Articles

Infrared Astronomy After IRAS

G. H. Riekg, M. W. WERNER, R. I. THOMPSON, E. E. BEckLIN, W. F. HOFFMANN,
J. R. Houck, F. J. Low, W. A. STeIN, F. C. WITTEBORN

The 250,000 sources in the recently issued Infrared
Astronomy Satellite (IRAS) all-sky infrared catalog are a
challenge to astronomy. Many of these sources will be
studied with existing and planned ground-based and
airborne telescopes, but many others can no longer even
be detected now that IRAS has ceased to operate. As
anticipated by advisory panels of the National Academy of
Sciences for a decade, study of the IRAS sources will
require the Space Infrared Telescope Facility (SIRTF), a
cooled, pointed telescope in space. This instrument may
be the key to our understanding of cosmic birth—the
formation of planets, stars, galaxies, active galactic nuclei,
and quasars. Compared with IRAS and existing tele-
scopes, SIRTF’s power derives from a thousandfold gain
in sensitivity over five octaves of the spectrum.

detector and used it to observe the solar eclipse of 1878 from

a hen house in Rawlins, Wyoming Territory (1). Sir William
Herschel (2) had discovered the infrared when he measured tem-
peratures in the spectrum of the sun and found that there was energy
beyond the red. Lord Rosse (3) had detected infrared from the
moon. But it was Edison who demonstrated and calibrated his
apparatus on the bright star Arcturus and spoke of mapping the
whole sky in search of invisible stars, establishing his claim as the
first infrared astronomer to look beyond the solar system. Edison’s
exploits were covered extensively in contemporary newspapers but
were quickly forgotten as astronomers concentrated on building and
using large optical telescopes. Not until the 1950° and 1960°s did
advances in low-temperature physics and thermometry and military
interest in infrared detection converge to revive the field, particularly
in the United States. This revival culminated in the development of
the Infrared Astronomy Satellite (IRAS) by the United States, the
Netherlands, and Great Britain. After its launch in January 1983,
IRAS completed the first deep all-sky infrared survey (4). The
interest in this survey derives from the unique and important
astronomical perspectives provided by the infrared.

Infrared astronomy reveals cool states of matter—solids and
molecules. Various mechanisms heat cosmic solids to temperatures
between 3 K (5) (determined by equilibrium with the cosmic
background radiation) and 1500 K (above which most solids
evaporate). Over this temperature range, most of the radiated
energy lies in the infrared. The bulk of strong molecular spectral
lines also lies in the infrared. Cosmic solids and molecules are of
special importance in the study of such low-temperature environ-
ments as regions of star formation, planetary surfaces and atmos-
pheres, and sites where the first steps toward life may be occurring.

Infrared astronomy explores the hidden universe. Cosmic dust
particles are very effective at obscuring parts of the visible universe.

I YHOMAS ALvA EDISON INVENTED A SENSITIVE INFRARED
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The screen of submicrometer-sized grains toward our galactic
nucleus is equivalent in projected thickness to a single sheet of paper,
yet it extinguishes visible radiation by a factor of 10’2 Dense
molecular clouds where stars and planets form are even more heavily
obscured. Because even these amounts of dust are nearly transparent
at wavelengths beyond 3 wm (6), infrared astronomers can probe
such regions. Frequently, the visible radiation absorbed by dust and
reradiated in the infrared accounts for virtually the entire luminosity
of dust-embedded stars, active galactic nuclei, and even whole
galaxies.

Infrared astronomy also reaches back to the early life of the
cosmos. Because of the travel time of light, objects seen now at the
greatest distances are young on a cosmological scale. Expansion of
the universe produces the cosmic redshift, such that the visible and
ultraviolet radiation from familiar objects is constantly shifted with
increasing distance toward the red end of the spectrum. The most
distant galaxies formed so long ago that the peak of the spectra
emitted in their earliest phases has now shifted to 10 wm or beyond.
The rich optical emission line spectra of young quasars are also
shifted into the infrared.

The Infrared Region and the
Goals of Astronomy

Periodically, the National Academy of Sciences (NAS) commis-
sions a high-level committee to reconsider the goals of astronomy
and to set a course to achieve them. The most recent study,
commonly known as the Field Report (7), sets as goals (i) under-
standing the formation of planets and of the solar system, including
the conditions for life in the universe; (ii) studying the formation of
stars and their subsequent evolution; (iii) exploring solar and stellar
activity; (iv) probing the earliest stages of the universe to learn how
galaxies form and evolve to their current state; and (v) learning more
about cosmic energy sources, including active galaxies and quasars.
Although these goals demand observations from radio waves to
gamma rays, the unique infrared perspectives will be essential.

To gain these perspectives, we must utilize dramatic advances in
large arrays of detectors, the cooled telescope technology demon-
strated by IRAS, and the possibility for Space Shurttle or Space
Station to service and extend the lifetimes of orbiting facilities.
These clements are combined in the Space Infrared Telescope
Facility (SIRTF). SIRTF will be at least 1000 times more sensitive
than TRAS.

Most important, SIRTF will be a true observatory with a
versatile group of instruments, including (i) a wide-field, high-
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Fig. 1. Artist’s concept of the particle cloud around Vega. The dimensions of
the cloud have been estimated from the IRAS photometry (9); the scale of
the solar system is superposed. One astronomical unit (Au) is the distance
from Earth to the sun. The pixel size of SIRTF applies to the conventional
diffraction limit for both the camera and spectrograph at 5 um,; it shows our
ability to make detailed measurements of the structure and other physical
properties of this system.

resolution camera covering the 3- to 30-um region with large arrays
of detectors; (ii) an imaging photometer, with small arrays of high-
sensitivity detectors covering the wavelength range 3 to 700 pm;
and (iii) a spectrograph operating from 2.5 to 200 um with spectral
resolutions of 2 and 0.1 percent. The instruments will be built by
teams selected in July 1984; during the SIRTF flight, they would be
used by the general scientific community. These instruments closely
parallel the capabilities considered fundamental in any modern
optical observatory. With them, we would follow up on IRAS much
as large optical telescopes have allowed detailed study of the objects
discovered in the Palomar Optical Sky Survey.

Formation of Planets

The fossil record of the solar system is found in asteroids,
planetary satellites, and comets. These small, cool bodies preserve
samples of the material that condensed in the protosolar and
protoplanetary nebulae. Ices such as H,O, CO,, CHs, NH3, and
NH,NS are expected to be common because they are made of
abundant elements, and H,O and CH, have already been identified
on some of the brighter objects. Water has also been discovered
chemically bound in the minerals on some asteroids (8). These
materials all have very strong bands in the 3- to 4-pum range, where
they could be detected and identified by SIRTF in spectra of
reflected solar radiation.

Among the most exciting discoveries of IRAS are the clouds of
millimeter-sized particles found around Vega, B Pic, and, apparent-
ly, dozens of other stars in the neighborhood of our solar system (9).
For the first time, we can contrast bodies in the solar system with
ones that formed and grew around other stars. With SIRTF, it
should be possible to study systems such as these using both
imaging and spectroscopy (Fig. 1).

The particle clouds around Vega and B Pic are very different from
the planets around our sun; they are detectable only because their
mass is finely divided and hence has a large surface area to absorb
energy from the central star. However, they make it seem plausible
that planetary systems are to be found around many stars. Indeed,
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years of precise measurements of stellar positions show that a few
nearby stars wobble tantalizingly, as if massive planets were orbiting
them (10). Direct detection of these planets, most of which are
indicated to be 2 to 50 times as massive as Jupiter, would allow
study of their physical properties, a fundamental step if we are to
understand planetary systems other than our own.

Theoretical calculations indicate that fusion reactions should
occur only in objects at least 8 percent as massive as the sun. Objects
less massive do not generate thermonuclear energy to become stars
but retain gravitational energy released in their initial collapse and
radiate it away slowly at infrared wavelengths (11). Jupiter, at 0.1
percent of the solar mass, releases energy at twice the rate at which it
absorbs it from the sun. The amounts of trapped energy and its rate
of release increase rapidly with mass between 0.1 and 8 percent of
the solar mass; the surface temperature of these objects is expected
to range from about 100 K to 2000 K, with wavelengths of
maximum brightness between 40 and 2 pm. Recently, observations
at 2 pm with large ground-based telescopes have yielded the
detection of a massive planet near the faint star VB 8 (12).
Particularly with the application of the superresolution image-
processing techniques discussed below, SIRTF could search the
regions outside 15 astronomical units (AU) of the 50 nearest stars
(Fig. 1). It would detect any planets of three Jupiter masses or
greater.

Our galaxy contains hidden mass that is felt gravitationally and is
detected through its influence on galactic rotation. This material
accounts for at least 75 percent of the mass of the galaxy and for a
similar percentage in many others (13). The prevalence of the
hidden mass is the outstanding question regarding the past and
future of the universe; the known mass density is insufficient to bind
the universe gravitationally and implies that it is open—that it will
expand forever (14). However, if sufficient hidden mass also lies
outside galaxies, or even extends into the outer reaches of galaxies,
the universe may be closed—its expansion will eventually reverse. All
efforts to detect directly this dominant constituent of galaxies and
possibly of the universe have failed. Perhaps we have seriously
underestimated the number of “free flying” planets—frequently
called brown dwarfs—circulating among the stars. If so, SIRTF
should detect several hundred of these objects in a deep survey of a
few square degrees of sky; it may be our only means of detecting this
form of cold, dark matter.

Infrared measurements of massive planets and brown dwarfs
would probe the behavior of the hydrogen in their cores, at
pressures well above those attainable on Earth. They would deter-
mine the precise mass required for initiation of nuclear processes in
the core of a star, and they should show the effects of hydrogen
phase transitions as a function of mass of the object. SIRTF
observations of other planetary systems and of primitive matter in
our own system should lead to a deeper understanding of how,
where, and how frequently planets form. We would attain a much
broader perspective of the origin of the solar and other planetary
systems, a critical factor influencing the prevalence of life in the
universe.

Formation of Stars

Stars form through the condensation of interstellar clouds of gas,
but this metamorphosis of gas cloud into young star occurs inside a
cocoon of dust that obscures our view at all but infrared and radio
wavelengths. The star spends most of its infancy deriving energy
from gravitational collapse and is at temperatures as low as 10 to 15
K, so that it radiates only at long infrared wavelengths. Even when
the temperature of the forming star rises to thousands of degrees,
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Fig. 2. Studies of nearby star for-
mation. (A) A photograph of the
Orion nebula, which consists of
glowing gas excited by relatively
young stars near its center. The box
indicates a region where much
younger stars are forming. (B) An
infrared map (at 20 pm) (38) of the
star-forming region within the box
in (A). The solid contours show the
distribution of infrared flux, and
] the dotted contours show regions
£ of strong emission by molecular
] hydrogen. (C) A predicted infrared
spectrum of this star-forming re-
gion (39). The spectrum extends
from 1 to 100,000 pm and shows a
strong continuum flux, contributed
by heated dust, and a wealth of
atomic fine structure and molecular
emission lines.
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the surrounding dust absorbs virtually all the optical and ultraviolet
radiation and reemits it in the infrared (15). Consequently, little is
known about any stage of this process; the observational uncertain-
ties in the initial densities, temperatures, and dynamical states of
regions of star formation are so great that realistic boundary
conditions for theoretical studies have not yet been established.

With SIRTE, a first step would be to take pictures of the dense
gas clouds near the sun, providing a complete set of snapshots of all
the stages of star formation. Individual objects in these snapshots
would be scrutinized carefully with the SIRTF spectrograph (Fig.
2). Together, the imaging and spectroscopy could define the
evolution from gas cloud to mature star. In addition, the assembled
data for a whole cloud would reveal the distribution of fragment
size, which depends on the mechanism of fragmentation in the cloud
and determines the mass distribution of the forming stellar popula-
tion.

The only stage in stellar evolution that has never been clearly
identified is the first one—the protostar. Presumably, IRAS has now
detected many protostars that need to be distinguished from other
sources. This goal can be achieved by observing emission lines from
the CO and NHj; molecules that are thought to be excited in
protostellar material. These lines are sensitive monitors of the
temperature and density of the emitting region. At the low tempera-
ture of a quiescent molecular cloud, the excitation produces pre-
dominantly radio lines; in hot gas around nearly formed stars, the
near infrared CO lines dominate. The far infrared lines observable
with SIRTF should be prominent where conditions are appropriate
for a protostar.

Various current theories predict distinct forms for the large-scale
patterns of star formation over a galaxy and have profoundly
different consequences for galaxy formation and evolution (I6).
These patterns of star formation are best viewed in external galaxies;
from our vantage point within the Milky Way, it has always been
hard to distinguish the overall design. SIRTF’s imagers would map
the structure and pattern of star formation on a galactic scale for the
first time. Figure 3 compares the IRAS image of the nearest large
spiral galaxy, M31, with the expected capabilitics of an SIRTF
camera.

Such images can also test how star formation is influenced by
environment. For example, star formation may proceed differently
in the Large Magellanic Cloud (LMC)—the nearest external gal-
axy—than near the sun (17). SIRTF could test this possibility, since
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it could detect any protostars of solar mass or greater in the LMC. In
fact, SIRTF could study star formation in the LMC with as much -
detail as is now achieved in most of the Milky Way.

Before IRAS, galaxies had been found that release 80 to 90
percent of their energy in the far infrared. Frequently, intense
ongoing star formation accounts for this energy, which is absorbed
by the interstellar dust and is reemitted in the infrared. Because of
the obscuring dust, the extent of star formation had been overlooked
in optical studies. IRAS has discovered galaxies in which 99 percent
or more of the total energy is emitted in this fashion; in extreme
cases, the young stars emit the energy of a trillion suns, which is 100
times the entire output of our galaxy and comparable in power with
quasars (18). Deep mmgmg with SIRTF could locate infrared
galaxies far back in time; spectroscopy could probe conditions
within them.

Formation of Galaxies

Galaxy evolution derives from the life histories of stars. By the
time forming stars emerge from interstellar clouds, they have
reached high temperatures (3,000 to 60,000 K) and emit energy
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primarily in the visible and ultraviolet. Decades of study at these
wavelengths have traced their subsequent evolution and shown it to
be consistent with the Russell Vogt theorem: the fate of a star is
determined by its mass and composition at formation.

The development of a galaxy is studied by taking an accurate
census of its vast population of stars and comparing it with a
computer model of stellar evolution. Since neither the population
nor the evolution is known perfectly, a variety of hypothetical
models must be produced and checked against new observations.
Current models suggest that galaxy formation is marked by an
episode of very rapid star formation, including creation of large
numbers of massive, high-luminosity stars. During this stage, the
luminosity of the protogalaxy should be very high; all ordinary
galaxies like our own will have outputs about 100 times what they
are today (19) and may resemble in many respects the most extreme
nearby galaxies discovered by IRAS.

810

Fig. 3. Star formation in other galaxies. (a) The IRAS map of the
Andromeda Nebula (M31) at 60 um (40). (b) An optical photograph of
M31 to the same scale, divided into regions for more detailed studies of star
formation (41). (c) The region indicated by box 5 in (b). (d) The same
region of star formation indicated by the box in (c), with the superposed
IRAS beam; within the beam can be seen a young stellar association partially
obscured by a dark interstellar cloud. The two dots in the lower left corner
indicate the resolution attainable by STRTF at 60 pm before and after the
application of superresolution.

Although these predictions are reasonably specific, extensive
optical searches for protogalaxies have been unsuccessful, possibly
because of the cosmic redshift. The peak of the spectrum of even
nearby galaxies lies in the near infrared; this peak appears within a
few tens of millions of years after the initiation of star formation and
is a persistent feature of the galaxy’s energy distribution from that
time on. If we look back in time to when the universe was only 10
percent as old as it is now (20), this peak will be redshifted to a
wavelength of about 15 wm, and only a tiny fraction of the emission
of the galaxy will appear in the optical.

The SIRTF cameras will observe the progenitors of galaxies like
our own as early as 4 percent of the current age of the universe, and
the more luminous progenitors of giant elliptical galaxies should
already be seen at 1 percent of this time. Preliminary identifications
and redshifts and ages will be estimated from the shapes of the
spectra and location of the spectral peaks. The density of protogal-
axies on the sky is strongly dependent on models of the early
universe, but in any case we expect to find more than one per square
arc minute. With a candidare list of protogalaxies selected by these
criteria, the spectrograph on SIRTF should be able to confirm their
identification by detecting spectral features, such as hydrogen
recombination lines excited by young, hot stars, or the absorption
features due o the CO molecule in the atmospheres of cool stars.

Modern theories of the earliest stages of the universe are primarily
concerned with the formation of density fluctuations and their
growth into galaxy clusters, galaxies, and stars. A deep SIRTF
survey would contribute immensely to these theories.

Cosmic Energy Sources

A new era in astronomy began 25 years ago when the discovery of
quasars shattered astronomers® theories of a placid universe domi-
nated by stellar processes. Quasars are now known that release
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Fig. 4. Studies of qua-
sars. The observed
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energy at the rate of 1000 Milky Way galaxies from a volume barely
larger than the solar system. At one time, astronomers tried to avoid
the implications of these extreme conditions by placing quasars
nearby, perhaps within or ejected from the Milky Way. Quasars have
now been detected at the nuclei of a number of galaxies, eliminating
this possibility (21). Neither the source of quasar energy nor how it
is converted into radio, infrared, optical, and x-ray photons is
understood. The most popular theory invokes a massive black hole,
which releases energy by assimilating the interstellar clouds of the
host galaxy. ,

Although quasars were discovered because of their radio emis-
sion, it is now known that typical ones emit hardly at all in the radio,
faintly in the x-ray, and predominantly in 12 octaves of the spectrum
spanning the ultraviolet, optical, and infrared (Fig. 4). Measure-
ments over most of this spectral region are currently possible for
only a few dozen of the brightest quasars; the other quasars can only
be measured over five octaves, and the underlying spectrum over
much of these five octaves is heavily confused by superposed
emission of excited gas. Measurements throughout the infrared are
needed to find distinct spectral components associated with different
parts of the source, to determine the time scales of their flux-level
variations, and to examine how the components interact during
variations. These observations require SIRTF.

Because of their extreme energy outputs, quasars are the most
distant objects  known and a probe of conditions in the early
universe. We find that their number rose rapidly from the earliest
visible stages to a maximum at about 15 percent of the age of the
universe. As the universe continued to evolve, the number fell
rapidly, presumably as their energy sources were consumed (22).
When we compare the maximum density of quasars with the density
of nearby galaxies, we conclude that a few percent of the galaxies
must harbor burned-out quasars in their nuclei. A similar percentage
of galaxies is observed to have nuclei with compact active sources
unexplained by any stellar processes, and a controversy is currentdly
raging over the possibility that our galaxy is among them (23). Are
these galaxies the dying quasars? Can we learn about quasars by
studying nearby active galaxies? A deep SIRTF survey with subse-
quent spectroscopic measurements across the ultraviolet, optical,
and infrared could determine the cosmic evolution of active galaxies
and answer these questions.
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Attempts a century ago to understand the source of the sun’s
energy present a humbling analogy to our current difficulties with
the energy sources in quasars; it is not at all clear that current physics
is adequate for the task. This possibility is more exciting than
frustrating, however, because further progress may teach us new
physics. Information about quasar evolution and source compo-
nents and their variations and interactions is essential to this
progress.

Unexpected Discoveries

In astronomy, virtually every substantial advance in wavelength
coverage, time resolution, or sensitivity has dramatically altered our
view of the universe (24). Optical telescopes began by providing the
final proof of the Copernican view of the solar system and eventually
revealed our sun as an insignificant star in an insignificant galaxy.
Radio astronomy has shown us quasars, pulsars, apparent faster-
than-light motions, and narrow, collimated jets longer than whole
galaxies. X-ray astronomers have found neutron stars, bursters, and
possibly black holes. In the infrared, we have discovered primitive
planetary systems and powerful galaxies completely hidden in dust
shells. In fact, the greatest discovery of all has been that the universe
is so incredibly complex and interesting that it continually outstrips
our imagination.

Many of the most important discoveries of IRAS will remain
unappreciated without SIRTF, just as we would know far less about
quasars if radio astronomy had stopped with its first all-sky catalog.
In addition, the sensitivity of SIRTF would allow us to explore a
new range of potential discoveries. SIRTF would see so much
farther into space it could make a very deep, small area survey to
complement the all-sky survey already completed by IRAS. For
example, in 5 minutes of integration at 10 wm, SIRTF could detect
objects 5000 times fainter than the limit of the IRAS catalog. At this
level of sensitivity, each square degree surveyed is equivalent to ten
times the volume of space covered in the entire IRAS survey.

In addition to probing a very large volume of space, these surveys
would cross critical sensitivity thresholds for discoveries beyond the
grasp of IRAS or any other instrument. Examples include finding
brown dwarfs and protogalaxies, tracing star formation over the
lifetimes of galaxies, and sampling the cosmic evolution of active
galaxies. Fundamental as these examples seem, they may be over-
shadowed by discoveries we cannot currently imagine.

Infrared Astronomy Today

Existing ground-based and airborne telescopes are being used for
the first studies of IRAS sources and to achieve the goals set by the
Field Report. Earth’s atmosphere has a number of spectral “win-
dows” that are transparent in the infrared. Water vapor is the
primary atmospheric absorber infringing on these windows. Hence,
large telescopes have been optimized for infrared performance and
placed on mountains above most of the atmospheric water vapor.
Even so, there are wavelengths where the atmosphere is opaque
from the ground (including the entire region from 40 to 300 um),
so that observations are made with smaller telescopes carried by
airplanes and balloons (25).

The power of these instruments will be expanded with advanced
detector systems and eventually with a next generation of larger
telescopes, such as the 10-m Keck Telescope and the 15-m National
New Technology Telescope (NNTT) on the ground (26) and a 3-m
balloon or airborne telescope. The large apertures of these instru-
ments make possible excellent sensitivity in the near infrared and
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provide for high spectral and angular resolution at longer wave-
lengths.

Despite the usefulness of these telescopes, Earth’s surface and
lower atmosphere are exceedingly hostile environments for infrared
astronomy. An infrared detector on an ambient temperature tele-
scope receives a strong background flux of thermal emission from
the telescope and the atmosphere (Fig. 5). This background is
typically many orders of magnitude stronger than the flux from the
astronomical source under study. The background could be re-
moved by cooling the telescope. However, to avoid condensation
on its optics, the telescope cannot be cooled below the dew point,
which is usually not far below the ambient temperature.

Even under the most favorable conditions, infrared observations
in the presence of this bright background are as difficult and
inefficient as optical observations of faint stars in broad daylight.
Observing techniques have become so sophisticated that it is routine
to measure sources contributing less than 107° the total flux falling
on the detector (27). Nevertheless, statistical noise due to the
background photons is an unavoidable performance limitation on an
ambient-temperature infrared telescope, a limit thar has now been

_reached across the entire infrared band.

The impacr of thermal background can be appreciated from the
performance of IRAS, the first cooled telescope for space infrared
astronomy. The absence of background emission from the telescope
and from Earth’s atmosphere allowed IRAS to complete its survey
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Fig. 5. Atmospheric transmission and background fluxes for infrared astron-
omy. (A) The atmospheric transmission from a good mountaintop observa-
tory. (B) Infrared background fluxes. The solid curves show the natural
backgrounds in three observing environments: a good mountaintop observa-
tory, high balloon altitudes, and space, where it is the sum of scattering and
emission by zodiacal dust grains, emission by diffuse galactic dust, and the 3
K universal background. The atmospheric background from airplane alti-
tudes is intermediate between the curves for the mountain observatory and
space. The dashed curves show the background contributions from opti-
mized infrared telescopes: an ambient-temperature instrument (such as
would be used from the ground, airplanes, or balloons) and SIRTF., The
total background at the infrared detector is the sum of the natural and
telescopic contributions.
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in 10 months; an equivalent survey with a 5-m aperture ground-
based telescope in the two accessible IRAS bands would have
required 100,000 years (assuming perfect weather and 24-hour-per-
day operation). The euphoria over the success of IRAS is tempered
by the realization that, when the satellite’s coolant was exhausted on
22 November 1983, we lost the ability to detect again many of the
sources it had discovered.

The Future of Infrared Astronomy in Space

IRAS was oprimized as a survey mission: it could not point and
integrare efficiently; it provided modest spectral and angular resolu-
tion; and its detector sensitivities were limited by requirements for
fast response. A cooled telescope adequate for a thorough follow-up
of IRAS need not be substantially larger than IRAS itself, so long as
it provides good images and accurate pointing and uses the best
available detector arrays. Such a facility could detect individual
compact sources 1,000 to 10,000 times fainter than the survey limit.
It would have ample sensitivity for spectroscopy and imaging of any
IRAS source. Among all proposed new astronomical facilities for
any wavelength region, the largest gain in sensitivity by far would
come from a cooled infrared observatory in space.

A cooled infrared telescope of 0.9-m aperture operating from a
satellite was recommended to NASA more than 15 years ago by the
Astronomy Missions Board (28). In 1973, the Space Science Board
of NAS identified such a telescope as a possible Space Shuttle facility
(29). The following year, the Space Science Board endorsed a two-
step approach to infrared astronomy in space, consisting of a survey
satellie and a 1-m cooled telescope to “be flown soon after the
results of the Infrared Survey Satellite are digested” (30). SIRTF is
the embodiment of these recommendations and was assumed by the
Field Report (7) to be a precursor of its recommended new
missions.

SIRTF (Fig. 6) would have a 0.85-m aperture, with optics and
detectors cooled to less than 7 K with superfluid liquid helium (31).
Although it would be carried into low orbit by the Space Shuttle, an
additional propulsion system would boost it to an orbital altitude of
700 to 900 km. IRAS showed that the environment at this altitude
is benign for a cooled telescope; therefore, SIRTF’s performance
will not be degraded by thermal radiation from Earth or the sun, by
cosmic rays or trapped energetic charged particles, or by contamina-
tion from the residual atmosphere. The SIRTF telescope is compati-
ble cither with a free-flying spacecraft or with operation from a
standardized platform that might be part of the Space Station
program. In either case, SIRTF would be a long-duration facility;
on-orbit servicing and coolant replenishment would be provided by
the Space Shuttle or at the manned Space Station.

Three other space missions can extend certain aspects of the
results from IRAS. The Spacelab 2 Infrared Telescope, launched in
July 1985, mapped the sky for very extended sources and tested the
suitability of the Space Shuttle for other infrared packages. The
Cosmic Background Explorer, due for launch in 1988, will provide
a more sensitive and complete look at the large-scale cosmic
background and will provide measurements at the longest infrared
wavelengths (32). The European Space Agency is planning the
Infrared Space Observatory, a relatively modest cooled infrared
observatory (33). However, only SIRTF will combine a very broad
range of capabilities, an optimized orbit, and a long lifetime with
coolant replenishment.

SIRTF would also take full advantage of recent advances in
infrared detectors. Arrays are now available containing thousands of
elements, each sensitive enough to reach the background noise limit
in space (34). Below 30 wm, these arrays use high-purity silicon
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Fig. 6. Cutaway drawing of the SIRTF telescope, showing a number of
major subsystems.

detectors, doped (35) to give photoconductive response in the
infrared. Between 1 and 5 wm, arrays of indium antimonide
detectors are an alternative; between 30 and 200 wm, doped
germanium photoconductors can be used (36). In all cases, the
electrical current in each detector is regulated by the rate at which
the detector absorbs photons. The charge from this current is
accumulated by one member of an array of field-effect transistors,
which can be read out and reset after some seconds of integration.
These detector-transistor arrays will greatly accelerate spectroscopy
by providing a detector for each spectral element. They will also
allow us to form true infrared images for the first time.

With these detectors, SIRTF’s performance would be limited at
most wavelengths only by thermal emission from zodiacal dust
grains around the sun, which constitutes the basic limit to infrared
astronomy from the vicinity of Earth (Fig. 5). Over the entire 3- to
150-pm spectral range, this background is up to 107 times fainter
than that experienced by ground-based and airborne infrared instru-
ments. The huge reduction in background flux allows SIRTF its
sensitivity gain of 1000 or more over these five octaves of the
spectrum.

Besides improved sensitivity, there is an additional advantage to
imaging in a space environment. Because of the high signal-to-noise
ratio, stable pointing, and lack of a variable atmospheric blur, image
processing can provide significantly better angular resolution than
the “theoretical limit” set by the conventional Rayleigh criterion
(37). This capability is particularly important near 100 pm, where
existing telescopes have not achieved resolution better than 30 arc
seconds. Application of “superresolution” techniques in this region
should permit imagery several times sharper with SIRTF (Fig. 3),
allowing accurate comparisons to be made with imaging obtained
with modern radio, near infrared, optical, and x-ray facilities.

Conclusions

SIRTF is an integral part of the group of great space observa-
tories, which also includes the Hubble Space Telescope, the Gamma
Ray Observatory, and the Advanced X-Ray Astrophysics Facility.
Combined with modern ground-based radio telescopes, these in-
struments will for the first time give us a unified view of celestial
objects from the radio to the gamma ray regions of the spectrum,
limited only by the unavoidable cosmic background noise in the
general vicinity of Earth. Within this range, the infrared region
provides a number of unique perspectives particularly regarding
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cosmic birth—of planets, stars, galaxies, active galactic nuclei, and
quasars, IRAS has begun to paint a broad view of the infrared
universe; SIRTF will expand this picture with the largest advance in
capability offered by any proposed astronomical facility.
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Dynamics of Fractal Networks

R. OrBACH

Random structures often exhibit fractal geometry, de-
fined in terms of the mass scaling exponent, D, the fractal
dimension. The vibrational dynamics of fractal networks
are expressed in terms of the exponent d, the fracton
dimensionality. The cigenstates on a fractal network are
spatially localized for d less than or equal to 2. The
implications of fractal geometry are discussed for thermal
transport on fractal networks. The electron-fracton inter-
action is developed, with a brief outline given for the time
dependence of the electronic relaxation on fractal net-
works. It is suggested that amorphous or glassy materials
may exhibit fractal properties at short length scales or,
equivalently, at high energies. The calculations of physical
properties can be used to test the fractal character of the
vibrational excitations in these materials.

HE CONCEPT OF FRACTAL STRUCTURE, DEVELOPED BY

Benoit Mandelbrot (1), has potential utility because it is

possible that structures that appear purely random can be
described within a geometric mathematical framework. Fractal
concepts may describe not only the static geometrical properties of
such structures but also their dynamical properties and interactions
with external measurement probes. The purpose of this article is to
introduce the basic concepts behind the use of fractal geometry in
performing these operations.

The fractal description of nature has developed so rapidly and so
broadly in recent years, and fractal geometry has become such a
powerful tool, that it would be impossible to attempt complete
coverage of this subject. Therefore, only the more universal aspects
of the structural properties of fractal networks will be analyzed in
this article; more specific applications have been described (2).

The class of fractal structures treated in this article is limited to
those that exhibit “self-similar” geometry. This means that the
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structure’s geometrical properties are indistinguishable as a function
of length scale (or resolution). Examining the fractal with ever more
finely divided “rulers” would not result in any discernable difference
in geometry. Conversely, the length scale of measurement could not
be determined solely from observation of the fractal structure, This
behavior usually breaks down at very short length scales, appropriate
to the atomic or “building block” regime. In many physical systems
(such as the percolating network, described later), the structure also
ceases to be fractal at very long length scales, where it appears
homogeneous or continuous. Mandelbrot (1) was the first to
determine that many structures in nature exhibit self-similar geome-
try.

The most easily understood fractal concept is that of density. For
fractal structures, this means that there is no constant relation
between mass and volume as the length scale is changed. The
amount of mass inside a sphere of radius » for a homogeneous (or
Euclidean) structure scales as M(7) = A»% where A is a numerical
constant and 4 is the spatial or Euclidean dimension (4 is 3 in our
usual world). Analogously, the amount of mass inside a sphere of
radius » for a fractal structure with self-similar geometry scales as
M(r) = BrP, where B varies according to the “lacunarity” (1) and D
is the fractal dimension. In general, D is less than or equal to 4
because of the “open” character of fractal structures. That is, they
tend to exhibit inhomogeneous arrangements of particles, with large
amounts of open spaces (voids) and irregular atomic arrangements.

We are now in a position to calculate the density (p) of particles
inside a sphere of radius 7 (that is, of volume V() = Cr¢, where Cis
a constant) for a fractal structure:

p(r) = M(r)/V(¥) = BrPiCrd = yP4 (1)

For self-similar structures, the fractal dimension D does not
depend on 7. This is an extraordinary result, for it implies an order in
structures that to a casual observer appear to be completely disor-
dered. It is even more remarkable because densities in seemingly
unrelated phenomena in nature appear to behave in such a manner
(I).

Because D is less than or equal to 4, the density falls off with
increasing length scale, implying that fractal objects of large size
would be extraordinarily light. This must be tempered with the
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