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18 years of science with the Hubble Space
Telescope

Julianne J. Dalcanton'?

After several decades of planning, the Hubble Space Telescope (HST) was launched in 1990 as the first of NASA's Great

Observatories. After arocky start arising from an error in the fabrication of its main mirror, it went on to change forever many
fields of astronomy, and to capture the public's imagination with its images. An ongoing programme of servicing missions has
kept the telescope on the cutting edge of astronomical research. Here | review the advances made possible by the HST over

the past 18 years.

he impact of the HST on the public imagination is large, yet

many are surprised to learn that the HST is rather modestly

sized in comparison with modern telescopes (Fig. 1). Its

mirror is only a generous arm span across, with less than
~1/15th the light-gathering area of the largest telescopes available on
the ground. Its instruments are likewise far from state of the art,
containing detectors whose technologies are sometimes more than
adecade old. What then accounts for the HST’s tremendous scientific
and public impact?

The HST’s successes can be attributed to the same three key factors
influencing real estate: location, location, location. Raising the HST
above most of the Earth’s atmosphere has allowed it to escape a host
of problems that limit telescopes on the ground. The first of the

Figure 1| The Hubble Space Telescope, while docked with the Space
Shuttle Endeavour during servicing. The new instruments installed during
such missions have kept HST at the cutting edge of astronomy. Image
courtesy of NASA.

resulting improvements is the dramatic increase in a telescope’s
resolution—the smallest angular separation that can be reliably
detected (Fig. 2). Images taken with the HST can distinguish features
that are separated by less than a tenth of an arc second (comparable to
the angle spanned by half a millimetre when seen from a kilometre
away). Comparable images made from the ground are typically
blurred by a factor of ten relative to those made with the HST.
Moreover, because the HST’s view of the Universe is unperturbed
by the turbulent, chaotic atmosphere, the images and spectra taken
by the telescope are stable and reproducible. This stability allows for
an unprecedented level of precision when measuring the brightness
and structure of astrophysical objects.

The second, less publicized benefit of the HST’s location is the
darkness of space-based imaging. From the ground, the night sky is
not actually all that dark. Atoms in the upper atmosphere absorb
energy from sunlight during the day, and then re-radiate that energy
as light during the night. In much the same way that you can see more
stars from a dark campground than from a bright city street, from
space the HST can measure astronomical features fainter than those
ground-based telescopes can detect against the glowing background
of the night sky. This increase in contrast is especially pronounced at
ultraviolet wavelengths, where photons are otherwise absorbed by the
Earth’s atmosphere and are thus inaccessible from the ground. Access
to this portion of the electromagnetic spectrum is critical for tracing
the abundance of individual elements in astrophysical gases, and for
interpreting observations of galaxies at large distances.

In this article I summarize some of the many areas where the HST
has dramatically changed our understanding of the Universe. These
include tracing the structure and evolution of stars from their births
through to their deaths, demonstrating the pervasiveness of black
holes and their links to galaxy formation, tracking the evolution of
galaxies over billions of years, and testing fundamental models of the
expansion of the Universe.

Distance scale

One of the most consistently vexing issues facing astronomers is
measurement of the distances to astronomical objects. It perhaps
seems odd that something so basic, and so easily judged on Earth,
can be so difficult in an astronomical context. However, in astro-
nomy we observe systems whose energy outputs and distances can
differ by a dozen orders of magnitude. We therefore often have little a
priori knowledge with which to estimate the basic size and energy
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Ground: Subaru (8 m)

Figure 2 | Images taken from space have superb spatial resolution. Images
of a distant galaxy taken from the ground (with the Subaru 8-m telescope
(National Astronomical Observatory of Japan) on Mauna Kea) are blurred

scales of a given system. Are we observing a faint object that happens
to be close, or a bright object that is much farther away? Moreover,
even when we can make reasonable assumptions about an object’s
distance, we frequently lack the precision needed for critical cos-
mological tests.

Over the past century, astronomers have built up an elaborate
distance ‘ladder’, which uses the distances to the nearest stars to infer
the distances to more distant objects. We start the ladder with stars
that are sufficiently close that their position on the sky shifts during
the Earth’s orbit around the Sun. This parallax effect (which you can
see by alternately shutting your left and right eyes) can be used to
calculate a distance on the basis of the principles of geometry only,
making it robust against systematic errors. The only limit to the
method is the precision with which we can measure slight angular
shifts. With higher resolution, parallax measurements can be pushed
to much larger distances.

The HST excels at parallax measurements owing to both its superb
resolution and its Fine Guidance Sensor (FGS). Although the FGS is
primarily responsible for keeping the telescope oriented precisely
during scientific observations, it can also be used to make milli-
arc-second measurements of the angular positions of individual
stars. Moreover, the FGS is quite sensitive and can measure accurate
parallaxes for stars that are much fainter than those that could be
studied with the earlier parallax mission satellite HIPPARCOS (the
High Precision Parallax Collecting Satellite). By measuring parallaxes
of fainter stars, the HST can probe to larger distances, and sample a
larger volume of the Galaxy. This allows the HST to calibrate the
luminosities of truly rare stars which are difficult to find nearby,
but that are crucial for establishing more distant rungs on the dis-
tance ladder.

One of the most important types of such stars are Cepheids, a class
of pulsating stars that are up to thousands of times more luminous
than the Sun, and can thus be identified in galaxies far outside the
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Space: HST (2.4 m)
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in comparison with images of the same galaxy made with the HST. Images
courtesy of NASA.

Milky Way owing to their brightnesses and characteristic periodic
variations in luminosity. A Cepheid’s luminosity is tightly correlated
with the duration of its pulsation cycle. Once this correlation is
calibrated, one can then deduce the distance to a Cepheid by mea-
suring the duration of its pulsation, inferring its luminosity and then
comparing the luminosity with the apparent brightness. The accu-
racy of the derived distance is typically limited by the accuracy of the
initial period—luminosity relationship. The FGS on the HST has
made direct parallax measurements of this relationship’, greatly
reducing the uncertainties in Cepheid-based distances. Although this
period—luminosity relationship may potentially vary with the metal-
licity of the galaxy®, with appropriate corrections it can reliably be
used for many massive spiral galaxies. Previously, climbing from
reliable parallax measurements of nearby stars to Cepheid-based dis-
tances to spiral galaxies required many complicated steps up the
distance ladder. With the new HST results, astronomers can make
this step in a single jump.

Identifying Cepheids in nearby galaxies requires the HST’s reso-
lution. Although Cepheids are luminous, they can appear to be
blended together with the light from many other stars in images from
ground-based telescopes, making it impossible to identify the lumin-
osity fluctuations or the brightness of the one star in the cluster that
happens to be a Cepheid. In contrast, the high angular resolution of

Figure 3 | A montage showing the life cycle of stars. a, The Orion nebula is
a dense cloud of gas within which new stars are forming. The inset shows a
close-up of a young star surrounded by a dusty disk that may eventually
form planets. b, Young blue stars surrounded by leftover natal gas in the
Large Magellanic Cloud, a nearby dwarf galaxy. ¢, The evolving star V838
Monocerotis, whose past flashes have illuminated material that was ejected
in an early stellar wind. d, A planetary nebula forms as a dying star sheds its
outer layers, leaving behind a fading white dwarf at its centre. e, A globular
cluster containing many old stars. The faintest stars in the cluster are white
dwarfs. Images courtesy of NASA.

©2009 Macmillan Publishers Limited. All rights reserved



NATURE|Vol 457|1 January 2009 REVIEWS
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the HST allows Cepheids to be separated from their neighbouring
stars out to vastly larger distances, increasing the number of galaxies
with potentially reliable distances by a factor of close to 1,000.
Establishing Cepheid-based distances to nearby galaxies was one of
the Key Projects identified before the HST’s launch. The Cepheid Key
Project has since used hundreds of orbits to analyse Cepheids in 36
galaxies, all of which were used to calibrate even more distant rungs of
the ladder (such as supernovae and the Tully-Fisher relationship).
These Cepheid distances have become the bedrock foundation of
our understanding of the size scale of the distant Universe. Distances
to galaxies can be inferred from the ‘Hubble diagram’— a linear
relationship between the distance to a galaxy and the speed at which
it appears to be receding from us. The slope of this relationship is
known as the Hubble constant, and once its value is known it is
possible to measure recessional velocities to galaxies (which is
straightforward) and use them to infer distances (which is difficult).
The HST’s observations of Cepheids have been essential in establish-
ing the distance portion of the Hubble diagram, and thus have laid
the foundations for modern measurements of the Hubble constant.
Before the HST, the Hubble constant was known only to within a
factor of two, but with the new Cepheid observations the uncertainty
in the distance scale of the Universe has dropped to roughly 10%.

The life cycle of stars

Although stars are frequently assumed to be constant and unchan-
ging features of the firmament, they are in fact evolving dynamic
systems. New stars condense out of gaseous nebulae, and old stars
evolve through planetary nebulae and supernovae into white dwarfs,
neutron stars and black holes. These processes—star formation and
evolution—are critical to understanding many features of the
Universe, including the evolution of galaxies, the dispersal of chem-
ical elements and the distribution and energetics of gas.

Some of the HST’s most lasting (and beautiful) contributions to
stellar astronomy have been its studies of star-forming regions like
the Orion nebula (Fig. 3). In these regions, luminous massive stars
ionize the gas cloud from which they coalesced, causing the cloud to
glow brightly in various emission lines. The HST’s earliest observa-
tions of the Orion nebula®* revealed that it was peppered with a
remarkable population of young stars surrounded by dense disks of
gas and dust. These disks are undoubtedly remnants of the late accre-
tion phase during which the stars condensed. Although the presence
of such disks had been inferred from theory’ and from observations
with the Very Large Array®, the HST’s superior image resolution
revealed the first true pictures of the disks” structures and physical
properties.

The observed ‘proto-planetary disks’ are exactly the type of system
that astronomers expect will evolve into planetary systems like those
hosted by our own Sun. The ubiquity of the disks seen in the HST
images gave strong hints that our Solar System is unlikely to be
unique, and recent studies have indeed found direct evidence for
the ‘extrasolar’ planetary systems that are expected to evolve from
the disks seen in the images. The HST is studying intermediate stages
of this process directly, by mapping the detailed structures of disks
that have lost their gas but are still dominated by dust that will
eventually be either incorporated into planets or dispersed’”°.
Although individual cases had been observed from the ground, the
HST has proven the ubiquity of such systems. Moreover, with its
superb resolution, the HST is uncovering evidence of structure in
these debris disks, indicating that they have been shaped by the grav-
itational influence of planets orbiting the young, distant host stars''.

In addition to revealing the properties of young stars, the HST
continues to help us understand the older stars that dominate the
stellar content of our Galaxy. Although many of these stars are rela-
tively ordinary stars like the Sun, the majority are much fainter and
are of lower mass. At these low masses, the stars begin to have more in
common with planets, hosting complex atmospheres and sometimes
lacking a central energy source (brown dwarfs). Luckily, many of
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these stars are also locked into gravitationally bound orbiting pairs,
known as binaries, which serve as laboratories for measuring of the
properties of stars. The orbits of binary stars can be used to derive
their masses, and, because the stars in the binary can be assumed to
have formed simultaneously, it can also be assumed that they have a
common age and metallicity. Binaries are thus particularly useful
when studying poorly understood types of star. Unfortunately, most
stars are far enough away that the images of the two stars in the binary
cannot be separated in a typical image, making it difficult to measure
the orbits, luminosities, colours and spectra of the two components.
This step is particularly difficult when one of the stars is much fainter
than the other, as is common for low-mass stars, which are among the
most complex and least well-understood of normal stars. However,
with the HST’s spatial resolution, image stability and low back-
ground, the properties of binary stars can easily be measured. The
HST has thus powered critical advances in our understanding of low-
mass stars and brown dwarfs, by identifying the earliest brown dwarf
binaries'>"?, characterizing the relationship between mass and lumin-
osity for low-mass stars', making dynamical mass measurements for
field brown dwarfs'>'¢, finding unusual T dwarf binaries'” and con-
straining the rate of binarity at the lowest stellar masses'®'?. It has also
been an essential tool in simply quantifying the numbers of the lowest
mass stars and failed brown dwarfs, both in young®**' and old*>*
stellar clusters.

The HST is yielding surprises even for more ordinary stars. For
most of the past century, astronomers believed that the simplest
collections of stars could be found in globular clusters, which are
dense, gravitationally bound groups of ~10*-10° stars. The stars in
globular clusters were thought to have formed at exactly the same
time, from a single cloud of gas, giving them identical ages and
chemical compositions. Unfortunately, our ability to measure the
properties of individual stars in globular clusters is compromised
by the high stellar densities within the clusters, and only with the
HST can individual stars be separated from one another in an image.
Recently, the exceptional photometric stability and high resolution of
the HST have revealed that some globular clusters have far more
complex properties than were previously thought possible: some host
stars that formed in multiple events and/or with distinct chemical
compositions****. Although this work is new, it has already begun
overturning half a century of thought on the nature of these suppo-
sedly ‘simple’ systems.

The death of stars

After their life of quiescent hydrogen burning is over, stars undergo
dramatic changes. When the primary energy source at the centre of a
star becomes exhausted, the star is forced to undergo dramatic evolu-
tion. During this evolution, the star expands drastically, sheds much
of its mass and either explodes or fades away, leaving behind a bizarre
stellar remnant (such as a white dwarf, neutron star or black hole).

These late phases of stellar evolution are surprisingly brief on
typical astronomical timescales. Astronomers have used the HST to
track the final stages of mass loss in rapidly evolving stars like 7
Carinae, using time-resolved measurements to watch the expansion
of the stellar ejecta in real time***®. They have also revealed the ghosts
of past mass ejection from evolving stars like V838 Monocerotis (ref.
29) or from SN 1987A (refs 30-32) using ‘light echoes’ that have
bounced off expanding shells of matter ejected farther and farther
into the recent past. Equally striking are the HST images of planetary
nebulae”, formed after most mass loss is complete in lower mass
stars. Like the images of 7 Carinae and V838 Monocerotis, the plan-
etary nebulae show a rich level of complexity’*, some of which
varies over year-long timescales’ . Most importantly, in almost
none of these cases does the distribution of ejected mass look spher-
ical, in spite of the nearly spherical shape of the initial star. This
asymmetry suggests that the process of mass loss in stars is complex,
and involves ‘shaping’ of the stellar winds by rotation, magnetic fields
and/or orbiting stellar companions.
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Similar evidence that even apparently symmetric stars have asym-
metric deaths comes from HST identifications of neutron stars,
which are incredibly dense stellar remnants left behind after the
supernova explosion of a massive star. Although they begin their lives
as stars larger than the Sun, neutron stars are only a few kilometres
across, making them very faint at optical wavelengths. The optical
emission provides a critical means of constraining their temperatures
and sizes, which in turn tells a great deal about the strange nuclear
matter within the stars. The HST has been able to identify the optical
counterparts of several neutron stars, and through repeated observa-
tions has found that some are hurtling through the galaxy at a sur-
prisingly high speed of more than 100kms™" (ref. 39). These
observations suggest that the supernova somehow gives the dense
stellar remnant a tremendous ‘kick’, shooting it out of the supernova,
despite the initial star being essentially spherical.

The HST is also shedding light on the connection between super-
novae from dying stars and mysterious y-ray bursts. At the HST’s
launch, it was not known if these fast bursts of intense y-ray radiation
were from sources inside our galaxy or far outside it. Subsequent
satellites showed that they were occurring outside our galaxy, and
HST observations of the fading optical transients further localized
some of the bursts to individual galaxies, in regions containing
young, massive stars’**>. HST thus convincingly showed that these
highly energetic events are tied to the very last phases of the lives of
massive stars. The theoretical models resulting from these observa-
tions are suggesting that such ‘hypernovae’ may be essential for estab-
lishing the unusual elemental abundance patterns seen in the oldest
stars.

Black holes

The same explosions that lead to supernovae and y-ray bursts can also
lead to the formation of remnant black holes. These enigmatic objects
form when mass collapses to within an extremely small radius,
known as the Schwarzschild radius. For a star like the Sun to turn
into a black hole, it would need to shrink by a factor of more than
200,000, down to a radius of less than 3 km. When a massive star runs
out of fuel it collapses to within its Schwarzschild radius, becoming
sufficiently dense that even light cannot escape from the tremendous
gravitation field, and leading to the name ‘black hole’. In spite of their
name, black holes can be responsible for some of the most luminous
astrophysical phenomena, owing to the high temperatures of the
material that they sometimes accrete. However, in many cases black
holes are truly dark, and their presence can only be inferred from
their gravitational influence on the material around them.

Key to finding a dark black hole is to look for evidence of a large
amount of mass being in a very small space. We can deduce that mass
is present by the motions produced by the gravitational pull of the
black hole. When these motions are very fast, and show rapid changes
in velocity and/or direction over a very small distance, then we can
infer the presence of a black hole. However, we need measurements of
velocities that probe exceptionally small physical distances to ensure
that the measured mass is in a small enough volume that it can be
explained only by a black hole. Finding black holes in even the nearest
galaxies thus requires the exceptional angular resolution of the HST.

Over the past several decades, the HST has revolutionized our view
of black holes and the role they have in galaxy formation. At the
launch of the HST, it was generally assumed that supermassive black
holes were needed to explain the unusually high luminosities and
peculiar spectra of distant quasi-stellar objects (QSOs) and lower
luminosity nearby active galactic nuclei. However, there was then
no firm evidence that QSOs were always hosted by galaxies, or that
all galaxies currently hosted remnant black holes left over from an
early epoch when QSOs were common. Some ground-based obser-
vations strongly suggested that a handful of the nearest galaxies might
host dense, massive objects at their centres, but the identification of
these as black holes was far from confirmed*.

REVIEWS

Since its launch, the HST has been engaged in a systematic obser-
vational assault on these issues. One of the earliest HST Key Projects
was responsible for establishing that all QSOs (which were thought be
powered by black holes) were indeed hosted by galaxies*. Later,
dynamical modelling of HST spectra in nearby galaxies confirmed
the presence of black holes through their gravitational influence on
the surrounding stars*>*. These studies led to dozens of robust mea-
surements of central black hole masses, which then revealed an extre-
mely tight correlation between black hole mass and the mass of the
galactic bulge (the smooth, rounded stellar component at the galaxy’s
centre)*>; this relationship had been hinted at in previous ground-
based work, but with much larger uncertainty and scatter. Moreover,
the modelling showed that even dormant galaxies without luminous
active nuclei—a sign of accretion onto a black hole—also hosted
black holes, confirming that central, massive black holes are a generic
feature of galaxy formation.

This surprising result has yet to be understood. The black holes that
form during the deaths of massive stars have relatively small masses,
and are unlikely to be more than 20 times more massive than the Sun.
By contrast, black holes at the centres of galaxies are millions or bil-
lions of times more massive than the Sun, leaving open questions
about how the supermassive black holes formed, how they migrated
to the centre and how their masses ‘knew’ about the masses of their
host galaxies. HST observations are beginning to unravel some of
these questions, hinting that intermediate, ~10*-solar-mass, black
holes might exist in some globular clusters®"* that could later accrete
into the galactic centre, but that some bulgeless galaxies (like our
neighbour M33) have no evidence for a central black hole at all*.
The HST’s resolution has also been essential to the observation of
structures that may be either analogues or precursors of central black
holes. These ‘nuclear clusters” are dense stellar knots found at the
centres of some galaxies. The masses of nuclear clusters are also cor-
related with galaxy properties®, raising the suspicion that they are
potentially visible manifestations of the processes that may lead to
supermassive black holes. The HST has shown that at least some of
these clusters are disk-like, suggesting that gas accretion may have a
role in the growth of massive structures at the centres of galaxies™.

Given the presence of massive black holes at the centres of most
galaxies, it might be expected that the black holes have helped to
shape the distribution of stars around them. Such an effect should
be strongest in massive galaxies, owing to the more massive black
holes within. Indeed, some of the earliest investigations with the HST
revealed strong differences between the central stellar distributions of
massive and low-mass galaxies®”; these differences, although
recently questioned®, have been confirmed in many subsequent
studies® . Galaxies were found to have a sharp bimodality at their
centres, with the more massive galaxies having flat ‘cores’ in their
light distributions and lower mass galaxies having a bright central
cusp. Some models predict that these flat cores could be produced by
pairs of central black holes, the orbits of which can fling stars out of
the galactic centres® either before or during merging. Although the
observed trend can be interpreted as a response to the presence of
central black holes, there are many other properties of the galaxies
that similarly correlate with the central light profile, such as the
overall shape of the galaxy (box-like versus disk-like, triaxial versus
axisymmetric) and the internal kinetics (rotating versus non-rotat-
ing). These trends may indicate that the dichotomy between core and
cusp galaxies may transcend the properties of the central black holes,
and may instead be intimately linked with the formation of the galaxy
as a whole.

Growth of galaxies

At the time that the HST was launched, astronomers had long been
used to seeing the familiar, regular forms of galaxies at the present day.
However, there were long-standing questions as to how these forms
came about, and how they may have changed and evolved through
time. In principle, the question could be answered by looking at distant
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galaxies, which are so far away that light emitted many billions of years
ago is only now reaching us. Thus, in progressively more distant gal-
axies we can see earlier and earlier snapshots of the galaxies’ evolution,
reaching back to a time when the Universe was only a fraction of its
present age—an effect much like receiving postcards sent from ever
more distant places, carrying old news from the time they were sent.
Unfortunately, owing to blurring produced by the Earth’s atmosphere,
these distant galaxies appeared only as unresolved smudges in images
taken from the ground.

With the launch of the HST, astronomers got their first look at the
shapes and structures of young galaxies, and what they saw was sur-
prising (Fig. 4). Instead oflooking like close analogues of the spiral and
elliptical galaxies we see today, images of the distant Universe revealed
alarge population of galaxies that looked not unlike insects splattered
on a windscreen. This population can be seen most dramatically in
images of the Hubble Deep Fields*>* and the later-generation Ultra
Deep Field”, made with a more sensitive, larger-format camera.

ACS Nearby Galaxy Survey Treasury (ANGST) ¢ HST ACS/WFC
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Distant galaxies in the Hubble Ultra Deep Field
Hubble Space Telescope ® Advanced Camera for Surveys
Figure 4 | Galaxies near and far. a, Images showing the diverse properties of

galaxies. b, Unusually shaped distant galaxies in the Hubble Ultra Deep
Field. Images courtesy of NASA.
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The HST deep field images revealed that young galaxies were built
out of fragments, through a process that we now understand to be the
hierarchical build-up of smaller galaxies into ever larger ones. The
HST images were key in establishing the current galaxy formation
model, in which galaxy properties are shaped by the continual merger
and accretion of matter over cosmic timescales®®7*. Parallel work in
clusters of galaxies showed the influence of merging on larger scales,
using the combination of HST images and spectroscopy”>*>. Only
with the HST could we measure the complicated structures and
sizes*** of these younger evolving galaxies.

Also key in establishing this change in model was the huge invest-
ment made in measuring relative distances to the galaxies in the
Hubble Deep Field (HDF). Measuring relative distances requires
time-consuming spectroscopy of faint individual galaxies with which
one can measure recessional velocities. Although such programmes are
expensive in terms of limited telescope resources, given the unprece-
dented allocation of the HST’s resources in producing the HDF, the
astronomical community responded with an equally unprecedented
investment of spectroscopic observations of the HDF galaxies®*’.
These spectroscopic observations became key in establishing the link
between a galaxy’s observed colour and its distance. This ‘photometric
redshift’ technique had been developed for nearby galaxies®, but only
with the HDF was it confirmed to be a viable method for measuring
distances to the most distant galaxies®. Since the verification of this
technique in the HDF, there has been an explosion in the use of
photometric redshifts, allowing major surveys’™® to skip time-
consuming spectroscopy when establishing the relative distances of
galaxies. Photometric redshifts also allow astronomers to estimate
distances to galaxies that are otherwise too faint for spectroscopic
observations. Some of the earliest work applying photometric redshifts
were used for the HDF itself’* ¢, and showed most clearly the assembly
of galaxies from small lumps into large coherent units, and the accom-
panying rise in the overall rate of star formation in the Universe’*?”’.

In addition to the great strides made through its in situ studies of
distant young galaxies, the HST has made equal progress using the
complementary tool of studying the fossil record that galaxy forma-
tion has left behind. This record is embedded in the individual stars
that formed during a galaxy’s lifetime. Seen from the ground, these
billions of stars blur into a single smooth image. However, when
viewed at the highest spatial resolution, the smooth galaxy image
breaks into millions of individual points, revealing individual stars,
much like the pointillism seen in a Seurat painting. The colours and
brightnesses of these stars encode information about their ages and
chemical compositions®, and allow us to infer the past history of star
formation in the galaxy.

With the accurate measurements provided by the HST’s spatial
resolution and photometric stability, astronomers have characterized
the stellar populations of the oldest extended structures in gal-
axies” "%, tracing the earliest epochs of a galaxy’s assembly. They
have also used the HST to map the ebb and flow of star formation
across the disk of nearby galaxies, tracing the detailed evolution of

star formation over hundreds of millions of years'”.

Cosmology

Some of the most widely recognized successes of the HST have been
in the field of cosmology. Cosmology attempts to measure and
understand the most basic large-scale features of the Universe, such
as its age, composition and size. Constraining these quantities relies
primarily on astronomical observations, which are among the only
tools that can access the distances and ages over which the Universe’s
evolution and structure can be measured.

The age of the Universe can be inferred in multiple ways. The most
secure measurements of the age come from the oldest stars we see
today, whose ages place a secure lower limit on the age of the
Universe. To derive ages for a population of stars, we ideally want
to find a cluster of stars that were all born at the same time. The stars
within the cluster all evolve at different rates, such that the most
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massive stars quickly become supernovae, the intermediate-mass
stars (like the Sun) evolve into planetary nebulae and leave behind
a faint remnant white dwarf, and the lowest mass stars last for the age
of the Universe. The age of the stellar cluster can then be inferred
from the masses of the stars that are left behind.

There has been an elegant series of HST measurements using this
technique, focusing on white dwarfs. After a white dwarf forms, it no
longer has a source of energy in its core. It therefore cools steadily,
dropping in temperature and brightness at a rate that can be calculated
from theoretical models. These models can be compared with the
observed distribution of brightnesses to infer the age of the white
dwarf, placing a robust lower limit on the age of the star'®'".
Unfortunately, white dwarfs are sufficiently faint that they can be
difficult to isolate from other stars. In a clever twist, astronomers have
used repeated, deep observations with the HST to separate faint cluster
stars from intervening and background objects''*™'"*. The stars in the
cluster all share a common velocity, causing them to show slight shifts
in position between the two epochs of observation. These shifts are
distinct from those shown by foreground and background stars,
allowing the cluster stars to be isolated down to very faint luminosities
with little confusion. The resulting measurements of the distribution
of white dwarf brightnesses are tremendously precise, and have placed
secure lower limits on the age of the Universe that do not depend on
uncertain observations at high redshift or assumptions about the
underlying cosmology. Instead, they rely solely on our understanding
of the physics of stars, making this a superb independent check on a
fundamental cosmological measurement. This measurement could
not have been made without the high resolution and the photometric
(and astrometric) stability of the HST

Anindependent probe of the Universe’s age comes from the HST’s
measurement of the Hubble constant using Cepheid distances. In
addition to providing a fundamental distance scale for the
Universe, the value of the Hubble constant is directly related to the
rate at which the Universe is expanding at the present day. Its value is
therefore critical in extrapolating between the present and the Big
Bang, and thus in establishing the duration of the expansion.

Whereas the Hubble constant constrains the rate of the Universe’s
expansion at the present day, astronomical observations can also be
used to constrain the Universe’s past expansion. Our understanding
of the past rate of expansion has been revolutionized by the study of
the brightnesses of high-redshift supernovae. Progressively more dis-
tant supernovae should be increasingly fainter, in a way that depends
sensitively on the exact model of the Universe in which we live.
Measurements of distant supernovae have shown that they appear
unusually faint'''**>. However, the typical luminosities of super-
novae are well understood, and their apparent faintness must thus
indicate that they are much farther away than had been anticipated in
the early 1990s. For this to be true, the Universe must be expanding
far faster than in any model that includes only relatively normal
forms of matter. This evidence for ‘dark energy’ or ‘cosmological
acceleration’ was one of the ground-breaking scientific discoveries
of the late 1990s.

The HST has been essential in discovering and monitoring ever
more distant supernovae, which probe early epochs in the Universe’s
expansion. At such large distances, it is difficult to measure the prop-
erties of supernovae from the ground, owing to their faintness and
the blurring of their light with the surrounding galaxy. With the HST,
however, the supernovae can be separated cleanly from the host
galaxy, allowing the brightnesses to be measured. These precisely
measured brightnesses constrain the distances to the supernovae,
and limit the nature of the expansion at these early times, providing
a strong limit on possible models for the nature of the dark energy.

Supernova measurements of the dark energy suggest that it dom-
inates the mass-energy density of the Universe, but there is still an
enormous quantity of dark matter pervading space. Although its true
nature eludes us, its mass and distribution can be probed through
indirect techniques. One of the most successful techniques is through
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the distortion that dark matter produces on images of background
galaxies. Like looking through the bottom of a wine glass, the mass of
dark matter distorts light passing through it, producing a warped
image of all the images seen through the dark matter. Normally, this
effect is too small to be measured, but for the densest concentrations
of dark matter, found in massive clusters of galaxies, the effect can be
dramatic, producing enormous arcs and ring-like structures around
the clusters'”. These images are among the most spectacular extra-
galactic images produced by HST.

With the precision offered by the HST’s resolution, astronomers
have mastered techniques that use the observed distortions to recon-
struct the distribution of mass that produced them. This makes it
possible to map the dark matter distribution, in spite of not being
able to see it directly’*'*. One of the most striking uses of this
technique can be seen in recent observations of two colliding galaxy
clusters (the ‘bullet cluster’). Maps of the dark matter constructed
from HST images show a remarkable separation of the dark matter
from the gas in the cluster'””. Like two colliding streams of water, the
gas was essentially stopped in the collision, whereas the dark matter
and the galaxies passed through. These observations are striking con-
firmation that the dark matter is not associated with the gas (which
dominates the normal matter in the clusters), and that the dark
matter acts like ‘collisionless’ particles that interact only through
gravity and not any electromagnetic process. Thus, in spite of not
knowing what the dark matter is, the HST has allowed us to learn
what it is not, and how it behaves on large scales.

Gas in the Universe

Although cosmology tells us that the majority of the mass in the
Universe is hidden in the dark sector, nearly all the light we see comes
from normal, familiar forms of matter. This matter is only a small
fraction of the Universe’s mass, but understanding what forms it
takes and how it is distributed through space constrains many astro-
physical questions.

The majority of normal baryonic matter is thought to be in the gas
phase, and can produce both emission lines and absorption lines in
astrophysical spectra. The location (in wavelength) and amplitude of
these lines can be used to constrain the chemical composition, tem-
perature, density and pressure of the gas. Although optical spectro-
scopy from the ground can routinely study some of the spectroscopic
features produced by astrophysical gases, many of the most useful
features are found at ultraviolet wavelengths, and can only be studied
from space.

Ultraviolet spectroscopy with the HST has allowed astronomers to
track where gas is and how the amount of matter in the gas phase has
changed with time. One of the earliest HST Key Projects mapped the
distribution of gas in the (relatively) nearby Universe using the
absorption lines produced by hydrogen along the line of sight to
more distant quasars'*®. Gas had previously been tracked in this
manner, but only at larger distances that probe the properties of
the Universe long ago. The evolution of the gas phase could therefore
not be tracked continuously to the present, leaving the final destina-
tion of the gas uncertain. Moreover, when restricted to such large
distances, little was known about exactly what astronomical objects
the gas was associated with. Was it bound to galaxies? Or was it
distributed in the otherwise empty volume of space between galaxies?
Only with the HST’s ultraviolet sensitivity could the amount and
distribution of this gas be tracked to the present day, through the
local distribution of galaxies. The HST thus made it possible to follow
the evolution of the primary gas reservoir in the Universe from the
earliest times to the present'*"** and, moreover, to match the gas
seen in absorption to other nearby galaxies'>*™"**. These early studies
showed that there was rapid evolution in the amount of broadly
distributed gas, as it was absorbed into galaxies, and that there were
multiple populations of absorbing clouds, some that were clearly
associated with galaxies and others that resided in the ‘cosmic
web’. More recently, ultraviolet spectroscopy with the HST has
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uncovered an even larger reservoir of gas'*’, which simulations'** and
subsequent ultraviolet observations with NASA’s Far Ultraviolet
Spectroscopic Explorer'*"'** suggest is hiding in a hot, diffuse plasma
surrounding nearby galaxies. This ionized gas may contain even
more mass than is currently found in stars and cool gas.

In addition to tracking the broad movement of gas from the cos-
mic web into galaxies, the HST has been essential in tracing the
detailed properties of gas within individual galaxies, and particularly
within the Milky Way. Ultraviolet spectroscopy of nearby stars shows
a rich network of absorption lines produced by several dozen differ-
ent elements found in the gas in our galaxy. By analysing the depths of
various absorption features, astronomers have shown in detail how
different elements move in and out of the gas phase as they are
expelled by stars and/or condense into solid dust grains'.
Tracking these changes improves our understanding both of how
these elements are produced deep within stars and of the properties
of the dust which clouds almost every astronomical observation.

A new way forward for astronomy

Beyond the direct scientific impact of its observations, the HST has
had a significant role in shaping the culture of astronomy. In many
scientific fields, data are proprietary, and are owned indefinitely by
the groups who performed an individual experiment. Ground-based
astronomy was no different in this regard. The HST, however, was
recognized to be a sufficiently unique and limited resource as to make
an indefinite proprietary period unjustifiable. Instead, any data taken
by the HST are open for anyone to use after only one year. This policy
is an effective multiplier for the HST’s impact, allowing all data to be
used by multiple groups, for multiple purposes, facilitated by the
HST’s excellent archiving programme.

This movement towards non-proprietary data was greatly accel-
erated by the HDF, which was imaged using an unprecedented alloca-
tion of observing time donated by the director of the Space Telescope
Science Institute, Bob Williams. The images were reduced by staff at
the institute and released to the public immediately. The wider astro-
nomical community responded by investing their own resources in
spectroscopy and follow-up imaging at other wavelengths, using
other facilities. This coming together of the community to generate
ashared, non-proprietary data set was essentially unprecedented, but
has since become the model for the majority of large astronomical
projects. Almost all major astronomical surveys are now proposed
with the expectation that the data and data products will be publicly
released during the project, rather than held in perpetuity by those
few who instigated the programme. This new mode of operating has
democratized astronomy by opening astronomical research to scien-
tists that are at relatively under-resourced institutions, allowing
researchers at small colleges, or in poor countries, to have access to
some of the finest data sets in the world. The policies established by
the HST’s oversight board were crucial steps in ushering in this
cultural change.

The future of the HST

Owing to the HST’s upcoming servicing mission, the installation’s
future looks as bright as its past. With increased imaging sensitivity at
ultraviolet and near-infrared wavelengths, enhanced ultraviolet spec-
troscopy and the restoration of several failed instruments, the HST
will surpass any capability it had in the past. Even as astronomers
master the art of achieving high-resolution imaging from the ground
through adaptive optics, the HST’s photometric stability, ultraviolet
sensitivity and low background will remain unparalleled.
Unfortunately, when the HST is finally decommissioned, the window
of high-resolution optical and ultraviolet imaging will be sadly closed
for decades to come.
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