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Abstract: The behavior of intersdlar gas and dust is responsible for many intriguing mysteries
of the Universe, giving the far infrared/submm spectra region a specid importance. New
missionsin the next decade will advance our understanding of the FIR/Submm Universe, but will
leave us orders of magnitude behind the capabiilities of the surrounding spectrd regions by

2010. Closing this gap in capability requires an expanded technology program, definition of a
major space telescope at the end of the decade, and development of a precursor mission for a
km-basdline interferometer.

1. The Role of the Far IR/Submm

Winds and flowsin the interstellar medium convert a potentiadly stetic scene into our
mysterious and fascinating Universe. A supermassive black hole lurks unseen in the nucleus of a
gdaxy until interstdlar gas collects into a centra accretion disk and spirdsin, causng an active
gaactic nudeus (AGN) to blaze up. Galaxy collisons spray darsin intriguing patterns, but the
fundamenta consequences arise from the ability of the interstelar medium (1ISM) to lose angular
momentum and collgpse to fud nuclear starbursts. Stellar popul ations everywhere are
edtablished and renewed by the formation of new stars in molecular clouds. The heavy dements
that shape stellar evolution and make life possible are trangported by interstdllar materid to the
gtes of gtar formation, awaiting incorporation into new stars and planets.

The far infrared and submm are critica for probing the interstellar medium. Regardless
of the origina emission process, cosmic energy sources glow in the far infrared due to the
effectiveness of interstdlar dust in absorbing visible and ultraviolet photons and reemitting their
energy. For example, the Milky Way and other galaxies show two broad spectra peaks, one
produced directly by stars and extremdly thoroughly studied in the visible and near infrared and
the second comparatively unexplored in the far infrared. Warm, dense interstellar gas cools
predominantly through low energy fine structure lines and aso emits profusely in rotationa
trangtions of the most abundant molecules; both systems of lines emerge predominantly in the
far infrared and submm. These lines are key participants in the process of collapse that regulates
formation of starsand AGNs. They dso provide detailed insghts to the temperature, chemical
composition, density, and ionization state of the collgpsing clouds.

We explore the scientific potentid of new, large aperture telescopes and interferometers
in space operating over the ~20 to ~800mm FR/Submm range.



2. The Far Infrared/Submm Universe and the OSS Strategic Plan
2.1 How stars and Galaxies Emerged from the Big Bang

The history of star formation determines the evolution of galaxies and
the generation rate for heavy elements. It has been traced by a combination of deep Hubble
Space Teescope (HST) imaging with photometry and spectroscopy using the Keck Telescope.
However, even a modest redshifts, these techniques only probe the rest frame ultraviolet.
Interstellar dust can absorb nearly dl the UV in star forming gdaxies. In the bet-studied
starburst galaxies such as M82, a debate raged for more than a decade regarding how to
correct even the near infrared emission for the effects of interstelar extinction. Such corrections
are poorly determined for gdaxies at high redshift. Consequently, there are sgnificant
uncertainties in the star forming rate for z > 1.

These uncertainties could be removed by measuring the far infrared emission emitted by
dust heated by young stars in these galaxies. The importance of this gpproach is underlined by
the Cosmic Background Explorer (COBE) discovery of abackground in the submm with an
energy density comparable to that of the visble light cosmic background (see Figure 2-1). This
background has been partialy resolved by 1SO in the very far infrared and is thought to arise
from starburst galaxiesat z=1to 3. A 10-m or larger telescope with detection limitsof 0.1mJy
or lesswould probably resolve most of this high redshift background into individua galaxies.

Figure 2-1. Cosmic energy density between 0.1mm and 2mm wavelength. The various
upward pointing arrows indicate counts of point sources, while the heavy solid and dashed
lines show the results of large beam measurements and models that measure or predict the
true absolute sky brightness. This plot and subsequent onesin thereport arein vF, or

similar units, so a horizontal line represents constant energy per logarithmic frequency or
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Ultradeep optica images (e.g., Hubble Deep Field) reved many gdaxiestoo faint to
contribute significantly to the submm diffuse background. The infrared emission of “normal”
garbursts is dominant over infrared cirrus emission between about 15 and 80mm. Atz > 4, it
will begin to become possible to measure this emisson with the Millimeter Array (MMA).
However, for z < 4, the MMA only probes the cool dust and infrared cirrus emission that may
not be ardiable indicator of the recent sar formation. Therate of star formationfor 1<z <4
can be determined through high sengtivity imaging from 20 to 70nm. Asilludtrated in Figure 2-
2, angular resolution of about 1" (10-m telescope a 50nm) will be adequate; senstivities of
~10mly would alow measurements to well below galaxy luminosities of 10 L.
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Figure 2-2. A section of the Hubble Deep Field at the original resolution and convolved to a
diffraction limit of 1" FWHM. Thanksto J. Bechtold.

2.2 Extreme Environments and Discovery of New Phenomena
2.2.1 Formation of AGNs

It appears that central supermassive black holes are a universal component of gdactic
bulges. At the current epoch, gaaxy mergers produce huge far infrared fluxes through a
combination, evidently, of violent starbursts and of AGN's associated with these black holes.
Both types of energy source are hidden within cocoons of interstellar dust that are impenetrable
in the optical and near infrared. What happens during the much more common mergers that
build gdaxies in the early Universe? |'s the strong cosmic evolution of quasars an indication that
their formation is favored at early epochs? Is much of the far infrared luminosity in the early
Universe derived from dust embedded AGNs?

Thefine dructure linesof Nell (12.8mm), Nelll (15.6mm) and NeV (14.3mm) are the
best toal to distinguish unambiguoudy whether the ISM of adusty galaxy isionized by a
starburst or an AGN. Figure 2-3, based on work by Voit and Spinoglio and Makan, isa
demongtration. Not only are the line ratios very well separated, but their extinction is reduced by
more than afactor of thirty compared with the visble. At the epoch of pesk quasar activity,
these lines will be redshifted to the 45 to 55mm range. A 10-m far infrared telescope would



have both the necessary resolution (compare Figure 2-2) and sengtivity to use thistool to
determine the relaive roles of star formation and nuclear activity in the early Universe,
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Figure 2-3. Diagnostic diagram for Mid-1R neon fine structure lines.

2.2.2 Potential to Discover New Phenomena

Technological advances enable astronomical discoveries. Harwit tried to quantify this
relaion in “ Cosmic Discovery,” from which we take Figure 2-4. In the 25 years preceding
publication of the book, new technology led to important discoveries within 5 years of its
development. The exceptiond discovery potentia in the FIR/Submm region arises because the
sensors are il substantialy short of fundamenta performance limits. As discussed in Section
5.4, modest additiona funding can be expected to lead to substantia increases in sensor
capabilities, which would compound on the progress possible through larger telescopes and
interferometers. Hence, thereis a high likelihood that Significant and unanticipated advances can
be made in our knowledge of the Universe.
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Figure 2-4. Age of Required Technology at Time of Discovery. New technologies produce
new discoveries within the first five years of their introduction. From Harwit, Cosmic
Discovery.

2.3 Dynamical and Chemical Evolution of Galaxiesand Stars

How do thefirst gas clouds form? What chemical processes occur within them and how
do their characterigtics change as the firgt traces of metas are injected into them by stellar
processing?

Thelow lying H, lines a 17 and 28.2mm are one of the few conceivable ways to study
molecular gas prior to the formation of metals (and to determine if molecules can even form
during this epoch). |SO has demonstrated that these lines can be detected in the interstellar
medium (see Figure 2-5). In this case, fits to their absolute and relative strengths require a
molecular gas temperature of about 100K and a density of about 3000 cmi®, However, these
lines are undetectable from the ground until z > 20 (particularly since both need to be measured
for physical interpretation of temperatures and dengities).

Once even traces of metals have formed, the C" line at 157nm becomes very bright. Its
luminosity in nearby spird gaaxiesistypicaly afew tenths of aper cent of the entire bolometric
luminogity of the gdaxy. Although thislineis partidly accessble in the poor aimospheric
windows between 300 and 700nm, it will be routinely observed from the ground only a z > 4,
when beyond 800mm. Study of the molecular hydrogen and C* emission of gas dloudsin the
early Universe and as afunction of redshift promisesto reved many of the processes occurring
in the gas clouds that collgpse into the first galaxies. Space-borne observetionsin the
FIR/Submm must be a mgor component of this study.
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Figure 2-5. Low Lying H, emission lines from diffuse interstellar gasat T ~ 100K and
n ~ 3000cm™®, from Thi et al.

2.4 Birth and Evolution of Starsand Planetary Systems

Stars are born in cold interstellar cloud cores that are so opticdly thick they are
undetectable even in the mid infrared. In about 100,000 years, ayoung star emerges, gecting
materid aong powerful jets and gtill surrounded by a circumstellar disk; see Figure 2-6. The
subsequent evolution isincreasingly well sudied, but the star formation event has occurred
hidden from view. How does the cloud core collapse? How does subfragmentation occur to
produce binary stars? What are the conditions within protoplanetary disks? When, where, and
how frequently do these disks form planets?

The birth of stars and planets can be probed thoroughly at FIR/Submm wavelengths. A
far infrared 10-m telescope provides aresolution of ~1 arcsec at 50mm
(<100 AU for the nearest star forming regions), so imaging could probe the density and
temperature structure of these ~1000 AU collapsing cores on critica physical scaes. Thegasin
the core is warmed until its primary trangtions lie in the FIR/Submm. Spectroscopy in molecular
lines such as H,O and the 3>6 high serieslines of CO, aswell asin FIR atomic lines of Ol, C,
and NI, can probe the physica conditionsin the collgpse. In addition, 100 AU resolution
would reved the steps toward binary formation. Resolutions of 0.1to 1 AU (1 to 10 km
basdine interferometer at 50mm) are required to probe circumgelar disk structure in the regions
of terrestrid planet formation, searching for disk gaps and measuring the sharp thermd and
compositiona gradientsthat are predicted as a consequence of planet growth. FIR/Submm
gpectroscopy at this resolution can determine when and where flows begin that evolve into jets
and how the circumgtdlar disks participate in this process. Far infrared polarimetry is a powerful
probe of magnetic field geometries, both for studying core collapse and mapping the fields that
must play an important role in accdlerating and collimating jets.



Figure 2-6. A star and its protoplanetary disk emerge from a cold cloud core.

The spectrum predicted for acollgpsing cloud coreis shown in Figure 2-7. The Ol lines
have narrow components from the infalling envelope and broad ones from outflow shocks. They
are the main coolant of the gasin the intermediate regions of the cloud. Bright H,O lines
between 25 and 180mm are the dominant coolant in the inner cloud, where a broad component
is expected from the accretion shock and a narrow one from the disk. The CO lines from 170
to 520mm are the main coolant for the outer cloud; warmer CO from within the cloud can dso
be studied because of velocity shifts due to the collgpse. This suite of lines therefore would
dlow usto probe the process of star formation thoroughly.

Ol {53 pm)

&0 80 100 120 140 160 180 200
Wavelangth (umn)



Figure 2-7. Predicted far infrared spectrum of a collapsing cold cloud core, from
Ceccarelli, Hollenbach, and Tielens. The spectrum is dominated by Ol and complexes of
CO and H20.

2.5 Nature and Formation of the Solar System

What were the conditions in the early solar nebular, as the protoplanetary disk formed
and planets and small bodies accreted out of it? All the bodies in the inner solar system have
been s0 heavily processed that they no longer reflect clearly the conditions at their formation.
The discovery of many smal bodies outside the orbit of Neptune, or crossing that orbit, gives
access to objects where accretion proceeded dowly and its products should be primitive and
gl reflect conditions in the early solar nebula. For brevity, we refer to al these objects as
Kuiper Belt Objects (KBOs).

KBOs are being discovered rapidly, from degp CCD images that catch their reflected
light. It has become clear that there is alarge population, including objects of large Size, rivaing
the largest asteroids. The digtribution of discovered KBOsis shown in Figure 2-8. Because of
selection effects, the system probably extends much farther than indicated in the figure.

Surprisingly, the KBOs and related objects appear to have a broad variety of surface
characterigtics as shown in Figure 2-9. To interpret the clues they provide for formation of the
solar system requires that we understand how this variety of surface chemistry has come about.
Two very important parameters are: 1.) the dbedoes of the surfaces (important to help identify
the substances that cover them); and 2.) surface
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temperatures (both to help understand what chemical reactions can occur and to determine the
escape rates for different molecules). Both of these parameters can be determined in the far
infrared, through measurements of the therma emission. It isfor this reason that the 1998
National Academy of Sciences study on “Exploring the Trans-Neptunian Solar System” placed
avery high priority both on large, far infrared telescopes and on development of high
performance far infrared detector arrays.

2.6 Comet and Asteroid Impactsand the Origin of Life

The Kuiper Belt is thought to be the source of short period comets and hence has a
centra role in the comet impacts that brought water to the earth and made life possible here.
However, most traces of this process have been erased by time. How can we understand the
conditions that regulated the early formation and evolution of the KB and
its release of comets toward the inner solar system?

The Infrared Astronomy Satellite (IRAS) discovered debris disks around Vega, b R,
and other gtars, with evidence for inner voids that might have resulted from planet formation.
The Kuiper Bdlt is therefore smilar in many ways to these systems and should be interpreted as
the debris disk of the solar system. Taking an example, b Fic is thought to be only about 20
million years old. Transent and variable absorptions by the Call H&K linesin its spectrum have
been interpreted as the infdl of smdl bodies from the debris sysem. This system contains fine
grainsthat heet sufficiently to be detected in the mid infrared and scatter enough light to be seen
at shorter waveengths. Because it should be drawn into the star quickly, thisfine dust may be
produced in recent collisions between planetesmas. Thus, this system and otherslike it
demondrate the potentia of examining the early, violent evolution of debris disks and the infdl
of comets.

Debris disks are bright in the far infrared, where they can be imaged to identify bright
zones due to recent planetesma collisons, aswell asvoids. The radid zones sampled will vary
with wavelength, from afew AU near 20mm to hundreds of AU in the submm. Figure 2-10
illustrates the potential advances with alarge FIR telescope. Spatially resolved spectroscopy
with such atelescope could probe the mineralogy of the debris disksin the 20 - 35nmm region
where the Infrared Space observatory (1SO) has found a number of features diagnostic of
crystdline and amorphous slicates, and can locate ice through its 63nm emission feature. Giant
planets smilar to Jupiter and Saturn could be detected to compare their placement with the
debris disk structure. Smilar views of very young planetary systems forming in the nearest
molecular clouds could be achieved with an interferometer basdline of about 200 meters.
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Figure 2-10. The Vega Planetary System. To the left is the best available image of the
debris system, obtained at 850mm with SCUBA bolometer array (the black star isthe
position of Vega itself). To theright isan artist’s concept of how the system might look to a
10-m telescope operating at 50nm. I n addition to the debris ring, two giant planets (~
Jupiter mass) are indicated to suggest the possibility of probing their relationship to the
structure of the debris system.

2.7 Other Contributionsto the Strategic Plan
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The capahilities that could carry out the programs above would aso enable many other
investigations relevant to the strategic plan. With adequate tools, FIR/Submm astronomy can
provide new indghts to many aress of current investigation in other spectral regions, where the
FIR/Submm currently appears to be irrdevant because of instrumenta limitations. Some
examples, keyed to the strategic plan sections above are;

How Galaxiesand Stars Emerged from the Big Bang
= Document the gar formation Stes and intengty in gdlaxy mergers as afunction of
cosmologica epoch, probing the role of mergersin the building of large gdaxiesand in
other aspects of gdaxy evolution
= Locate forming galaxy bulges and spheroids, resolving out the foreground emission by
young gaaxy disks (z < 3?) and searching for luminous emission by heated dugt in
relatively compact proto-bulges at z ~ 3 to 10(?)
= Look between the z = 0 to 10 foreground galaxies to search for emission by dust heated in
the first episode of star formation in the very early Universe
Extreme Environments and Discovery of New Phenomena
=  Map the magnetic field geometry at .04 parsec resolution (or better) around the
supermassive black hole and its circumnuclear disk in the Galactic Center
= Probe the processes that accel erate and confine jets, both in young stellar objects, and
iNAGNs
= Study the distribution of matter around nearby AGNS by imaging them in the Submm;
probe the radidive transfer in circumnudclear disks by imaging from the mid through far
infrared
Dynamical and Chemical Evolution of Galaxiesand Stars
= Examinetheinjection of metdsinto the ISM by studying the chemistry and dust
formation in outflows from AGB dars, in planetary nebulag, and in the shocks between
supernovae remnants and the surrounding ISV
» Determine the evolution of cosmic dusgt with increasing accumulation of metasin
gaaxies, both locally and a cosmologica distances
= Explore conditionsin photodissociation regions (PDRs) through study of fine structure
and molecular lines, emisson by dust. Study PDR properties over interesting cosmic
timescaes. Usethe [ClI] 157nm linefrom PDRs (which accounts for ~ 0.5% of the
luminosity of agdaxy disk) to track the massve sar forming rate with redshift
» Examine the conditionsin the interstellar medium leading to massive dar formation in
nearby gdaxies. Explore the full range of conditions from bulge to outer disk, including
abroad range of metdlicity and asgnificant range in the strength of star formation
triggering mechanisms
Nature and Formation of the Solar System
= Study amospheric chemidry in giant planets with spatidly and temporaly resolved
spectroscopy in the mgor far infrared molecular trangtions
Comet and Agteroid Impacts and the Origin of Life
» Measure properties and evolution of cometsin the outer solar system



In combination with the programs described in detail in Sections 2.1 to 2.6, the FIR/Submm can
make a broad variety of contributions to the gods of the Strategic Plan.

3. Suborbital Telescopesfor the FIR/Submm

A strong, ongoing program of ground-based submillimeter astronomy is an important
precursor for amgor gpace misson, because it will advance the scientific gods of the
submillimeter region and sharpen the questions that can only be explored from space. It will aso
provide important venues for technology demonstration and optimization, particularly for
heterodyne receivers and direct detectors, in anticipation of the eventua operation of these
devicesin space. Finaly, the rapid turn around and hands-on access characteristic of ground-
based facilities makes them ided for the education and training of students and young scientists
who will be among the creators and users of future space missons.

During the past 15 years a number of 10-15 meter aperture submm telescopes have
been completed on high, dry mountain sites (the Cdtech Submm Observatory (CSO) and
James Clerk Maxwell Telescope (JCMT) on Mauna Kea and the Heinrich Hertz Submm
Telescope (HHSMT) on Mount Graham). These instruments can operate at ~ 850mm nearly dll
the time and in semi-transparent atmospheric windows as short as 350mm under exceptionaly
dry conditions. Their scientific roles are centered on continuum imaging in the submm
atmospheric windows at anew leve of sengtivity and angular resolution (I /D ~ 97 for an 8-m
telescope at 350mm), and on spectroscopy, particularly in the 800mmto > 1mm range where
the atmosphereis rdatively clear under dry conditions. They have fostered the devel opment of
new and powerful instrument concepts (e.g., the bolometer imager SCUBA for the JCMT: see
Figure 2-2) and provide access to the submm for many scientists and students. Thereisa
proposd for such atelescope to take advantage of the exceptionaly dry atmosphere at the
South Pole. In generd, placing amajor telescope at a Site much better than the current ones
would make the conditions required for observation up to 350mm the norm. There would be
sgnificant, potentialy enabling, gains for the steady, predictable, and long term observing
required to conduct mgor scientific programs and to support accurate cdibration essentid for
many objectives. These advantages would justify development of atelescope significantly larger
in gperture than those now in use.

The power of these 10-m class groundbased tel escopes can be expanded by using
them in interferometers. In addition to increasing the angular resolution in proportion to the
interferometer baseline, the areas of a number of 10-m class antennae can be combined to
increase the overd| sengtivity. The Submillimeter Array (SMA) is a collaboration between the
Smithsonian Astrophysica Observatory and the Academia Sinica of Tawan, congging of eight
6-meter telescopes on Mauna Kea, arranged for full coverage of the UV plane and with a
maximum basdine of 508 meters. It will provide resolution up to ~ 0.2” & its shortest
wavelength of operation near 350mm. The Millimeter Array (MMA) isunder definition. It is
envisoned as fifty 12-m telescopes didtributed over basdines of 15 metersto 10 km. It would
be placed at 5060 meters elevation a Llano de Chgnantor, Chile, where the atmospheric
transmission should be better than for any existing submm telescopes except for onesin the
Antarctic. Because of the large basdines and tota antenna area, the MMA as envisioned would
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become the leading groundbased facility for the submm both for senstivity and angular
resolution.

Airborne and baloon telescopes can play smilar roles to groundbased submm
telescopes in regions where the atmosphere is opaque from the ground. The Stratospheric
Observatory for Infrared Astronomy (SOFIA) provides the astronomical community routine
access to the entire far-infrared and submillimeter spectrum discussed in this report. Its strengths
include its relatively high angular resolution, provided by a 2.5-m primary mirror, and the
opportunity to operate equipment in a shirt-deeve environment that encourages rapid
deployment of new techniques. The observatory provides awell understood and calibrated
platform for Pl driven instrumentation. Facility instruments aboard SOFIA broaden the scientific
involvement of the community using the latest technol ogies developed under PI ingtrument
programs. Because SOFIA will provide many research groups with frequent and reliable
observing opportunities, it will be an excellent tool for developing the far-infrared and
submillimeter scientific expertise and technologies for next generation missons.

The Long Duration Baloon (LDB) and ultimately the Ultra-Long Duration Baloon
(ULDB) programs offer the best opportunity to fly large (> 100 cubic meters) and massve
(2,000-3,000 Ibs.) payloads in a near-space environment. The atmosphere above an dtitude of
100,000 feet (30.5 km) is more than 98 percent transmissive over the FIR/Submm range,
providing asgnificant improvement for soectroscopy over arplane dtitudes, aswdl as
minimizing backgrounds and background fluctuations for photometry. Until recently, the
scientific productivity of the balloon program has been limited by the short observing times per
flight. Under these conditions, it is difficult to conduct successful, well-caibrated and repeated
measurement series. The advent of 10 to 30-day flights under the LDB program and the
prospect of 50 to 100-day flights under the ULDB program alow much better scientific use of
the advantages of very high dtitude flight. These programs provide the best available access to
near-space conditions for modest cost experiments. The benefit to NASA of the LDB/ULDB
programs, as measured by the scientific return per dollar, is dso enhanced because the
development time of a balloon payload is short compared to alarge space mission, and there
can be frequent flight opportunities. Like the airborne program, the balloon program isan
exceptiond vehicle for training future experimentdids.

4. TheYear 2010

By 2010, groundbased facilities plus the Space Infrared Telescope Facility (SIRTF),
SOFIA, and the Far Infrared and Submillimeter Telescope (FIRST) will have advanced our
exploration of the long wavelength sky dramaticdly. Y et, in the mgority of the far infrared and
submm range our knowledge will till be rdatively primitive. Comparisons are difficult to make
rigoroudy. Still, the position of the FIR/Submm in 2010 will in many ways be comparable with
that of optical astronomy in about 1950: the first generation of detector arrays (high
performance photographic plates) will have been used extensively with modest Sized telescopes
(Mt Wilson 60 and 100-1nch), hopefully to make a number of important discoveries (resolution
of gaaxiesinto stars, Hubble expansion, Seyfert galaxies). The FIR/Submm capabilities will fall
far short of those being envisoned for the surrounding spectral regions at the end of the next
decade.
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4.1 The Sensitivity Gap

Figure 4-1 shows the point source sensitivities of the Next Generation Space Telescope
(NGST, 8-m, background limited at 10mm), SIRTF, FIRST, and the MMA.. Other facilities
generdly are less sengtive than those indicated. We have plotted nF,,, which is proportiona to
luminosity per logarithmic wavelength or frequency interva. The FIR/Submm falls two to three
orders of magnitude less sengtive than an interpolation between NGST in the near infrared
and the MMA in the mm-wave. It will beimpossble to sudy faint objects to smilar luminosity
limits across the optical to mm-wave range.
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Figure 4-1. Envisioned capabilities in other spectral regions will outstrip the sensitivity
achieved in the FIR/Submm by 2-3 orders of magnitude (only the most sensitive facilities at
each wavelength are plotted).
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4.2 The Resolution Gap

Figure 4-2 compares diffraction limited beam areas for the same suite of telescopes plus
SOFIA. The angular resolution achieved in the FIR/Submm will be three to six orders of
magnitude poorer than an interpolation between NGST (and magjor groundbased tel escopes) in
the near infrared and the MMA in the mm-wave. It will be impossible to measure source
structures at anything approaching comparable resol ution across the optica to mm-wave range.
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Figure 4-2. Envisioned capabilitiesin other spectral regionswill outstrip the resolution
achieved in the FIR/Submm by 3-6 orders of magnitude (only the highest resolutions
achievable are plotted)
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4.3 The Technology Gap

Some exigting groundbased submm tel escopes use accurate yet lightweight pands that
could be suitable for a deployable reflector. NGST is sponsoring development of even more
accurate lightweight pands and of space qualifiable deployment mechanisms. SIRTF and
FIRST arein the process of demongtrating radiatively cooled telescopes operating in space for
unprecedented FIR/Submm performance. Taken together, the stage is set for amagjor
F R/Submm mission utilizing these telescope technologies in an optimum combination.

New, larger, and much better telescopes have played an important role in the explosive
advances in opticd, near, and mid infrared astronomy. However, the greatest expansion has
derived from advances in detector array performance. Astronomy has benefited in these
gpectrd regions from huge investments in the technology infrastructure for arrays to be used in
commercid and military applications, aswdll as the highly developed capabiilities to process
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electronic drcuitsin dlicon. Only ardatively modest additiond investment has gifted us with
megapixd arrays operating at high quantum efficiency and with read noises of only afew
photons equivalent.

Detectors for the FIR/Submm have not gained comparably from commercid and
military investments, and they tend to be based on technol ogies without the leverage from
integrated circuit development. The largest photoconductive detector array, operating to
120mm, is only 32x32 in format with a quantum efficiency of about 20%. Bolometer arrays for
longer wavelengths offer of order only 100 pixels, with quantum efficiencies of about 50%.
Although these single pixd devices and small arrays are sarting to approach the desired
performance limits for a new space mission, large format arrays can provide a further revolution
in capabilities. Heterodyne receivers fdl short of the fundamental quantum limit by factors of 10
to 20 in the high frequency submm and far infrared, and further work in support eectronicsis
required for spatid arrays of sgnificant sze.

The large potentia gains and the modest previous investment promise that expanded
development programs in these sensor technologies will bring mgor returns to astronomy.
Given the gpproach of sensorsin other spectra ranges toward fundamenta limits, it is nearly a
unique advantage of the FIR/Submm that dramatic gains can be compounded with the advances
in telescope size to produce orders of magnitude advances in capability.

5. New Toolsto Explorethe FIR/Submm Universe
5.1 Filled Aperture Space Telescopes

Following on the successes of IRAS and 1SO, SIRTF and FIRST will expand our view
of the FIR/submm Universe by combining the first generation of detector arrays with modest
szed cold or cool telescopes. As an illudtration of the potentid for these missions, Figure 5-1
shows the anticipated advance with the MIPS imaging array on SIRTF in mapping the high
Gdactic latitude sky at 70mm.
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Figure 5-1. Comparison of past and planned missions. The frames are a simulation of a
one day integration at 70nm on a 35x35 arcmin region of high Galactic latitude sky. The
frame includesinfrared cirrus and distant infrared galaxies, which appear point-like at the
resolution (~ 15”) of SIRTF. The large aperture of SOFIA is not effective because of the
increased noise due to the thermal emission of a warm telescope. FIRST will be similar in
resolution to SOFIA and a modest factor more sensitive. Cryogenic space missions with
imaging arrays (e.g., aswith MIPS) can bring huge advances to our ability to detect and
understand distant infrared galaxies. Courtesy C. Engelbracht.

The science gods in Section 2 suggest that a mgor advance over these missons could
be achieved with atelescope of about 10-meter gperture and correspondingly higher sengitivity
and angular resolution. The investment for NGST in large scale, lightweight, deployable mirrors
can enable such a FIR/Submm capability at lower cost than NGST because of the ~ 20 times
reduction in surface precision for the optics. Many other aspects of NGST could be adapted to
such atelescope, helping to condtrain its cost. Additiona therma shields would dlow the
telescope to reach the required very low temperatures without a fundamenta change in the
NGST architecture. With the large aperture, sengtivities more than two orders of magnitude
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greater than with the current generation of facilities should result. Alternately, placing a
FIR/Submm telescope into an orbit that reaches into the outer solar system can both provide
increased radiative cooling to reduce the optics temperature and d so reduce the naturd far
infrared background due to therma emission by the zodiaca dust grains, providing even better
performance.

As an example of afilled aperture FIR/Submm observatory, Figure 5-2 is a concept for
atelescope that might be placed in an orbit at 4 AU. It combines features from SIRTF and
NGST. To minimize power requirements at the large distance from the sun, its cooling utilizesa
helium cryodtat enlarged from the SIRTF design, rather than closed cycle mechanical coolers. A
lifetime of more than 15 years should be possible, based on the projected performance of
SIRTF. The sunshade and telescope deployment approach are adapted from an NGST
concept. A larger solar array and telemetry antennawould be fitted to provide adequate power
and data transmisson bandwidth to Earth.

Such atelescope would be the logica next step beyond SIRTF and FIRST (and the
H2L 2 misson proposed in Japan) for very deep, moderately high angular resolution
measurements in the 40 to 300mm spectral region where the atmosphere of the earth is opaque.
It would have collecting area and resolution (in beam areq) 100 times greater than SIRTF and
10 times greater than FIRST. It could close the sengitivity gap in Figure 4-1 and would aso
narrow the resolution gap in Figure 4-2 (but gill leave 2-3 orders of magnitudeto goin
resolution). Allowing for an order of magnitude gain in detector performance, itsgainin
sendgtivity is equivaent to again in throughput over SIRTF by afactor of 10°. Put another way,
its speed in carrying out observations, sometimes called *astronomica capability’ or ‘discovery
efficiency’, can be 100,000 times grester than the most powerful predecessor mission. Its
operation above the atimaosphere will make it far more powerful than groundbased or airborne
platforms for spectroscopy across the entire 20 to 800mm spectra range. Its angular resolution
and sengitivity will address a Sgnificant portion of the science problems we have identified for
this spectra region.

Because the tel escope architecture can benefit from engineering studies of NGST,
system-level studiesfor this telescope should be conducted in the early-to-middle part of the
decade. The heritage from both NGST and SIRTF should alow alarge FIR telescope to be
developed economicdly. By the time the misson progressed into detailed definition late in the
decade, it would benefit from ten years of progress in detector and heterodyne receiver
technology.
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Figure 5-2. Possible large aperture far infrared/submm telescope. Thanksto Ball
Aerospace.

We have basdined a 10m tel escope because it provides a combination of sengtivity and
resolution very well suited to the highest priority science problems for this spectrd region. In
addition, it has the potentia to gain substantialy from the technology investment in NGST.
However, in the event that deployment is abandoned for NGST or if only amoderate far
infrared misson can be provided, then aless chalenging approach would be to launch the
largest feasible fixed gperture. Such a telescope would il gain from the development of
lightweight mirror technology for NGST. In fact, the relaxation of surface specifications would
dlow even lighter mirrors, which might be important in providing economica launch capability
for alarge fixed aperture. Figure 5-3 shows a 6-m fixed aperture concept studied by L ockheed
for NGST. Their work included enough mechanica analyssto esimate masses and a
demongtration that the telescope could be launched by an Atlas with a suitably modified fairing.
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Figure 5-3. 6-m fixed aperture telescope. To achieve efficient radiative cooling, the solar
panels are trailed behind the telescope and spacecraft. The telescope could be launched by
an Atlas |1 with a modified fairing. (Courtesy LMMYS)

A more ambitious and technicaly chalenging gpproach would exploit and expand upon
developments in ultra lightweight optics to dlow atelescope sgnificantly bigger than 10m. A
30m telescope operating at 25K would have sengtivity smilar to that of a colder 10m, but with
increased angular resolution. The higher operating temperature would smplify cooling (possibly
dlowing an dl-radiative solution to this requirement) and a so reduce the problems with
contamination of the optics due to thruster effluvient (particularly if a hydrogen based jet system
is used, according to astudy by TRW).

Figure 5-4 shows a developmental modd of alarge, inflatable telescope as an example
of the possihilities for new and ultra lightweight approaches.



Figure 5-4. 7-m aperture inflatable telescope (thanks to L’ Garde, Inc.). A 14-m inflatable
telescope of similar design has also been used in an experiment from the Space Shulttle.

5.3 SpaceInterferometry

Many science objectives in Section 2 require angular resolution corresponding to
basdlines of 100 m to 10 km, obtainable only with an interferometer such asin Figure 5-5.
Although there is no precedent for a FIR/Submm space interferometer, it too can build on other
developments. The MMA will result in advances in receivers and backends essentid for a
coherent detector ingtrument. It will dso help establish the scientific foundation for high angular
resolution in the far infrared from space. The Space Interferometry Misson (SIM) will conduct
adrometry in the visible and very near infrared, but it must explore many of the technica
challenges for a FIR/Submm space-borne interferometer. The Terrestrid Planet Finder (TPF) is
envisoned to operate with formation flying satellites to enable large basdine space-borne
interferometry.

An appropriate god for the 2010-2020 time frame is akm-basdine insgrument
optimized for the full range of wavelengths accessible only above the atmaosphere, between 40



mm and the short wavelength limit of the MMA near 300 mm. The interferometer sengtivity will
be gpproximately equivaent to that of afilled gperture of the temperature and with the totd area
of the interferometer dements. A suitably cold instrument with three 3-m aperture e ements
could in principle have sengtivity equivaent to a~5-m cold tdescope, dthough it islikely that
practica considerations would impose a somewhat reduced limit. The combination of sengtivity
and very high angular resolution is required for many of the most exciting science goas for this

Spectra region.

Figure 5-5. Concept for a major far infrared/submm space interferometer. Courtesy GSFC.

Given the lack of experience with many aspects of the full concept in Figure 5-5, it
would be prudent firg to explore FIR/Submm interferometry on asmaller scae. The unique
issues to be addressed include the effectiveness of radiaive cooling, the use of ultra-lightweight
optics such as stretched membrane flat mirrors, the behavior of high speed direct detector
systemsin this gpplication, the design and performance of the beam combiner, and the
interpretation of interferometric data on the complex sources that will be of the greatest scientific
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interest in the FIR/Submm. In addition, some of the science godsin Section 2 would be
advanced gresatly even by amaximum basdline of 30 meters. For example, a 50mm one could
observe cold cloud cores and the process of star formation on atens of AU scale and could
map accretion disks and other structures around the nuclei of the nearest active gdaxies with a
resolution of ~ 10pc. Perhaps the most exciting application, though, would be to make deep
images of unbiased sky in the very far infrared and the submm, where even a 10m aperture
telescope will be severdly limited by confusion noise. In this gpplication, a 30m basdine
interferometer can make a definitive contribution to the study of star formation in the early
Universe. A precursor mission within the 2000-2010 decade would therefore be both
technicaly desirable and scientificaly compdlling.

Figure 5-6 shows a concept for amodest scale interferometer. A strip mirror is
supported on a deployable boom of length 30 meters. A given basdineis provided by
positioning the two flat mirrors over the centrd tower to reflect light from two appropriate
sections of the strip mirror into the beam combiner, within the tower. Undernegth these flatsisa
gngle focusng mirror with two secondaries (not shown) that direct the light into the beam
combiner. Different basdlines are selected by articulating the two mirrors above the boom. This
arangement can provide the multiple basdlines required for imaging complex sources, but
without the complexities of tethers that are required for a km-scae instrument. All the opticsare
cooled radiatively to enhance the sensitivity. UV plane coverage is achieved by spinning the
interferometer around the axis of the central tower. This concept could also be used as anove
telescope, by subgtituting a strip secondary mirror for the two flats. The dimensonsthe
interferometer apertures, and whether refinements such as the telescope option can be included,
al need to be determined from a detailed definition based on launch capability and overal codt.

The mission concept for an interferometer will benefit from smilar sensor efforts asthe
10-m telescope. In addition, the technical approach to interferometry will gain from SIM and
the feasibility studies for TPF. Thus, a definitive consderation of misson architectures and
selection of aconcept for detailed definition and development will be possible early in the
decade. The mission could be built and deployed rapidly and in a cost-capped manner. It needs
to be operationd by 2009, to provide the greatest possible technica benefit and an appropriate
experience base for concepts for the km-basdline instrument to be built in the next decade.
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30 meters

Figure 5-6. A moderate scale interferometer concept. Different baselines are selected
along the strip mirror by positioning the two flatsin the central tower. From JPL and TRW.

5.4 Focal Planes and Supporting Electronics

Detection techniques across mogst of the electromagnetic spectrum have been pushed
very closeto theoreticd limits -- megapixe arrayswith virtudly perfect quantum efficiency and
read noises of afew photons equivaent. In the FIR/Submm, however, current capabilities fal
short of the performance needed to reach fundamental astronomica performance limits.
Continuum imaging and spectral mapping a modest spectral resolution require arrays of
photoconductors or bolometers with many thousands of high quantum efficiency pixels operating
at about ten photons read noise equivaent. High spectra resolution imaging needs the spectra
and spatia multiplexing provided by coherent receiver arrays of many hundreds of pixels that
approach the quantum limit at far infrared wavelengths.

Fortunately, there are promising devel opments toward these gods. Particularly with
increased support, future missons will be able to take advantage of rapidly improving
capabilities. For example, the firg true integrated high performance photoconductor arrays have
been developed for SIRTF, as shown in Figure 5-7. They will provide natura-background-
limited performance to the cutoff wavelength of Ge:Ga, near 120nm. The technica approach
employed for these devices should be capable of expansion beyond the current 32x32 pixel
format. Stressed Ge:Ga photoconductors can provide smilar levels of performance to beyond
200mm, but the complications in manufacturing large format arrays have not yet been solved.



26

However, alarger scale array concept is under development for the Photoconductor Array
Camera and Spectrometer (PACS) instrument on FIRST. Photoconductors based on GaAs
rather than Ge may extend the range of this detector type to 300mm.

Figure 5-7. Prototype 32x32 Ge:Ga array for SIRTF. Thanksto E. Young. The largest
previous Ge:Ga array for space astronomy was 3x3 pixels used for | SOPHOT.

Figure 5-8. Left: 2x20 stressed Ge:Ga array for SIRTF. The largest previous similar array
for space astronomy was 2x2 pixels used for ISOPHOT. Right: 16x25 stressed Ge: Ga
array concept for PACS.

Bolometers operating a 50-300mK are the most sengitive continuum detectorsin
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the submm and short mm wavelengths. The developments of metd film absorbers and
lithographed support membranes such as for the GSFC *popup’ and JPL * spider web' devices
(see Figure 5-9) are beginning to solve the problems in producing large arrays. However, the
necessity for individual high impedance JFET readout amplifiers operating near 50K creates
magjor complexitiesin high performance bolometer arrays.

A new generation of bolometersis being developed which will make use of a
superconducting film which is voltage-biased a the superconducting/normal trangtion edge to
produce a detector with strong negetive electrotherma feedback. This feedback increases the
bolometer dynamic range and speed and suppresses Johnson noise. The current that holds the
bolometer temperature constant is measured with a SQUID ammeter. The SQUID readouts
operate a low temperatures, dissipate very little power, and have large noise margin. A readout
multiplexing scheme involving SQUID switches and a single SQUID amplifier is under
development, and a 1x8 multiplexer has been demongrated. When large scde multiplexed
readouts become available, arrays of 1000 or more bolometers will become practical.

Figure 5-9. ‘ Spider Web' bolometer (left). To provide a large absorber area with minimum
mass, a thin structureis etched in a SisN, membrane and then coated with a thin film of
metal to absorb submm photons. The temperature rise associated with the photon absorption
is measured by monitoring the electrical resistance of a suitably doped germanium
thermistor, shown in the inset. Spider web bolometers are typically ~ 4mm in diameter. To
theright isa 151 element array of spider web bolometers. Courtesy BoloCam Project.

There are dso important new concepts for antenna-coupled detectors. A hot electron
microbolometer has been demondirated in which photons heet the free electronsin a copper film
that terminates an antenna. The dectron temperature is read out through a norma metd-
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insulator-superconductor tunnd junction. There is also a promising proposal for a detector in
which the antennalis terminated by a superconducting Al film. The excited quasiparticles in the
Al tunnd through the superconductor-insul ator-superconductor (SIS) junction to a
superconducting radio frequency single eectron trangstor. In principle, this device could
operate as a ubmillimeter sngle quasiparticle photon counter. Multiplexed arrays appear
possibleif the trandstors are excited at individua frequencies.

Submillimeter (Terahertz) heterodyne mixers are required for high spectra resolution
and coherent interferometry in this spectra region. Receivers based on SIS quasiparticle mixers
are within afactor of five of the fundamenta quantum limit up to the 600 GHz limit (500mm) for
Nb technology. The production of high qudity SIS mixer junctions from superconductors with
wider bandgaps, and hence capable of operating at higher frequencies, has proceeded more
dowly. However, good results are now reported with NbTiN, which has a bandgap nearly
twice as large as Nb and hence can operate at twice the frequency. The antenna-coupled hot
electron bolometers discussed above provide a suitable approach for high quality mixers
operaing a ill higher frequencies. The device in Figure 5-10 uses a microgtrip of Nb as the
hot electron carrier, and has been used up to 2500 GHz (120mm). Although dl these devices
need relatively little local oscillator power, stable and tunable devices to generate this power
aso require attention.

Figure 5-10. Superconducting Nb hot electron microbridge bolometer mixer. This device
extends high performance heterodyne receiver technology to 120mm, with future efforts
pushing toward even shorter wavelengths. Its small size contributes to its ability to operate
over alarge spectral bandwidth. Thanksto JPL.



Although a number of very promising gpproaches are being pursued, a sgnificant invesment
by NASA will be required to address the development issues for high performance detector
arrays and heterodyne receivers in the FIR/Submm region. NASA must assume a position of
leadership in these technol ogies because of the lack of subgtantia prior investment from the
commercid and military sectors. Experience with missions such as SIRTF demondtrates the
vaue of avigorous program initiated well before designs are frozen for condruction of flight
hardware. In this stage, a number of efforts need to be funded to encourage competition and
communication of aternate ideas. University-based groups, NASA centers,
indugtrid/governmentd |aboratories, and various combinations have dl made criticd
contributions and can be expected to play smilar rolesin the future.

One god for this development should be to advance single detector performance to the
fundamenta limitsimposed by the environment of the envisoned missonsin space. Direct
detectors (photoconductors, bolometers) require sgnificant funding as well as an augmentation
for heterodyne receivers. A second goal should be to advance array technology substantialy, so
the dramatic benefits of spatia multiplexing can be provided for this spectra region. Third, to
the extent feasible, the new technologies need to be demonstrated in demanding astronomical
observation to understand the nuances of their performance that might affect use on amajor

Space misson.

6. Implementation of the FIR/Submm Program

Figure 6-1 shows the expected performance of the instruments discussed above. From
15 to about 80mm, the filled aperture telescopes are more sengtive than interferometers
because we have assumed they can have larger totd mirror aress. At longer wavelengths, the
telescopes will limited by confusion noise and the interferometers have greater sengtivity
because of their higher resolution.



Point Source Detectability

1E+10

1E+9 |

1E+8 |

1E+7 F

nFn[Jy-Hz(5s, 10,000s)]

1E+6 |

1E+5
1 10 100 1000
Wavelength(mm)

Figure 6-1. Relative performance of 6-m and 10-m cold, filled aperture telescopes and of a
30m baseline cold interferometer with 3m collectors.

Figure 6-2 shows how a 10m telescope and 30- and km-basdline interferometers
would close the ggp in angular resolution.
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Figure 6-2. Resolution achievable with proposed instruments.

The remainder of this section illustrates how these cgpabilities would alow carrying out the
science investigations described in Section 2. 1t will dso make clear how, with adequate tools,
FIR/Submm astronomy can make important contributions that could not be gleaned in other

ways.

6.1 How starsand Galaxies Emerged from the Big Bang

The far infrared emission of norma gaaxies condsts of two main components: 1.)
infrared cirrus emission, seen in virtudly al gaaxies, and 2.) emisson powered by hot, young
garstypica of starburst gaaxies. The second component is characterized by a dust temperature
of about 60K, leading to its being dominant in the 15 to 80mm spectra range for a galaxy
undergoing amodest leve of star formation. Its role increases with starburst luminosty, and it
can account for virtualy the whole spectrd energy didtribution in extreme cases.

To illugrate the role of the FIR/Submm in determining the emergence of dars and
gdaxiesin the early Universe, we have taken agdaxy of typicd far infrared luminosity for the
current epoch, L* ~2 X 10™L,, . We have assumed that 1/3 of this luminosity is due to infrared
cirrus and 2/3 due to recent star formation. Figure 6-3 compares its output with the sensitivity of
the various missions, where we plot only the 2/3 of the luminosity due to recent sar formation
forz=1, 3, and 5. For comparison, a z = 3 we aso show the tota spectrum, including the
infrared cirrus. However, to track the recent star formation in galaxies, it is probably the
garburst component that is more relevant.



nFny-Hz(5-s, 10,000s)]

32

1E+10
1E+9 3
1E+8 ;
1E+7 3

1E+6

1E+5
1 10 Wavelength(mm) 100 1000

Figure 6-3. Starburst powered far infrared output of an L* (IR) galaxy. We also indicate the
performance of NGST, SIRTF, FIRST, the MMA, a 10m cold telescope, and a 30m cold
interferometer (see Figure 6-1). For the z=3 case, we have shown the total (starburst plus
IR cirrus) spectrum as a dashed line. The FI R/Submm missions have unique capability for
investigating galaxies of this type over their period of formation. In particular, even a
modest (30m) interferometer could study them well to very high redshifts.

6.2 Extreme Environments and Discovery Potential
6.2.1 Mid Infrared Fine Structure Lines
To befurnished



6.2.2 Discovery Potential
To compare the discovery potentia
of different missons operating over the
same spectral region, the Bahcal Committee
developed afigure of merit they cdled
“Agtronomical Capability.” This parameter
is defined asthe lifetime X the efficiency
X the number of pixels/ the sengtivity
squared. It scales the amount of data that can
be obtained in given misson, if dl other
things were equal such as opticd parameters
defining the projection of the pixels onto the
sky. Compared with our current knowledge
about the far infrared sky (from ISOPHOT
between 20 and 100mm) and what could be
achieved with the best currently available
detector arrays on a 10m cold telescope,
the gain in Agronomica Capatiility is about
afactor of 10°! With improvementsin detectors,
afactor of well over 10™ should be possible.
To place thisgain on amore familiar
scae, the improvement from the work of
Shapley on the Sze and shape of the
Milky Way to the Hubble Deep Field
represents again of about 10 in Astronomical
Capability. Thus, our ability to predict what
will be found in future FIR/Submm missons
is probably no better than Shapley would have
donein predicting the contents of the HDF;
recd| thet at thetime of the articlein
Figure 6-4, he did not believe in extragdactic
astronomy.

STUDIES BASED ON THE COLOES AND MAGNITUDES
IN STELLAFR CLUSTERS

TWELFTH PAPER: REMARKS ON THE ARBANCEMENT OF THE
SIDEREAL UNIVERSE®

« By HARLOW SHAFLEY
I. THE GENERAL GALACTIC SYSTEM

1. Tuivoduation.—A fairly definite conception of the arrangement
of the sidereal system evolves naturally from the observarional
work discussed in the preceding Conbribufions.  We find, in short,
that globular clusters, though extensive and massive structures,

~10" gain
in Astronomical
Capability

The Hubble Deep Field and the Early Evolution of
Galaxies

Plero Madan

Space Telescope Science Mmatifute, 3700 Son Marfin Drive, Baltimore,
MD BigiS

Abstract. T review some recent progress made in our understanding
galaxy evolution and the cosmic history of star formation, The Hubd
Decp Field (HDF) imaging survey has achieved the sensitivity to captn
the bulk of the extragalactic background light from discrete sources, B
evidence is found in the optical mamber-magnitude relation dewn to A8
29 mag for a large amount of star formation at high redshifts, A cens

Figure 6-4. lllustration of the discovery space
opened by a gain of 10° in Astronomical
Capability.

It would probably be foolish to try to leap afactor of 10 in one step. SIRTF should
advance us about hdf thisway. That is, it will provide an increase in Astronomical Capability by
about 10°, leaving aSmilar factor for future missions like the ones we have discussed.

6.3 Dynamical and Chemical Evolution of Galaxiesand Stars

To be furnished



6.4 Birth and Evolution of Starsand Planetary Systems

To edimate the measurement requirements for determining what is happening insgde a
cold cloud core, we started with submm data for one such object, VLA 1623, from Andre et
al. (1993, ApJ, 406, 122). We then predicted the far and mid infrared SED through a redieive
transfer modd consstent with Wolfire & Cassindli (1986, ApJ, 310, 207). We plot in Figure
6-5 the surface brightness per square arcsec in the core (13.5”) of the source. We aso show a
pure blackbody fitted to the radio, submm, and far infrared data The hot interior of the cloud
and radiative transfer process is reflected by the difference over the range 10 to 100nm
between the predicted SED for VLA 1623 and the pure blackbody spectrum (which would fit
the source if it were isothermal throughout). The proposed instruments, particularly the filled
gperture telescope, can study this part of the cloud at high signal to noise.
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Figure 6-5. A model prediction of the short wavelength SED of a cold cloud core.
Observations of star and planet formation within the core need to be made largely in the
wavelength range where the spectrum deviates from the pure blockbody curve.

6.5 Nature and Formation of the Solar System

Thefluxesfrom Kuiper Belt Objects (KBOs) can be estimated readily from first
principles. We show one example in Figure 6-6. The caculaions are for asmal body (diameter
10km) with low albedo (0.04) at the inner edge of the Kuiper Belt (40 AU from the sun). The
large margin of sengtivity to detect this object isindicative of the broad variety of abedoes,
szes, and distances from the sun that could be probed by large far infrared telescopes.
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Figure 6-6. Spectrum of a 10km diameter, low albedo KBO at 40AU.

6.6 Comet and Asteroid Impacts and the Origin of Life

To study debris disks in detail requires measurements of their structures over arange of
wavelengths. This point isillustrated in Figure 6-7. The spectrum of the debris disk is based on
amodd of the solar system zodiaca cloud plus the Kuiper Belt, placed at 10pc to represent
what might be seen around anearby star. The cdculation has been normdized to alow 100
resolution eements over the disk at each waveength, the minimum which would give good
information on the structure. Detailed modes of the radid profile of the therma emisson at four
fiducid wavelengths are shown in the lower panedls. They emphasize that the shorter wavelengths
will probe the inner portions of the system, for a solar-like system the zodiacd cloud. The longer
wave engths progressively probe increasing distances from the star; in the case of asolar-like
system, 350mm would be a good choice to study the parts of the system a a 100 or more AU
radius. By combining observetions & al the waveengths, a detailed modd of the system could
be derived
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Figure 6-7. Emission from a debris system like that around the sun, viewed from a distance
of 10pc. Different wavelengths probe different zones of the system. The zones are shown
(not to scale) relative to the artist’s concept of the Vega system used in Section 2.

6.7 Angular Resolution

The angular resolution for many of the investigations under discusson isimplicit from
congderations like confusion noise and hence has been included in the sengtivity charts above.
In some cases, however, the required resolution is independent of the seigitivity achieved. A
number of representative examples are shown in Figure 6-8. In the case of debris and
protoplanetary disks, the scale sze of the system increases with longer wavelengths, since one



37

probes with them the cooler, outer parts of the system. In the case of cold cloud cores, we have
assumed that one wishes to maintain a constant resolution of 1 arcsec to study structure and
radiative transfer in a homogeneous fashion (with afew hundred resolution elements over the
typica size of the nearest examples). In the case of distant galaxies, the resolution is set by
confuson condderations. We have included this case to emphasze the match of a 30m basdline
to the desired angular scale. In addition, the plot illustrates that a 10m telescope would have
adequate resolution to make sgnificant contributions to many of the problems discussed (the
examples not plotted are included implicitly in the sengtivity charts). However, as emphasized
by the lines for resolving protoplanetary disks and terrestrial planet formation, thereisadistinct
set of science objectives that require the much higher angular resolution that will only be possible
with akm-basdine interferometer.
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Figure 6-8. Angular resolution required for some typical science investigations.

7. Technical Developments

The missonsfor the far infrared and submillimeter will benefit from and demondrate the
new technica developments aready envisoned in the OSS Strategic Plan. In many respects, the
proposed missions provide an ideal opportunity to use work aready required for other OSS
objectives and apply it to achieve scientific breakthroughs in another area. The serendipitous
nature of the FIR/Submm technica needs within the OSS Strategic Plan isillugtrated by the
following ligting of the rlevant items with their gpplication to the FIR/Submm program:



Advanced Structures Deployment and Control (for large, deployable telescopes and for

interferometers)

= Ultra-precise deployment of lightweight structures

= Control of structurd shape and vibration in space

= Precise pointing of large structures

Communications (interferometers in particular can generate large data volumes, if it is

decided to place alarge telescope at > 1AU for better cooling, it will aso require advanced

communicetions)

= High-data-rate telecommunications technologies

= Lightweight, low-power, robust eectronics systems

= Lightweight antenna materids

Lightweight Optics (because of relaxed surface specifications, the FIR/Submm missons can

make excdllent use of lightweight and possibly ultra-lightweight optics)

= Advanced segmented opticad systems with high-precision controls

= Largelightweight mirrors

Metrology (essentid for a km-basdine interferometer)

= Extremey precise measurement of orientations of in-space structures using stabilized
lasers

> Inaddition, attention is needed for precise satdllite tethering systems to control angular
momentum and centripetd force in large interferometers (both for TPF and the km-
basdine FIR/Submm interferometer)

Power (improvements in power generation could enable placing atelescope a > 1AU)

= High efficiency solar arrays tolerant of extreme therma and radiation environments

Science Instruments (advances in sensors, sensor arrays, and coolers play acentra rolein

the FIR/Submm grategy, and would yield unique discovery potentia)

= New sensors and detectors for telescopes, interferometers, and....

1.) very low temperature electronics, such as advanced CMOS readouts and
SQUID superconducting devices, are needed to read out detector arrays,

2.) advancesin bolometer array congtruction are possible through slicor/silicon
nitride etching techniques and trangition edge superconducting thermistors,

3.) photoconductor detector arrays can be increased significantly beyond the
current formats and possibly can be developed for longer wavelengths than at
present;

4.) hot eectron microbolometer mixers can extend senditive heterodyne detection to
100mm or even shorter wavelengths;

5.) other high frequency mixers should be explored, such aslarge bandgap SIS
devices and superconducting single eectron trandgstors; and

6.) new approaches to backends can enable larger arrays of heterodyne receivers.

= Coolers and other instrument support systems (an emphasis is needed on advanced
radiative cooling, building on the heritage from SIRTF, aswell aslow power, high
efficiency coolers)



8. Recommendations

The Far Infrared/Submm offers great opportunities for future astronomy space missons. It
can provide important ingghts to the centra problems of astrophysics. The investment in
spectacular cgpatiilities in the adjacent spectra regions will allow sophisticated studies of new
phenomena discovered in the FIR/Submm. Findly, the possible growth in sensor and telescope
capabilities promises unparaleled discovery potentid.

We recommend the following steps be taken in the 2000-2010 decade to take advantage
of these opportunities:

Invest in the enabling technologies for this spectrd region:

1.) Direct detectors and heterodyne receivers

2.) Detector array technologies

3.) Cryogenic sysems

4.) Lightweight and deployable optics and antennas
Begin system studies for amgor space FIR/Submm filled gperture observatory in the early-
to-middle part of the decade
Begin formd definition (Phase B) of this observatory by the end of the decade
Prepare for the congtruction of a km-baseline space interferometer in the 2010-2020
decade, both by deve oping the necessary technologies and by demongtrating themin a
moderate-scale interferometer to be operationa by 2009.

Future FIR/Submm missions will aso benefit greetly from relevant theoreticd, laboratory, and
observationd initiatives. We recommend support for

Theory and laboratory astrophysics relevant to FIR/Submm astronomy
1.) Linefrequency determination
2.) Study of dust properties
3.) Modding early stages of star and planet formation
4.) Modeling AGN accretion disk properties
5.) Probing the physics of jet acceeration and confinement.
Advanced instrumentation on SOFIA, long duration balooning, and
groundbased submm telescopes
1.) Develop scientific foundation for pace missons
2.) Tranyoung scientigsin thisarea
3.) Demondtrate technology pathfinders



