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From our home on the Earth, we look
out into the distances and strive to
imagine the sort of world into which we
are born. Today we have reached far out
into space. Our immediate neighborhood
we know rather intimately. But with
increasing distance our knowledge fades,
and fades rapidly, until at the last dim
horizon we search among ghostly errors
of observations for landmarks that are
scarcely more substantial.

The search will continue. The urge is
older than history. It is not satisfied and
it will not be suppressed.

Edwin P. Hubble
Astronomer
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We are stargazers.
A child pointing | everyone searches the

with delight to the first
star at twilight, a rooftop
amateur with telescope

scanning the night sky, an
astronomer dwarfed by
the mirror in a silent
observatory on some dark,
remote mountain peak—
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heavens. What is it that
we seek?

Astronomy has cap-
tured our imagination as
perhaps no other science,
for it embraces such
incomprehensible size
and distance and time

that we can barely ponder
it. We think that the uni-
verse originated some 15
billion years ago, but who,
in an average life of only
70-odd years, can conceive
of such eternity? We esti-
mate that our galaxy con-
tains about two hundred
billion stars and that it is
only one of more than a
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hundred billion galaxies,
so there must be some
twenty thousand billion
billion stars in the uni-
verse; the mind balks at
such incredible numbers.
We who measure distance
in miles and kilometers
struggle with the concept
of a single light year,
almost six trillion miles,
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much less cosmic dis-
tances counted in millions
and billions of light years.
Astronomy stretches our
minds and invites us into
the realm of the
imaginary.

When we look to the
heavens, we are not only
awed by the immensity of
time and space; we also

learn something. Starlight
is information. In the
stars and galaxies, we
gain clues to the origin
and history of the uni-
verse and we begin to
understand the exquisite
patterns of the cosmos.
All that we know about
the universe, we know
from observing.
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Today, we are on the
verge of exciting discover-
ies as a new observatory
is prepared for use. The
Hubble Space Telescope,
an orbital observatory
designed to probe the uni-
verse with extraordinary
precision and clarity, much
farther than we have ever
seen, will dispel much of
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the mystery and uncer-
tainty that limit our
knowledge. As we repeat
the age-old act of star-

gazing, the wonder and
beauty of the universe
will be revealed anew,
astonishing us again as it
surprised Galileo when he
first used a telescope
almost 400 years ago. &

Cluster of Galaxies in Hercules (xitt peak National Observatory




~ First Light
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In a flash of light, the universe came into being. The dark abyss n those first moments,
g s . some 15 billion years agc
suddenly filled with energy and matter and motion. From this events happened so rapi
. i & iiiiy ly and forcefully that no
colossal explosion, an expanding wave of infinite reach surged gviden;g;;;e;, gt
into time and space. In its wake are strewn the galaxies, stars, a faint background radiation.
- Within the first three minutes,
and planets—the wondrous creation we call the cosmos. the rudiments of matter
arnrnaarad in the evnandina fire-



ball of intense radiation. About
500,000 years later, hydrogen
formed in the cooling maelstrom,
then helium and some of the
other elements. These atoms
began to circulate through the
primordial gas and clump
together into whirling masses
that eventually took shape as

galaxies. Exactly when the first
galaxies appeared is unknown,
but the answer may lie in very
distant quasars, more than

10 billion light years from Earth.

Within the galaxies, billions
upon billions of stars began to
shine, and around at least one
star a system of planets coa-

lesced, one of which is our home.
The mystery of it all has
engaged philosophers and priests,
scientists and stargazers from
time immemorial. Of course, no
one was there to witness the
beginning. There are no histori-
cal records, no on-the-scene
reports. All we have to guide us

The Big Bang (Barron Storey, artist; © Nati ic Soci

toward understanding is light.
Light is the messenger of cre-
ation, a cosmic courier bearing
the evidence. The evanescent
trail of light from the present
back to the first moments
carries all the information we
will ever have about the origin
of the universe.



e are going to
follow the trail of
light with an
extremely sensi-
tive new observatory—the
Hubble Space Telescope. The
largest and most sophisticated
astronomical telescope ever
placed in space, it can view

more celestial objects, much far-

ther away and in much sharper

detail, than any other telescope.

This remarkable observatory
will show us the early universe
and almost everything that has
appeared since. For the first
time, we will be able to see the

most distant features of the cos-

mos as clearly as we can now
see the nearer stars and galax-
ies. As we use the Hubble
Space Telescope to intercept
and interpret the messages car-
ried in light, the prospects for
discovery are exciting.
Astronomy is not really the
study of stars; it is the study of
starlight. We come to know the
universe by capturing starlight
as it passes by on its voyage
through the cosmos, bringing
it into focus and examining it.
Where has starlight been,
and what can it tell us about
the universe? Imagine a beam
of light, emitted from an early
galaxy, perhaps 10 billion years
ago. Upon departing from the
stars that produced it, the light
flows through interstellar gas,
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the hot "filler" between stars
within a galaxy. During this
passage, which may last a hun-
dred thousand years or longer,
the light may be modified by
atoms in the gas and lose some
of its energy. It then exits the
galaxy and enters a vast, rather
empty territory between galax-
ies. In a million years or so it
may pass near an object with a
strong gravitational field and be
bent from its course, or it may
wander into a dense cloud of
dust left over from a star's for-
mation and be absorbed, never
to be seen.

While light is in transit,
cosmic history marches on.
For eons, our own part of the
universe does not yet exist.
The Milky Way galaxy takes
shape about three billion years
after the light begins its voyage.
About two billion years later,
the Earth condenses out of the
gaseous nebula surrounding our
young sun. It is another billion
years before signs of life appear
on our planet, and several
billion more before human
civilization arises and becomes
capable of thoughtfully observ-

ing the stars. The light almost
passes us before we become
clever enough to recognize its
significance.

Light that ultimately arrives
at Earth and enters a telescope
to be collected and magnified
and guided into the eye, a cam-
era, or other detector bears the
marks of both its origin and its
voyage. Its original energy and
path may be altered by condi-
tions in the space environment,
but light has a message and a
signature. Thus, light tells us
about conditions at its source
(What is the star composed of?
How hot is it?) and along its
way (What makes up the gas
between stars in galaxies? How

strong is the embedded magnet-

ic field?). Light also brings us
news of changes in the cosmos:
the birth and spectacular death
of stars, galaxies in collision,
and the demise of stars being
devoured by their neighbors.

Although the speed of light
is the fastest possible way to
cover distance, the distances
in the universe are so great that
it takes even light a very long
time to reach us—millions and
billions of years. A light year,
the distance light travels in one
year, is about 6 trillion miles.
The light we receive today from
the most distant object actually
was emitted long, long ago
when the universe was very
young.

Thus, detecting light from
distant objects is looking back
in time, seeing the universe as
it was when the light left the
objects, not as it is now.



Some 12 to 20 billion years ago, astronomers think a “primeval atom”
exploded with a big bang sending the entire universe flying out at incredible
speeds. Eventually matter cooled and condensed into galaxies and stars.
Planets formed around at least one star. Eons after life began to develop on
Earth, humans appeared. If all events in the history of the universe until now
were squeezed into 24 hours, Earth wouldn’t form until late afternoon.
Humans would have existed for only two seconds.

(Jaime Quintero, artist; © National Geographic Society)
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Astronomy through the Ages

To study the universe, its
history and its contents, we use
whatever we can to catch and
analyze light. The most common
tool for astronomy is the eye.
When we look up at the sky, our
eyes receive light, form an
image, and send a signal to the
brain for processing. Virtually
everyone can use this “instru-
ment”; for millennia, it was the
only one available.

Unfortunately, the eye is lim-
ited in sensitivity and can per-
ceive only the brighter celestial
objects. The patient observa-
tions of early astronomers
yielded an atlas of the universe
visible to the unaided eye. They
charted the motions of the plan-
ets, recorded the positions of
many stars, and witnessed a
few spectacular explosions of
dying stars. However, they had
no inkling of the universe we
can observe today.

About 400 years ago, Galileo
wedded technology and astron-
omy by using a telescope, a
piece of equipment to enhance
human vision. His simple
arrangement of two magnifying
lenses in a tube enabled the

first detailed look at some of the
objects in the sky and multiplied
the number of visible stars. The

moon, previously seen as a mot-

tled disk of light and darker

Amateur
astronomers
and home-made
telescopes
(Dennis di Cicco)

patches, suddenly showed a ter-
rain of mountains and valleys.
Four of Jupiter's moons were
revealed, and stars “so numer-
ous as to be almost beyond
belief.”

Technology made a world of
difference in our ability to form
images. The history of astrono-
my since Galileo's time is a his-
tory of technological advances
leading to discoveries. Progress
in astronomy depends on
improved telescopes and detec-
tors to supplement the eye.

Over the past four centuries,
larger and larger mirrors have
been constructed for reflecting

Galileo, credited with first use
of the telescope in 1609

(Yerkes Observatory)

telescopes. The larger the mir-
ror, the more light is collected
and focused into the image.
One result is brighter images;
objects that were previously
below the threshold of detection
are now “seen.” Another result
of using larger mirrors is
enhanced fineness of detail
(resolution) that can be seen in
the image; images are sharper,
containing more detailed
information.

For collecting light and form-
ing sharper images, bigger is
better. Thus, observatories vie
for pre-eminence on the basis
of mirror size, graduating from
mirrors the size of coins and
dinner plates to disks as large
as backyard satellite dishes.
Improvements in mirror grind-
ing, polishing, and reflective
coatings also have made a
difference.

ORIGINAL PAGE
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Astronomer in observing capsule
of the 200-inch Hale telescope

(Palomar Observatory, California Institute of Technology)

In the past century, and espe-
cially during the last 50 years,
advances in detector technology
have influenced progress in
astronomy even more than mir-
ror size. Putting a camera, rather
than an eye, at the viewing end
of a telescope makes it possible
to record more light and pre-
serve the image for analysis.
Increasingly sensitive photo-
graphic films and longer expo-
sures are bringing very faint
celestial objects into the range
of detectability. New electronic
systems capable of recording
individual photons are now dis-
placing film as the detectors of
choice for imaging faint (distant)
astronomical objects.

Astronomer Annie Cannon, early
20th-century pioneer in spectral
analysis (Harvard College Observatory)

100-inch Hooker telescope

at Mount Wilson

(California Institute of Technology)

The Multiple Mirror Telescope at Mt. Hopkins, Arizona—
an innovative design for a large light-collecting surface
(MMT Observatory)
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Advances in mirror and
detector technology yield dra-
matic improvements in obtain-
ing information about objects in
the sky, up to a point. Then
astronomers face a barrier that
is not affected by bigger, more
sensitive telescopes: the atmo-
sphere. Despite centuries of
observing, we have not yet seen

Several of the 11 telescopes of the
Kitt Peak National Observatory
in Arizona

(Kitt Peak National Observatory

the universe clearly, because we
are looking up through a hazy
shroud of gases around our
planet. As light from celestial
objects is bent, scattered, and
absorbed by passage through
our turbulent atmosphere,
images are distorted, blurred,

and dimmed. From the ground,
we can distinguish objects well
only to a distance of some two
billion light years, although the
universe probably extends ten
times farther.

Placing telescopes on high
mountain peaks above part
of our atmosphere improves
viewing, but the best place for
a telescope is in space. To
observe the farthest, faintest

stars and galaxies in as much
detail as possible, we must lift
our telescopes into orbit beyond
the turbulent, obscuring atmo-
sphere. If it were practical, most
telescopes would be located in
space, where viewing condi-
tions are most favorable.




Astronomers have dreamed
of placing a large visible-light
telescope into space, but only
recently has the technology
been developed to make this
possible. The Space Shuttle
is powerful enough to carry into
orbit a large telescope compara-
ble to some of the best tele-
scopes on the ground.
Furthermore, the Shuttle can
take a maintenance crew to an
orbital observatory for repairs
and servicing. For the first time
in the space age, we have a

warranty for a long operational
life. Space telescopes are expen-
sive; to get the most science
from our investment, we must
be able to use them for many
years.

The Hubble Space Telescope
is the realization of that dream:
a virtually perfect mirror, superi-
or detectors, and an orbit above
the atmosphere. This is the
instrument that will reveal what
lies beyond our present power
to see. Until now, advances in
telescope capability have

The Hubble Space Telescope
during assembly and testing

ed Missiles and ny

occurred in fairly small steps;
mirror sizes have doubled or
tripled, and improvements in
sensitivity and resolution have
been measured up to 50 times
better. With a telescope in
space, we leap to new capabili-
ties at least 10 times better
than optical telescopes on the
ground. The Hubble Space
Telescope is the best optical
telescope in the world, a pre-
cious international resource for
satisfying our human need to
know the cosmos.




Observation Strategy
For generations, humans have
looked at the same sky, asked
the same questions, and pressed
against the same physical barri-
ers to observation. How large
and how old is the universe, and
how do we measure it? What
are the objects we see there?
How do galaxies form and
evolve? What is the life cycle of
stars? Do other planets exist? Is
there life elsewhere in the uni-
verse? At first, our attempts to
explain the cosmos took the
form of myths and folklore,
which have now given way
to scientific theories and
observations.

Of all the observatories
that exist in the world, only the
Hubble Space Telescope can
answer some of the most per-
plexing astronomical questions.
The Hubble Space Telescope
can detect objects 12 to 14 bil-
lion light years distant as clearly
as a much larger telescope on

the ground can detect objects
a mere 1 to 2 billion light years
away. Images will be at least
10 times sharper in clarity than
any others, and light emitted
very early in the life of the uni-
verse, 30 to 50 times fainter
than our current threshold, will
be easily detected.

The observing strategy takes
advantage of these unique abili-
ties to see objects farther away
and with greater clarity than
any other telescope. The high-
est priority investigations are
those that cannot be performed
from the ground; we do not
know exactly what these
exploratory observations will
reveal. Some are focused where
our knowledge is quite limited,
at objects beyond 10 billion
light years, toward the “edge”
of the observable universe.
Research requiring extraordi-
narily precise position measure-
ments, now possible for the first
time, is scheduled early in the

These images of M101 galaxy in Ursa
Major, one 10 times sharper than the
other, simulate the improvement in detail
expected in images from the Hubble
Space Telescope. (caiifornia Institute of Technology)

In longer time exposures, more light is collected and resulting
images have more detail. These images of two galaxies in
Andromeda resulted from observations lasting 1 minute,

5 minutes, 30 minutes, and 45 minutes, respectively. The Hubble
Space Telescope will be able to obtain detailed images of faint
objects with shorter exposures than observatories on the ground.
(Kitt Peak National Observatory
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telescope’s mission. Another
high priority is examination of
the ultraviolet radiation from
celestial objects, radiation that
cannot be observed from the
ground.

The “eye” of the Hubble
Space Telescope will be turned
upon both familiar and exotic
objects, neighboring areas in
space and the farthest territo-
ries. Producing images at a rate
of about 20 a day, we should
have more than 7,000 images a
year and, over its planned
15-year operation, more than
100,000 pictures as enthralling
as those from the planetary
explorers. The information in
these images is the source
material for discoveries.

Observation is exploration.
Because we cannot yet venture
into the far reaches of time and
space, we have to explore by
collecting radiation. With the
Hubble Space Telescope, we
have the opportunity to see and
know more about the universe.

This observatory, perhaps more
than any other, appeals to our
imagination with the promise
of new knowledge, beautiful
images, and answers to the
most intriguing questions.

The Hubble Space Telescope may
answer questions about all classes of
astronomical objects, from neighboring
planets and stars to the most distant
galaxies and quasars.




Edwin P. Hubble

1889-1953

A s a child, Edwin Powell Hubble wandered the Kentucky
countryside where he grew up, observing the habits of birds
and animals. As an adult, he scrutinized the stars and galaxies.

Although Hubble was always interested in science, he did not
settle on the profession of astronomy immediately. In 1910, he
received an undergraduate degree from the University of Chicago,
where he also lettered in
basketball and almost became
a professional boxer. Instead,
he studied law under a Rhodes
scholarship at Oxford, passed
the bar, and practiced law
briefly and halfheartedly. He
reported that he “chucked the
law for astronomy, and | knew
that even if | were second-rate
or third-rate, it was astronomy
that mattered.”

Hubble completed graduate
studies at the Yerkes
Observatory of the University
of Chicago, where he began his
examination of spiral nebulae.
He earned his doctorate in
1917 and was invited to join
the Mount Wilson Observatory
in Pasadena, California, but
Hubble did not yet undertake
the studies that made him
famous. Answering the call to
World War I, he enlisted in the
infantry, telegraphing observa-
tory personnel, “Regret cannot
accept your invitation. Am off
to the war.”

Two years later he finally
began working with the tool that would enable him to make great
discoveries—the 100-inch reflector at Mount Wilson, at the time
the largest telescope in the world. Except for four years of service
in World War 11, Hubble was devoted to astronomy until his death
in 1953.

Hubble’s patient, painstaking observations revealed a much
larger universe than anyone had imagined. He was enchanted by
dim, foggy patches called “nebulae,” the Greek word for cloud.
One called Andromeda was the most spectacular nebula observed
during the early decades of the century, but telescopes were not
powerful enough to see if it harbored any stars like the vast stellar
populations of the Milky Way. Since the 18th century, scientists
had argued whether these areas were “island universes,” sepa-
rate galaxies, or simply nebulae in our galaxy. Was the Milky Way
the only galaxy? Was it the center of the universe?

In 1924, Hubble ended the debate when he reported stars in
the outskirts of Andromeda and found Cepheids, stars that reveal

(Niels Bohr Library, American Institute of Physics)
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their distance by the way their light varies. Careful observations of
the Cepheids enabled him to measure the distance to Andromeda,
far too many light-years away to be in our galaxy. He classified the
galaxies, grouping them by sizes and shapes, and established that
many other nebulae were also galaxies even more distant than
Andromeda. Hubble measured the depths of space out to 500 mil-
lion light years, distances farther
than any previous surveys.

As he continued to study
galaxies, he concluded that they
were moving away from Earth at
velocities proportional to their
distances. This supported the
concept that the universe origi-
nated in a cosmic explosion, and
all the matter in the universe was
expanding from the site of an ini-
tial Big Bang. The galactic survey
resulted in Hubble’s law: the
more distant the galaxy from
Earth, the faster it moves away.

Of course, if all the galaxies
originated from one explosion,
residents of other galaxies would
see the same thing: a universe of
fleeing galaxies with more distant
ones moving more rapidly.

Hubble found that the ratio of
the velocity of receding galaxies
to their distance from Earth is
constant (the Hubble constant),
a significant astrophysical number
still not calculated with certainty
today. Unfortunately, as the
distances to objects increase,
astronomers are overwhelmed
with uncertainties: distances are hard to measure. Current
estimates of the Hubble constant, and thus the rate of expansion
of the universe, differ by a factor of two. More powerful telescopes
are needed to make more precise measurements and determine
whether the universe will expand forever or halt and perhaps
reverse.

The Hubble Space Telescope will build on Hubble’s research,
measuring distances with greater accuracy than ever before
possible. It is fitting that this premier space observatory is named
for the American astronomer whose work revolutionized modern
astronomy. Hubble’s research proved that larger, more powerful
telescopes are needed to see more of the universe. He assisted
in the design of the 200-inch Hale telescope at Mount Palomar
near San Diego and made the first observations with it. When
asked what he expected to find with the new telescope, he said,
“We hope to find something we hadn’t expected.” With the Hubble
Space Telescope, this quest continues.

Edwin P. Hubble at the 48-in Schmidt
telescope at Palomar Observatory
(Niels Bohr Library, American Institute of Physics)






Better “roadmaps” are needed for
accurate distance measurements
to galaxies much farther away than
these neighboring galaxies.

=1,000,000 light-years

The Hubble Space Telescope will resolve
some of the detail that is usually lost

over vast distances. (doiph Schaller, artist)
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How do we measure

the universe?

When the United States decided
to send men to the moon, scien-
tists and engineers lacked an
essential bit of information: the
exact distance to the destina-
tion. At that time, no one knew
precisely enough for navigation

=100,000 light-years
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purposes just how far away the
nearest celestial body was
located.

Although the distances to
some stars and galaxies are
published as so many light
years, these measurements in
the celestial atlas are, in reali-
ty, estimates. The actual dis-

tance scale beyond the Milky
Way has never been precisely
determined; current estimates
are so uncertain that galaxies
may be twice as far away as we
think, or only half as far.

Distance is crucial to almost
every problem in astronomy,
especially issues in cosmology
about the origin and age of the
universe. Astronomers need to
know how far away the various
bright and dim objects are and
how far apart they are. A pre-
cise measurement of distance is
also the basis for establishing
an accurate value of the Hubble
constant, a measure of the age
and rate of expansion of the
universe.

A high-priority project is to
use the Hubble Space Telescope
to refine the distance scale of
the universe and to calculate a
more accurate value of the
Hubble constant. With its ability

=1 light-year

Cepheid variables
are common
reference points
for astronomical
measurements.
The difference
in brightness of
these Cepheids in
the Andromeda
galaxy (between
the dashed lines)
is evident.
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More accurate measurements of
distances to objects in the Virgo cluster
of galaxies, 60 million light years from
our galaxy, will give scientists better
“yardsticks” for calculating precise
distances to objects much farther away.

light-month

to measure very small angular
shifts in the positions of stars,
the telescope will survey the
distance to a special class of
stars known as Cepheid
variables.

Cepheids are stars that
brighten and dim on a regular
schedule; they are used as
“standard candles” because
their intensities correlate with
their periods of variation. These
sources of known intensity pro-
vide a “yardstick” with which to
measure distance. The apparent
faintness of a Cepheid trans-
lates directly into its distance.

=1 light-week

However, partial obscuration
of the light by intervening dust
and gas complicates the issue.
We can now make accurate dis-
tance measurements only to
nearby Cepheids — a few tens
of millions of light years away.
If we can measure the distance
to galaxies out to the Virgo
cluster, about 60 million light
years away, then we can use
this longer yardstick to deter-
mine more accurate distances
to other objects farther away.

By analogy, if at home we
needed to measure a room but

(Kitt Peak National Observatory)

diameter of solar system

did not have a ruler or measur-
ing tape, we might use a piece
of string for successive mea-
surements until we could say
that the room was so many
lengths of string wide by so
many lengths of string long;
that unit of measure could be
used as a “yardstick” for gaug-
ing the distances to other
objects. The Cepheid project
will take several years to com-
plete, since measurements must
be repeated and compared at
regular intervals to refine the
distance calculations.
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What are quasars,

active galaxies, and

other exotic objects?

Among the most mystifying
celestial bodies are quasars,
active galaxies, neutron stars,
and other compact objects that
appear unusually luminous for
their size. Because these objects
are relatively small and very far
away, we have not been able to

determine exactly what they
are. With the Hubble Space
Telescope, however, the nature
of these enigmas should be
revealed.

Quasars are especially puz-
zling. The most distant observ-
able objects, they should be
very faint; however, a quasar
the size of a solar system can
produce hundreds of times as

much radiation as an entire
galaxy. Interestingly, a quasar

may be hardly noticeable in visi-

ble light, but it blazes forth in
higher-energy radiation (ultravi-
olet and X-rays). The brightness
of some quasars varies from
month to month, even from one
hour to the next. There is no
explanation for the source of
this immense energy or its vari-

ability. Are quasars powered by
black holes or by something yet
to be discovered? The quasar
problem challenges our current
understanding of the laws of
physics.

The most distant quasars, as
far away as 15 billion light
years, are thought to be at the
limits of the observable uni-
verse. Because looking far out




into space is looking back in
time, we see quasars today as
they appeared billions of years
ago; they may not even exist
now. Quasars may be explo-
sions that precipitate galaxies,

the violent first step in an evolu-

tionary process that gradually
results in a normal galaxy like

our own.

(Don Dixon, artist,

The existence of black holes, which may
devour matter from nearby stars, is theorized
but not yet confirmed.

In some galaxies, the central
region emits extraordinarily
intense and variable radiation.
It is thought that quasars or
black holes hidden in these
active galaxies may be the
power source. High-resolution
studies of the centers of galaxies
by the Hubble Space Telescope
should reveal this mysterious
phenomenon.

Observations in different radiation bands reveal different features, as shown in these
two images of the M101 galaxy, one in visible light (left) and the other in ultraviolet
(right). Only the higher-temperature objects and areas appear in ultraviolet images,
while the cooler ones disappear. (ki peak National Observatory, visible; NASA Goddard Space Flight Center, ultraviolet

Quasar 3C 273 in Virgo is a mysterious
object that may radiate 100 times more
light than the brightest ordinary galaxy.

(Kitt Peak National Observatory

Some quasars and other objects
emit perplexing jets of radiation.
(Adolph Schaller, artist)

23



How do galaxies

form and evolve?

There are an estimated 100
billion galaxies in the universe,
and we know only one reason-
ably well: our own Milky Way.
As recently as the 1920’s, when
Edwin P. Hubble corrected the
record, no one knew with cer-

tainty that other galaxies existed.

Since then, galaxies have been
identified, labeled, and placed
in a classification scheme based
on their structure or other fea-
tures, but only a fraction of the
total population of galaxies has
been sampled.

Galaxies are intrinsically
interesting evidence of the ori-
gin of the universe, for it is
thought that they were the first
objects to form after the cosmic
“Big Bang.” They seem to be
the basic building blocks that
give structure to the universe.
Curiously, there is little evi-
dence that new galaxies are
forming today.

Astronomers are eager to
see the farthest (youngest)
galaxies out toward 15 billion
light years, for these should
reveal the conditions under
which the universe began to
take shape. To understand how
the universe evolved,
astronomers need to study as
many galaxies of as many types
and ages as possible. Today,
only the 20 nearest galaxies
have been studied in any detail;
these are contemporaries of the
Milky Way, similar in form and
content. A more thorough cen-
sus is required.

With the very sensitive
Hubble Space Telescope,
astronomers will be collecting
information about galaxies

Spiral galaxy M83 in Hydra

(Ce Americe

during the early stages of their
formation and adding new
galaxies to the list of

those available for study. In
addition, they will get a more
detailed look at some puzzling
phenomena, such as active
galaxies that produce extraordi-
nary energy compared to typical
galaxies. It is thought that the
nuclei of such galaxies may har-
bor quasars or black holes,
which are not yet well under-
stood. With the improved reso-
lution of this telescope,
astronomers will be able to peer
into the crowded centers of
galaxies to find what lies hid-
den there.

ry

Celestial merger: galaxies may collide and interact, exchanging matter and resulting
in the formation of new stars. (srian sulivan, artist)




The Hubble Space Telescope will be used to
observe a variety of galaxies of different types,
distances, and ages:

Small Magellanic Cloud

Roy

Whirlpool Galaxy in Canes Venatici

atory, C

Cluster of galaxies in
Coma Berenices

Kitt Peak National Observator




What is the

life cycle of stars?

Stars are forming in our galaxy
and elsewhere today. Although
the Milky Way is more than

10 billion years old, we see stars
that are thousands of times
younger. Occasionally, we also
see stars in the death process,
exploding as supernovas and
disappearing or shrinking into
white dwarfs.

The rationale for observing
stars is much the same as that
for observing galaxies; scien-
tists need to study many stars
of many different ages and
types to understand how they
form, exist, and die. Stellar pop-
ulation studies are an important
item on the agenda of the
Hubble Space Telescope.
Thousands of stars will be mea-
sured and categorized to obtain
a large statistical sample.

Studying other stars tells us
more about the nearest star, our
sun, which formed relatively
late in the galaxy's life. Although
the Hubble Space Telescope
cannot look at the sun, the

broad stellar survey will help us g f .
understand the processes that _ oo
govern it. Detection of proto- e ST

stars (clouds of matter that are : = )
condensing into stars) and stars : - . . &
that form earlier in the history i S
of a galaxy may give insight into - F " i .
the formation and early history y
of our solar system.

Many faint stars will appear
as bright sources to the highly
sensitive instruments in the
Hubble Space Telescope. The
standard deep sky atlas, the
Palomar Observatory Sky .
Survey, includes stars as faint . . .
as 21st magnitude. While the . . i
Hubble Space Telescope will not 5 > .
be used for a full-sky survey, it
will be able to detect stars to
at least the 28th magnitude and
easily record 24th magnitude . .
stars, which are the faintest . g ot
routinely observable from
ground observatories. It will
also be able to record faint star-
light much more quickly than
long overnight exposures from
the ground. Hubble Space : .
Telescope exposures will range s : o
from tenths of a second to about . i
an hour.

Nebule are often called stellar nurseries, because new stars form in these
glowing clouds of dust and gas.

Trifid Nebula in Sagittarius, Kitt Peak National Observatory,

Horsehead Nebula in Orion is an opaque cloud of dust
that absorbs light from stars beyond it. (royal Observatory

The Pleiades are a cluster of about
3,000 stars in Taurus; the Hubble Space
Telescope will be able to resolve stars in

more distant and very dense clusters.

Hansen Planetarium
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A supernova is a stellar explosion that temporarily may outshine all
other stars in its galaxy. An interesting target of observation is the
supernova discovered in 1987 in the nearby Large Magellanic Cloud.

(European Southern Observatory)

Supernova remnants,
hollow shells of gas,
may linger for
centuries as glowing
evidence of the
death of a star.

(Supernova remnant in Vela,
Royal Observatory)




Do other planetary

systems exist?

Given the tremendous number
of stars in the universe, it is
unlikely that our solar system is
the only collection of planetary
bodies. Theoretically, the forma-
tion of planets about a star
could be a normal process. The
search for other planetary sys-
tems is pertinent to understand-
ing the evolution of the universe,
and it is an exciting scientific
adventure.

The Hubble Space Telescope
is not likely to observe planets
around another star directly, for
they would be extremely faint,
obscured by the star’s bright
light. However, it may be possi-
ble to find secondary evidence
of a planet from wobbles in the
star's motion that indicate the
gravitational pull of an orbiting
body. Similarly, fluctuations in a
young star’s light output might
suggest a rotating, dusty disk
where a new planetary system
could be forming. If companions
are suspected around a candi-
date star, it is possible to create
within the telescope an artificial
eclipse of the star's light so a
smaller, dimmer body may be
detected. Highly precise posi-
tion measurements with the
Hubble Space Telescope could
then reveal whether or not the
newly visible body were orbit-
ing the central star.

Another exciting use of the
Hubble Space Telescope is to
focus on the planets and moons
in our own solar system, giving
us a front row view of these
fascinating worlds almost

28

comparable to photos from the
Voyager spacecraft. Whereas
the exploratory Voyagers had
only a fleeting glance at Jupiter,
Saturn, Uranus, and Neptune,
the Hubble telescope can study
them whenever we desire,
repeatedly and in finer detail
than observations from the
ground. Thus, the telescope
complements the discovery mis-
sions by providing for longer-
term study. For example, while
Voyager first showed us evi-
dence of volcanoes on Jupiter's
moon Io, the Hubble Space
Telescope will tell us how often
they erupt and what chemicals
they emit. One of the cameras
in the Hubble observatory can
photograph the entire Earth-
facing hemisphere of any planet
in our solar system (except
Mercury, which is too close to
the sun) in a single exposure;
it is possible that our first “close
up” look at Pluto will be among
the images received when
observatory operations begin.
Comets are important targets
of observation, because they are
thought to be debris from the
formation of the solar system,
frozen and essentially unchanged
for four billion years. Comets
may tell us what chemicals, in
what abundance, were present
when our solar system formed.
The Hubble Space Telescope is
useful for cometary science,
because it can examine a comet
at many points along its trajec-
tory through the solar system.
Thus, astronomers need not wait
for the next close approach to
Earth to collect comet data. &

The Hubble Space Telescope will enable
studies of the planets in finer detail
than is possible from the ground.

A close-up view of Jupiter and its moons lo (left) and Europa (right)
comparable in detail to expected Hubble Space Telescope images. This
image was obtained at a distance of 20 million km (12.4 million mi) by
the Voyager spacecraft. s

One of the best images of Jupiter
from a telescope on the ground
(Palomar Observatory, California Institute of Technology)

B e L e T
The Hubble Space Telescope

will give us a front row view of
the fascinating worlds of our
solar system.



Uranus and Neptune observed from Earth

ick Observatory

A typical
ground-based
image of Saturn

A Voyager image
of Saturn from

13 million km

(8 million mi),
comparable in
resolution to
Hubble Space
Telescope imagery

NASA

Voyager image

of Neptune from

82 million km

(51.5 million mi)
similar in detail to a
Hubble Space
Telescope image

VASA

Pluto, never yet
seen in detail




Jsing the

Hubble

elvet drape of night. Its
leek: a long case, covered with s
oil, not u an amateur telesca
r ldoscope in its simple conto
mﬁlg’h much \larger. The distinctive
atures marking it as a spacecraft '
two solar panels and two fragile
ntennas. It could be a modern
culpture, a silvery winged creature
mbarking on a flight into the cosmos.

rbiting some 370 miles above us, this
elescope is an extremely sensitive
Iight catcher, ready for the arrival of
infinitesimal bits of visible, infrared,

rrival is greeted with curious anticipation.
his welcome meégsenger can reveal to us what
1e universe is lik§, how it began,and how
changes.
The jewel of the t lescope the8-foot primary
irror, is deep inside\the protective case. The
irror is a marvel of t&chnology: large but light-
eight, its pure aluminum reflecting surface
1inly coated with transparent magnesium
uoride. To focus faint light as precisely as

1rface deviates more than"ne millionth of an
ich from an ideally perfect curve; no mirror has
ver been more finely polisheq or more evenly
vated. If the Earth were as smpoth, the highest
eak and the deepest valley would vary from

1e surface by less than three inghes.

ubble Space Tel pe (Paul Hud: artist)
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The Hubble Space Telescope
is an observatory unlike
any astronomical observatory

on Earth.

Light entering the telescope
strikes the primary mirror, is
reflected forward to the sec-
ondary mirror where it is
reflected again, returning down
the telescope and through a
hole in the primary mirror to the
focal plane, where the image
forms. There, detectors record
images or analyze the incoming
ultraviolet, visible, or infrared
light. These focal plane instru-
ments are crucial to the obser-
vatory; without them, the
advantage of the perfect mirror
and vantage point above the
atmosphere would be wasted.
The detected light is converted
into electronic signals and
transmitted by relay satellite to
ground stations. There the data
are processed by computers and
reconstructed as images for
astronomers to study.

The Hubble Space Telescope
is an observatory unlike any
astronomical observatory on
Earth. Some of the differences
are obvious. It doesn't have the

familiar dome shape of observa-
tory buildings, because it needs
no protection against weather.
It has peculiar features like
solar panels, to generate electri-
cal power, and communications
antennas, to receive and trans-
mit information. The telescope
is remotely controlled by opera-
tors hundreds of miles below
it and, at times, half a world
away. It operates around the
clock, day and night, seven days
a week, year after year, unaf-
fected by clouds and weather.
Visibility is always perfect.
More subtly, the Hubble
Space Telescope represents a
revolutionary shift in the way
most astronomers do their work.
During the deployment, opera-
tional, and servicing phases of
its mission, the telescope is
handled differently than is cus-
tomary for a ground-based
telescope. With the Hubble
Space Telescope, astronomical
research reaches maturity in the
space age.

'’

Control room in the Space
Telescope Operations Control
Center at NASA’s Goddard Space
Flight Center in Maryland

(NASA)

The Hubble Space Telescope
will be delivered to orbit

by the Space Shuttle.

Initial checkout will occur
while the telescope is
attached to the Shuttle; then
it will be released for years
of operation in space.

(Gordon Raney, artist; Lockheed)
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Path of light through the telescope to the detectors
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Observing with the

Hubble Space Telescope

In the nearby media center,
journalists keep vigil, their
editors and producers saving
front pages and prime time for
on-the-scene reports. Across the
country at NASA centers and
aerospace firms, thousands of
people involved in the project
know that today is the red letter
day, the culmination of years of
effort. Around the world,
astronomers await word that
the new observatory is
deployed, promising new vistas
for the most ancient science.

Actually, ground controllers
have been “talking” to the
telescope since four hours after
launch, waking the various
systems and readying them to
be turned on. For launch, the

telescope is dormant; its activa-
tion in orbit is a methodical
procedure that lasts about three
days for initial deployment and
several months for full check-
out. This verification sequence
carefully brings the telescope
to full operational status.

About 24 hours after launch,
the telescope is unplugged
from the Shuttle power supply
and begins operating on its own
battery power. It is then lifted
from the bay by the robot arm
and held outside the Shuttle
during preparations for release.
The solar arrays must be
deployed promptly to activate
the telescope’s internal power
system, and the antennas must
be unstowed for two-way

command and data flow. By
the second day in orbit, the tele-
scope is ready to be released.
For the next several hours,
the ground control teams put
the telescope through its paces,
gradually bringing it up to full
power, turning on its “house-
keeping” systems for pointing
and attitude control, loading the
computer memories, and testing
the telemetry. These activities
verify that everything is work-
ing properly as the telescope
adjusts to the space environment.
The third and fourth days are
dedicated to testing the tele-
scope’s ability to move and point
accurately, to acquire guide stars
and targets. Then the alignments
of the mirrors and scientific

instruments are checked, and
calibration tests are run. About
two weeks into the mission,
checkout of the cameras and
other scientific instruments in
the focal plane begins.
Checkout is a time for
patience. A full six months
have been allocated for meticu-
lous verification that all systems
and instruments are functioning
properly. This period will be
punctuated by some actual
observations, but the observa-
tory’'s schedule will not be
turned over to the scientists
until the checkout is complete.
Two NASA centers share
responsibility during this trial
period. The Marshall Space
Flight Center in Huntsville,

Astronauts working in the aft flight deck of the
Space Shuttle deploy the Hubble Space Telescope.

(NASA)
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Space Telescope in Orbit

First Days

Slowly and gently, the telescope
is lifted from its cradle in the
payload bay of the Space Shuttle
Attached to the spidery remote
manipulator arm, the 43-foot
telescope clears the bay door
and is held overboard for a
methodical checkout before
release. There is no ribbon-cut-
ting ceremony, no cornerstone
to set in place, no speech under

a dome. Instead, opening night
activities proceed in a brisk,
businesslike fashion. Only five
people are present.

Inside the Shuttle, an astro-
naut intently watches through
a window and operates the
mechanical arm to position the
telescope for the first stages of
its deployment. The commander
is on duty to oversee activity,
while the pilot maneuvers the

Shuttle. Two other crew mem-
bers stand by, prepared to go to
work outside the cabin if some
problem arises.

Meanwhile, scores of person-
nel at ground control centers
monitor every electronic signal
and issue commands as the
telescope is being prepared to
operate in space. The mood is
vibrant; scientists, engineers,
managers, and VIPs concentrate

on video screens 