totally absent or at least difficult to detect
using Earth-based telescopes. Their faintness, coupled
with their considerable helio- and geocentric distances,
implies that all known Centaurs must be of substantial

Central Bureau for Astronomical Telegrams

size (generally bigger than 50 km/30 mi). It is likely,
however, that these are only the largest members of the
overall population, with a much greater number of
smaller objects awaiting identification.

The origin of the Centaurs is suspected to be as
members of the EDGEWORTH-KUIPER BELT, having
coalesced there when the rest of the Solar System
formed over 4.5 billion years ago; they are thought to
have been inserted into their present unstable orbits
during just the last million years or so. The dynamical
instability of the Centaurs derives from the fact that they
will inevitably make close approaches to one or another
of the giant planets, and the severe gravitational
perturbations that result will divert the objects in
question on to different orbits. Some Centaurs will be
ejected from the Solar System on hyperbolic paths;
others may fall into the inner planetary region and so
become extremely bright active comets.

The fact that Centaurs show characteristics of both
asteroids and comets leads to the convention for their
naming. In Greek mythology the Centaurs were hybrid
beasts, half-man and half-horse. The first Centaur object
to be discovered was CHIRON, in 1977. The next was
PHOLUS, in 1992. Others added since include (7066)
Nessus, (8405) Asbolus, (10199) Chariklo and (10370)
Hylonome. See also DAMOCLES; HIDALGO; JUPITER-
CROSSING ASTEROID; LONG-PERIOD ASTEROID

Centaurus See feature article

Centaurus A (NGC 5128) Galaxy with powerful radio
emission at a distance of around 3 Mpc (10 million Ly.).
Optically it appears to be a normal elliptical galaxy, but it
is crossed by a dark and very prominent dust lane. Very
deep photographs reveal the galaxy to be more than 1°
across, and the radio image is much bigger. This enigmat-
ic object appears to be two galaxies in collision, a massive
elliptical galaxy and a smaller dusty spiral (which can be
seen in the infrared). Centaurus A is emitting a huge
amount of energy at X-ray and optical wavelengths as well
as at radio wavelengths.

Central Bureau for Astronomical Telegrams Bureau
that rapidly disseminates information on transient astro-
nomical events. It operates from the SMITHSONIAN ASTRO-
PHYSICAL. OBSERVATORY under the auspices of the
INTERNATIONAL ASTRONOMICAL UNION. The bureau

issues announcements concerning comets, asteroids, vari-

V¥ Centaurus A Crossed by

a prominent dark lane, this

elliptical galaxy (also designated
NGC 5128) is a powerful radio

and X-ray source.
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extremely regular light
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able stars, novae and supernovae in the form of IAU Cir-
culars, both electronically and in printed form.

central meridian Imaginary north—south line bisecting
the disk of a planet, the Moon or the Sun. The central
meridian passes through the poles of rotation of the
object in question and is used as a reference point from
which to determine the longitude of features on the disk
as the body rotates. It is independent of any PHASE that
may be present.

Centre de Données Astronomiques de Strasbourg
(CDS) World’s main astronomical DATA CENTRE dedicated
to the collection and distribution of computerized astro-
nomical data and related information from both ground-
and space-based observatories. It hosts the SIMBAD (in
full, Set of Identifications, Measurements and Bibliogra-
phy for Astronomical Data) astronomical database, the
world reference database for the identification of astro-
nomical objects. The CDS is located at the STRASBOURG
ASTRONOMICAL OBSERVATORY in France, and is a laborato-
ry of the Institut National des Sciences de I'Univers.

The CDS was founded in 1972 as the Centre de Don-
nées Stellaires, its main aim being to cross-identify star des-
ignations in different catalogues — often the same object had
a host of different catalogue identifications. Bibliographic
references to objects were added, and SIMBAD was the
result. By 2001 the database contained data for more than
2.25 million objects, and over 5 million references.

CEPHEUS (GEN. CEPHEI, ABBR. CEP)

Name RA
h m
a Alderamin 21 19
v Errai 23 39
B Alfirk 21 29
14 22 11
mn 20 45

Constellar.ion of the northern polar region, between Cassiopeia and Draco. It
represents a mythological king, husband of Cassiopeia and father of
ANDROMEDA. Its most celebrated star is & Cep, the prototype CEPHEID VARIABLE, a
pulsating yellow supergiant varying between 3.5 and 4.4 with a period of 5.4 days;
its variability was discovered in 1784 by John GOODRICKE. A wide bluish
companion of mag. 6.3 makes it an attractive double for small telescopes or even
binoculars. 8 Cep is another pulsating variable, though of much smaller amplitude
(0.1 mag.) and far shorter period (4.6 hours); it is the prototype BETA CEPHEI
STAR. p Cep is a pulsating red supergiant known as the GARNET STAR, range
3.4-5.1, period about 2 years. Another variable red supergiant, VV Cep, is one of
the largest stars known, with an estimated diameter about that of Jupiter’s orbit. It
varies semiregularly between mags. 4.8 and 5.4.

BRIGHTEST STARS

dec. Visual Absolute Spectral Distance
° ! mag. mag. type (l.y.)
+62 35 2.45 1.58 A7 49
+7738 3.21 2.51 K1 45
+7034 3.23 —3.08 B1 595
+5812 3.39 =835 K1 726
+61 50 3.41 2.63 KO 47
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centre of mass Position in space for an object or collec-
tion of objects at which the various masses involved act as
though they were a single mass concentrated at that
point. For an object in a uniform gravitational field it is
the same as the centre of gravity. When two masses are
linked by gravity, the centre of mass occurs on the line
joining them at a distance from each object that is
inversely proportional to the mass of that object. In this
case the centre of mass is also called the BARYCENTRE.

centrifugal force Apparent force that appears when an
object is forced to move along a circular or curved path.
The force is actually the result of the inertia of the object
attempting to keep the object moving in a straight line. It is
the reaction to the CENTRIPETAL FORCE.

centripetal force Force acting on an object that causes
it to move along a circular or curved path. It produces an
acceleration towards the centre of curvature of the path,
and the reaction to this acceleration is experienced as the
CENTRIFUGAL FORCE. Gravity provides the centripetal
force on an orbiting body, and the magnetic field on
electrons producing SYNCHROTRON RADIATION.

Cepheid instability strip See INSTABILITY STRIP

Cepheid variable Yellow giant or supergiant pulsating
VARIABLE STAR, so called because the first variable of the
type to be discovered was DELTA CEPHEL Cepheids
pulsate in a particularly regular manner. These stars have
left the MAIN SEQUENCE and occupy, on the
HERTZSPRUNG—RUSSELL DIAGRAM, a position to the right
of the upper main sequence and to the left of the red
giants, termed the Cepheid INSTABILITY STRIP. Cepheids
are passing through the first Instability Transition after
leaving the main sequence.

During this brief period in their lives, these stars oscil-
late, alternately expanding and contracting so that in each
cycle a star may change in size by as much as 30%. These
regular, rhythmic changes in size are accompanied by
changes in luminosity. The surface temperature also
changes in the course of each cycle of variations in
brightness, being at its lowest when the star is at mini-
mum and at its highest when the star is brightest. This
temperature change may equal 1500 K for a typical
Cepheid. A change in temperature also means a change
in SPECTRAL TYPE, so that the star may be F2 at maxi-
mum, becoming the later type, G2, at minimum, chang-
ing in a regular manner as the temperature falls or rises. A
Cepheid may continue to pulsate in this manner for a
million years, which is a comparatively short time com-
pared to the life span of a star.

Most massive stars spend at least some time as Cepheid
variables. Stars like Delta Cephei have amplitudes of
around 0.5 mag. and periods usually not longer than 7
days; there are, however, Cepheids with larger amplitudes
and longer periods, which form a separate subtype. This
subtype includes the naked-eye stars 1 Carinae, £
Doradus and k Pavonis. The period of light changes is
related to the average luminosity of the star. This means
that the absolute magnitude of a Cepheid variable may be
found by measuring the period of the light cycle. The
apparent magnitude may be obtained directly. Once peri-
od, apparent and absolute magnitude are known, it
becomes possible to determine the distance to the star.

Cepheids are visible in external galaxies, but their
value as distance indicators is compounded by the fact
that there are two types. Both follow a period-luminosity
relationship, but their light-curves are different. First,
there are the classical Cepheids, such as Delta Cephei
itself, which are yellow supergiants of Population I. The
second type, the W VIRGINIS STARS, are Population II stars
found in globular clusters and in the centre of the Galaxy.
In using Cepheids to determine distances it is necessary
to know which type is being observed. At the time
Cepheids were first used to determine distances it was
not known that there were Cepheids with different peri-



od-luminosity values. This resulted in erroneously apply-
ing the value for type II to classical Cepheids. When this
error was found, in 1952, the result was to double the size
of the Universe. For periods of 3—10 days the light-curves
of the two types closely resemble one another and classifi-
cation is based on spectral differences. In particular, at
certain phases, classical Cepheids exhibit calcium emis-
sion, whereas W Virginis stars show hydrogen emission.

The period-luminosity relationship means that the
longer the period, the brighter the visual absolute magni-
tude. A comparison of the curves shows that classical
Cepheids are about one magnitude brighter than type II
Cepheids. The light-curves may be arranged in groups,
according to their shapes, which progressively become
more pronounced in each group as the period lengthens.
Most Cepheid light-curves fall into one of about 15 such
divisions, each with a longer average period. They all fol-
low a period-luminosity relationship, which commences
with the RR LYRAE stars of very short period and, after a
break, is continued by the MIRA STARS. This regular pro-
gression — the longer the period, the later the spectral type
— is called the Great Sequence. A typical Cepheid would
have a surface temperature varying between 6000 and
7500 K and an absolute luminosity that is ten thousand
times that of the Sun.

Since Cepheids are in a part of the Hertzsprung—Rus-
sell diagram where changes occur, observations are direct-
ed towards detecting changes in periods. Such changes
are small but give information as to how stars progress
through the instability strip; they can be detected by mak-
ing series of observations separated by a few years.

Cepheus See feature article

Cerenkov radiation Electromagnetic radiation emitted
when a charged particle passes through a transparent
medium at a speed greater than the local speed of light in
that medium (the speed of light in air or water is less than
that in a vacuum). Radiation is emitted in a cone along the
track of the particle. Cosmic rays ploughing into the
Earth’s atmosphere produce Cerenkov radiation, which
can be detected at ground level. This type of radiation was
discovered in 1934 by the Russian physicist Pavel
Cerenkov (1904-90).

Ceres First ASTEROID to be discovered, on the opening
day of the 19th century, hence it is numbered 1. Ceres, a
MAIN-BELT ASTEROID, has a diameter of ¢.933 km
(¢.580 mi), although it is not precisely spherical; it is the
largest asteroid. Ceres’ mass, 8.7 X 10%° kg, represents
about 30% of the bulk of the entire main belt, or about
1.2% of the mass of the Moon. Its average density, about
1.98 g/cm?, is less than that of most meteorites. Ceres
rotates in about nine hours, its brightness showing little
variation, which is indicative of a fairly uniform surface,
thought to be powdery in nature. It lies close to the mid-
dle of the main belt, at an average heliocentric distance
of 2.77 AU.

The possibility of a planet between Mars and Jupiter
had been suggested in the early 1600s by Johannes
KEPLER, and in the late 18th century BODE’S LAW was
interpreted as implying the likely existence of such a
body. In 1800 a group of European astronomers formed
the so-called CELESTIAL POLICE, having the aim of
discovering this purported planet. Before they could
begin their search, however, Ceres was discovered by
Giuseppe Piazzl from Palermo, Sicily. Piazzi was
checking Nicolas LACAILLE’s catalogue of zodiacal stars
when he found an uncharted body that moved over the
subsequent nights. Piazzi wanted to call the object Ceres
Ferdinandea (Ceres is the goddess of fertility, the patron
of Sicily, while Ferdinand was the name of the Italian
king), but only the first part of that name was accepted
by astronomers in other countries. Although he was
prevented by illness from following it for an extended
period, Piazzi’s observations allowed Ceres to be
recovered late in 1801. It soon became apparent that it

Chamaeleon

CETUS (GEN. CETI, ABBR. CET)

ourth-largest constellation, lying on the celestial equator south of Aries and

Pisces. It is not particularly prominent — its brightest star is 3 Cet, mag. 2.04,
known as DENEB KAITOS; a Cet is known as MENKAR. Cetus represents the sea-
monster from which ANDROMEDA was saved by Perseus. The constellation’s most
famous star is MIRA (o Cet), the prototype long-period variable. T Cet is the most
Sun-like of all the nearby single stars. M77, a 9th-magnitude face-on spiral some
50 million Ly. away, is the brightest of all the Seyfert galaxies. Because Cetus lies
close to the ecliptic, planets can sometimes be found within its boundaries.

BRIGHTEST STARS

Name RA dec. Visual Absolute Spectral Distance

h m ° ! mag. mag. type (Ly.)

B Deneb Kaitos 00 44 -17 59 2.04 —0.30 G9 96
o« Menkar 0302 +04 06 2.54 —1.61 M2 220
mn 0109 -10 11 3.46 0.67 K2 118
Y 0243 +03 14 3.47 1.47 A2 82
T 0144 -1556 3.49 5.68 G8 11.9

was not large enough to be considered a major planet,
and the rapid discovery of several other such objects in
the following years, namely PALLAS, JUNO and VESTA,
added to this view. William HERSCHEL coined the term
asteroid for these new objects; they are also termed
minor planets.

Cerro Tololo Inter-American Observatory (CTIO)
Major optical observatory situated approximately 80 km
(50 mi) ecast of La Serena, Chile, at an elevation of
2200 m (7200 ft). It is operated jointly by the ASSOCIA-
TION OF UNIVERSITIES FOR RESEARCH IN ASTRONOMY and
the National Science Foundation as part of the NATIONAL
OPTICAL ASTRONOMY OBSERVATORIES; it is a sister obser-
vatory to KITT PEAK NATIONAL OBSERVATORY. The largest
telescope on the site is the 4-m (158-in.) Victor M. Blanco
Telescope, commissioned in 1974 to complement its
northern-hemisphere twin, the MAYALL TELESCOPE, but
now being developed to complement SOAR, the SOUTH-
ERN ASTROPHYSICAL RESEARCH TELESCOPE, scheduled to
begin operation in 2003. CTIO is also home to 1.5-m
(60-in.), 1.3-m (51-in.) and 1.0-m (40-in.) reflectors.

Cetus See feature article

CfA See HARVARD—SMITHSONIAN CENTER FOR ASTRO-
PHYSICS

CGRO Abbreviation of COMPTON GAMMA RAY OBSERVA-
TORY

Challis, James (1803-82) English clergyman and
astronomer, now chiefly remembered for his part in the
search for Neptune. He succeeded George Biddell AIRY
as Cambridge’s Plumian Professor (1836), and served
until 1861 as director of Cambridge Observatory. There
in 1846 July, at the urging of John Couch ADAMS, who
had calculated the theoretical position of a new planet
from perturbations of Uranus, Challis initiated a rigor-
ous search. He actually discovered Neptune on
August 4, though he failed to recognize it as a planet
before Johann GALLE and Heinrich D’ARREST of the
Berlin Observatory announced the planet’s discovery,
on 1846 September 23.

Chamaeleon See feature article

CHAMAELEON (GEN. CHAMAELEONTIS, ABBR. CHA)

mall and unremarkable constellation near the south celestial pole, introduced

at the end of the 16th century by Keyser and de Houtman, representing the
colour-changing lizard. Its brightest star is « Cha, mag. 4.1. 8 Cha is a binocular
double, mags. 4.4 and 5.5.
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Chamberlin, Thomas Chrowder

¥ Chamaeleon This
complex of hot stars and
nebulosity was photographed
during testing of the Very Large
Telescope (VLT). Designated
Chamaeleon |, it lies close to
the south celestial pole.
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Chamberlin, Thomas Chrowder (1843-1928) Ameri-
can geologist who, with Forest R. MOULTON, conceived
the planetesimal hypothesis for the origin of the Solar Sys-
tem, according to which a star passing through the solar
neighbourhood caused the Sun to eject filaments of mate-
rial that condensed into planetesimals, which in turn
accreted to form the major planets. Chamberlin set out
this theory, which arose in part from his research into
glaciation and Earth’s geologic history, in his 1928 book
The Two Solar Families.

Chandler period 430-day period of variation in posi-
tion of the Earth’s axis of rotation. This small movement
of the geographic poles is known as the ‘Chandler wob-
ble’ after the American who first discovered it. It is
thought to be caused by seasonal changes in the distribu-
tion of mass within the Earth.

Chandrasekhar, Subrahmanyan (1910-95) Indian-
American astrophysicist who was awarded the 1983
Nobel Prize for Physics for his mathematical theory of
black holes. At Cambridge University, he developed a the-
oretical model explaining the structure of white dwarf
stars that took into account the relativistic variation of
mass with the velocities of electrons that comprise their
degenerate matter. He showed that the mass of a white

dwarf could not exceed 1.44 times that of the Sun — the
CHANDRASEKHAR LIMIT. Stars more massive than this
must end their lives as a NEUTRON STAR or BLACK HOLE.
He spent most of his career at the University of Chicago
and its Yerkes Observatory, where he was on the faculty
from 1937 to 1995, and he served as editor of the presti-
gious Astrophysical Fournal (1952-71).

Chandrasekhar revised the models of stellar dynamics
originated by Jan OORT and others by considering the
effects of fluctuating gravitational fields within the Milky
Way on stars rotating about the galactic centre. His solu-
tion to this complex dynamical problem involved a set of
twenty partial differential equations, describing a new
quantity he termed ‘dynamical friction’, which has the
dual effects of decelerating the star and helping to stabilize
clusters of stars. Chandrasekhar extended this analysis to
the interstellar medium, showing that clouds of galactic
gas and dust are distributed very unevenly. He also stud-
ied general relativity and black holes, which he modelled
using two parameters — mass and angular momentum.

Chandrasekhar limit Maximum possible mass for a
WHITE DWAREF. It was first computed, in 1931, by the Indi-
an astrophysicist Subrahmanyan CHANDRASEKHAR. The
value computed by Chandrasekhar applies to a slowly
rotating star composed primarily of helium nuclei and is
about 1.44 solar masses.

A white dwarf is supported against its own gravitational
attraction by electron degeneracy pressure (see DEGENER-
ATE MATTER). The PAULI EXCLUSION PRINCIPLE states that
no two electrons can occupy exactly the same state so that
when all the low energy states have been filled, electrons
are forced to take up higher energy states. With white
dwarfs of progressively higher mass, as gravity attempts to
squeeze the star into a smaller volume, so the electrons are
forced into higher and higher energy states. They there-
fore move around with progressively higher speeds, exert-
ing progressively higher pressures.

The greater the mass, the smaller the radius and the
higher the density attained by a white dwarf before elec-
tron degeneracy pressure stabilizes it against gravity. As
the mass approaches the Chandrasekhar limit, electrons
are eventually forced to acquire velocities close to the
speed of light (that is, they become ‘relativistic’). As the
limit is reached, the pressure exerted by relativistic elec-
trons in a shrinking star cannot increase fast enough to
counteract gravity. Gravity overwhelms electron degener-
acy pressure, and a star that exceeds the Chandrasekhar
limit collapses to a much denser state. Electrons combine
with protons to form neutrons, and the collapse is eventu-
ally halted by neutron degeneracy pressure, by which time
the star has become a NEUTRON STAR.

Chandrasekhar-Schoénberg limit See SCHONBERG—
CHANDRASEKHAR LIMIT

Chandra X-Ray Observatory (CXO) Third of
NASA’s GREAT OBSERVATORY series. The former
Advanced X-Ray Astrophysics Facility, it was deployed
into orbit by the Space Shuttle Columbia in 1999 July. The
5.2-tonne, 14-m-long (45-ft-long) spacecraft was renamed
the Chandra X-Ray Observatory. It followed the HUBBLE
SPACE TELESCOPE and the COMPTON GAMMA RAY OBSERVA-
TORY in the Great Observatory series. Chandra is
equipped with four science instruments — an imaging spec-
trometer, a high-resolution camera, and high- and low-
energy spectrometers. With the European Space Agency’s
NEWTON X-Ray Telescope, which was also launched in
1999, the Chandra X-ray Observatory is providing
astronomers with a wealth of data, including images show-
ing a PULSAR inside a PLANETARY NEBULA and material that
seems to be disappearing down a BLACK HOLE.

chaos Property of a mathemat