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Abstract: “ SAFIR will study the birth and evolution of stars and planetary systems ©
young that they are invisible to opticd and nea-infrared telescopes such as NGST. Not
only does the far-infrared radiation penetrate the obscuring dust clouds that surround
these systems, but the protoplanetary disks also emit much of their radiation in the far
infrared. Furthermore, the dust reprocesses much of the opticd emisson from the newly
forming starsinto this wavelength band. Similarly, the obscured central regions of
galaxies, which harbor massve bladc holes and huge bursts of star formation, can be seen
and analyzed in the far infrared. SAFIR will have the sensitivity to seethe first dusty
galaxies in the universe. For studies of both star-forming regions in our galaxy and dusty
galaxies at high redshifts, SAFIR will be essential in tying together information that NGST
will obtain on these systems at shorter wavelengths and that ALMA will obtain at longer
wavelengths.” — page 110, Astronomy and Astrophysics in the New Mill enium, National
Reseach Council - AANM, National Academy Press 2001

1. The Role of the Far IR/Submm

Winds and flows in the interstellar medium convert a potentialy static scene into
our mysterious and fascinating Universe. A supermassve blad hole lurks unseen until gas
colledsinto a central acaetion disk and spiralsin, causing an adive galadic nucleus
(AGN) to blazeup. Galaxy collisions gray starsin intriguing petterns, but the
fundamental consequences arise from the adili ty of the interstellar medium (ISM) to lose
angular momentum and collapse to fuel nuclea starbursts. Stellar populations everywhere
are established and renewed by the formation of new starsin moleaular clouds. The heavy
elements that shape stellar evolution and make life possble ae transported by interstellar
material to the sites of star formation, awaiting incorporation into new stars and planets.

Regardlessof the original emisgon process cosmic energy sources glow in the far
infrared and submm. The cntinuum emisson is due to the incredible dficiency of
interstellar dust in absorbing visible and utraviolet photons and reemitting their energy.
The gpeaance of the ealy Universe, of AGNs and starbursting galaxies, and of star
forming regionsis transformed through suppresson of the visible and utraviolet and
augmentation of the far infrared and submm. Low-lying far infrared fine structure lines are
the major coolants for interstellar gas. Moleaular trangitionsin this gedral range cary the
signature of conditions in warm and dense interstellar clouds where stars form. Thus, we
must look in the far infrared and submm for cluesto the underlying processes aping the
origin, structure, and evolution of our Universe.

Accessble advances in technology can produce huge advances in our cagpabili ties
for far infrared and submm astronomy. Consequently, the mnsensus-based Astronomy and
Astrophysics Survey Committeerecommended SAFIR, an 8-m class spaceborne far
infrared telescope (operating from ~ 20um to ~ 1mm), as a high priority to be started in
this decale (page 10, AANM). The scientific importance of this misgon spans both the
Origins and Structure and Evolution of the Universe science themes within OSS The
FAIR concept for alarge FIR/submm spacetelescope was recommended in the last



Origins roadmap with the same goals and community endorsement as SAFIR. Asan
observatory-classinstrument, SAFIR (and FAIR) would serve abroad range of science
neals.

With a start nea the end of the decale, SAFIR follows sveral missons that will
lay its <cientific and technologicd foundation. SIRTF, whose misson will be complete by
the time SAFIR would go to Phase B definition, will | eave aGrea Observatory legacy of
mid and far infrared observations along with the technicd demonstration to make alarge
cold telescope a @mpelling next generation fadlity. SOFIA will have operated for a
number of yeas, providing both atestbed for detedor technology and a high level of
flexibility and accesshility in its explorations of the far infrared sky. Herschel will be
completing its examination of the submmrange, both for continuum sources and with
powerful spedroscopic instrumentation. However, none of these missons will approacd
the potential for this edral range, SIRTF because of its small aperture (85cm) and
SOFIA and Herschel because of the thermal badground die to their relatively high
operating temperatures (~ 220K and ~80K respedively). Yet SAFIR iswell inread
technicdly, given the modest requirements on its optics and pointing, the infrastructure
under development within NASA for large telescopes and large satellites in general, and
the potential for dramatic advances in detedor technology at modest cost. SAFIR will | ay
the foundation for the next stepsin exploring this gpedral region, such asthe SFECS
spaceborne interferometer (see”Probing the Missng Universe” by D. Leisawitz & al.).

NGST and ALMA will begin operation toward the end of the decale. The timely
ability of SAFIR to bridge the spedral gap between them will complement well the
cgpabili ties of both fadli ties, maximizing the productivity of two other major investments
in astronomica capabili ty.

2. SAFIR and the Formation and Evolution of AGNs

It appeasthat central supermassve blad holes are auniversal component of
galadic bulges. Do the central blad holes form first and serve a condensates for
galaxies? Or do they build upas galaxies grow and merge? The low lying H, linesat 17
and 282um are one of the few concavable ways to study warm moleaular gas
condensations prior to the formation of metals, for example moleaular gas around
primordial massve blad holes. A number of processes, such as formation of a small
number of stars, can hea moleaular clouds above the ~10K threshold for high visibili ty
of these lines. The lines are undetedable together from the ground until z > 35 (both must
be deteded to confirm the identification). SAFIR will be well suited to seaching for them.
Line widths and profiles would indicate whether the central massis highly compad
(suggesting a bladk hole), or if the moleaular cloud s just in a mild state of turbulence (as
expeded if it is self gravitating without a central bladk hole).

At the aurrent epoch, galaxy mergers produce huge far infrared fluxes through a
combination of violent starbursts and of AGNs as®ciated with their cental bladk holes.
“Distinguishing starbursts from supermassve blad holes is complicated by the fad that
AGNs are often shrouded in dust, so that much of the dired emisson is hidden from view.
Long wavelengths penetrate the dust more readily, so .. SAFIR and NGST with an
extension into the thermal infrared are .. suitable for separating the two phenomena’ (page
85, AANM).

What happens during the much more cmmon mergers that build galaxiesin the
ealy Universe? COBE showed that the far infrared/submm energy density in the ealy



Universe is comparable to that in the visible/nea infrared. What are the relative roles of
dust embedded AGNs and starburstsin producing this luminosity? Do AGNs at high
redshift differ in basic properties from neaby ones? Models of the amsmic X-ray
badkground indicate that the grea magjority of AGNs at high redshift are heavily absorbed
(Gilli et a.; Comastri et a.). Thus, these answers must be sought in the far infrared where
opticd depths are low (ISM opticd depths are smilar at 20um and 6kev and rapidly
deaease & longer infrared wavelengths and higher X-ray energies).

The fine structure lines of Nell (12.8um), Nelll (15.6pum) and NeV (14.3um) are
the best toal to distinguish unambiguously whether the ISM of a dusty galaxy isionized by
astarburst or by an AGN. Figure 1, based on work by Voit and Spinoglio and Makan, isa
demonstration. Not only are the line ratios very well separated, but their extinction is
reduced by more than afador of thirty compared with the visible. At the gpoch of peak
quasar adivity, these lineswill be redshifted to the 45 to 55umrange. A 8-m far infrared
telescope would have both the necessary resolution and sensitivity to use thistool to
determine the relative roles of star formation and nuclea adivity in the ealy Universe.
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the density of the gas around AGNSs.
The angular resolution of SAFIR isa aiticd contribution to these studies. Figure
2 shows the Hubble Deep Field and the X-ray sources discovered in a degy Chandra
exposure. A portion of the HDF is degraded to 1” resolution, the bean diameter of a8-m
telescope operating at 40um. Individual galaxies are well i solated for detailed study.
3. SAFIR and the Emergenceof Starsand Galaxies
The history of star formation determines the evolution of galaxies and the
generation rate for heavy elements. It has been tracel by deg Hubble SpaceTelescope
(HST) imaging followed upwith large groundbased telescopes. However, even at modest
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such as M82, a debate raged for
more than a decale regarding
how to corred even the nea
infrared emisson for interstellar extinction. Such corredions are poorly determined for
galaxies at high redshift. Consequently, there ae significant uncertainties in the star
forming rate for z > 1.

These uncertainties can only be removed by measuring the far infrared emisson
emitted by dust heaed by young stars in these galaxies. The importance of this approac is
underlined by the large asmic far infrared/submm energy density discovered by COBE.
This badkground has been partialy resolved by 1SO in the very far infrared and is thought
to arise from starburst galaxies at z upto 3. A 8-m telescope would resolve most of this
high redshift badkground into individual galaxies, thus iowing the dominant phases of
dust embedded star formation and nuclea adivity throughout the Universe.

Ultradeep opticd images (e.g., Hubble Deep Field) reved many galaxiestoo faint
to contribute significantly to the submm diffuse badkground. A full understanding of star
formation in the ealy Universe requires that we extend far FIR/submm nmeasurements to
these small systems and possble galaxy fragments. In this luminosity range axd over 1 < z
<5, ALMA and other groundbased submm telescopes are mostly sensitive to infrared
cirrus emisson and the output of cold dust that are not necessarily heaed by recent star
formation. The rate of star formation in modest galaxiesfor 1 < z< 5 can best be
determined through high sensitivity imaging from 20 to 20Qum. Combining SAFIR and
ALMA measurements of SEDs can give photometric redshift estimates, and SAFIR
spedroscopy can measure redshifts using the strong PAH feaures in galaxy spedra nea
8um. The sensitivity of SAFIR will allow usto measure ordinary galaxy luminosities to
below L. , even out to z~ 5. Equally important is the resolution afforded by an 8-m
aperture; previous acefar infrared missonslike SIRTF will be limited in this <ience
objedive by confusion noise.




4. SAFIR and the Dynamical and Chemical Evolution of Galaxiesand Stars

How do the first gas clouds form? What chemicd processes occur within them and
how do their charaderistics change as the first traces of metals are injeded into them by
stellar processng? Once aven traces of metals have formed, the C* line & 158um becomes
very bright. Its luminosity in neaby spiral galaxiesistypicdly a few tenths of a percent of
the entire bolometric luminosity of the galaxy. Although thislineis partially accessble in
the poor atmospheric windows between 300and 70Qum, it will be routinely observed
from the ground only at z > 4, when beyond 80Qum. N linesat 122and 205um also play
important rolesin cloud cooling. Study of the moleaular hydrogen and these eamisson lines
inthe ealy Universe and as a function of redshift promises to reved many of the processes
occurring in the gas clouds that build ealy galaxies. Spaceborne observationsin the
FIR/submm nust be amajor component of this sudy.

The far infrared fine structure lines also control the aoling of moleaular cloudsin
the Milky Way. Understanding this processand related ones reveded by far infrared
spedroscopy is akey to advancing our knowledge of how these douds begin their
collapse into stars and planets (seebelow).

5. SAFIR and the Birth of Starsand Planetary Systems

Starsare bornin cold interstellar cloud coresthat are so opticdly thick they are
undetedable even in the mid infrared. In about 100,000yeas, ayoung star emerges,
gjeding material along powerful jets and till surrounded by a circumstellar disk. The
subsequent evolution isincreasingly well studied, but the birth of the star has occurred
hidden from view. How does the doud core mllapse? 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. Imaging with the resolution provided by a far infrared 8- m telescope
(< 100AU at 40um for the nearest star forming regions) can probe the density, dynamics,
and temperature structure of these ~1000AU collapsing cores on criticd physicd scdes.
In addition, 100 AU resolution would reved the steps toward binary formation. Far
infrared polarimetry is a powerful probe of magnetic field geometries, both for studying
core @llapse and mapping the fields that must play an important role in accéerating and
collimating jets.

Asit collapses, the gasin the wreiswarmed until its primary transitions lie in the
FIR/Submm. Spedroscopy in moleaular lines such as H,O and the J>6 high series lines of
CO, asweéll asin FIR atomic lines, can probe the physicd and dynamicd conditionsin the
collapse. The spedrum predicted for a wllapsing cloud core is $own in Figure 3. The
[OI] lines have narrow components from the infalli ng envelope and broad ones from
outflow shocks. They are the main coolant of the gas in the intermediate regions of the
cloud. Bright H,O lines between 25 and 18Qum are the dominant coolant in the inner
cloud, where abroad component is expeded from the accetion shock and a narrow one
from the disk. The CO linesfrom 170to 520um are the main coolant for the outer cloud;
warmer CO from within the doud can also be studied because of velocity shifts due to the
collapse. This suite of lines therefore would allow us to probe the processof star birth
thoroughly.
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6. SAFIR and the Evolution of Planetary Systems and the Origin of Life

What were the conditionsin the ealy solar nebula, as the protoplanetary disk
formed and planets and small bodies acaeted out of it? All the bodies in the inner solar
system have been so heavily processed that they no longer refled clealy the conditions at
their formation. The discovery of many small bodies in the Kuiper Belt outside the orbit of
Neptune gives accessto objeds where accetion procealed slowly and its products sould
be primitive and still refled conditionsin the ealy solar nebula.

There is alarge population of Kuiper Belt Objeds (KBOs), including objeds of
sizerivaling the largest asteroids. They have abroad variety of surface taraderistics. To
interpret the dues they provide for evolution of the solar system requires that we
understand how this variety of surface demistry has come aout. Two very important
parameters are: 1.) the albedoes of the surfaces (important to help identify the substances
that cover them); and 2) surfacetemperatures (both to help understand what chemicd
reacions can occur and to determine the escgpe rates for different moleaules). Both of
these parameters can be determined in the far infrared, through measurements of the
thermal emisson. It isfor thisreason that the 1998National Academy of Sciences gudy
on “Exploring the Trans-Neptunian Solar System” placel a very high priority both on
large, far infrared telescopes and on development of high performance far infrared
detedor arrays.

The Kuiper Belt is thought to be the source of short period comets and hence has a
central role in the comet impads that brought water to the eath and made life possble
here. However, most traces of this processhave been erased by time. How can we
understand the cnditions that regulated the ealy 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, 3 Pic, and other stars, with evidencefor
inner voids that might have resulted from planet formation. Many more will be discovered
by SIRTF. The Kuiper Belt is smilar in many ways to these systems and should be
interpreted as the debris disk of the solar system. Taking an example, 3 Pic is thought to
be only about 20 million yeas old. Transient and variable asorptions by the Call H&K
linesin its edrum have been interpreted as the infall of small bodies from the debris
system (e.g., Beust et al.). This g/stem contains fine grains that hea sufficiently to be
deteded in the mid infrared and scater enough light to be seen at shorter wavelengths.
Because it should be drawn into the star quickly, this fine dust may have been produced in
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Figure 4. Planetary debris disks of differing
ages. All systems are illustrated at the same
scale on the sky. The 1 SO spectrum shows
minerological spectral features expected in
such systems, and the beam sizes for NGST (for
the PAH feature) and SAFIR (for Fosterite and
water ice) are shown projected onto the 3 Pic
disk.
recant colli sions between planetesimals. Thus, this s/stem and others like it demonstrate
the potential of examining the ealy, violent evolution of debris disks and the infall of
comets.

Debris disks are bright in the far infrared, where they can be imaged to identify
bright zones due to recent planetesimal colli sions, as well as voids. The radia zones
sampled will vary with wavelength, from afew AU nea 20um to hundreds of AU in the
submm. Figure 4 ill ustrates the potential advances with SAFIR. Spatially resolved
spedroscopy with such atelescope muld probe the mineralogy of the debris disksin the
20 - 35um region where the Infrared Spaceobservatory (1SO) has found a number of
feaures diagnostic of crystalline and amorphous dli cates, and can locae icethrough its
63um emisson feaure. Giant planets smilar to Jupiter and Saturn could be deteded to
compare their placament with the debris disk structure.

7. SAFIR and the Discovery of New Phenomena

Tednologicd advances enable astronomicd discoveries. Harwit tried to quantify
this relation in “ Cosmic Discovery.” Inthe 25 yeas preceding publication of the book,
important discoveries were made within 5 yeas of the development of new technology
making them possble. The exceptional discovery potentia in the FIR/Submmregion arises
because the sensors are still substantially short of fundamental performance limits and the
telescopes avail able to date have been very modest in aperture (lessthan 1 meter!).

The previous decalal survey developed a parameter to describe the discovery
potential of new missons, which they cdled astronomica capability. This parameter is
proportional to the time required to dbtain a given number of image dementsto a given
sengitivity limit. SAFIR will have atronomicd cgpability exceeding that of past far




infrared fadlities by afador of about 10", and will still offer a gain of about 10° after
SIRTF and Herschel have flown. A gain of 10°is smilar to the gain from the initial use of
the Hooker 100-1nch Telescope on Mt. Wilson to the Hubble SpaceTelescope.

8. Misson Development

8.1 Telescope

With the imminent seledion of the NGST prime wntrador, it istimely to begin misson
concept studies for SAFIR. There ae two genera possbilities, asindicaed in Figure 5.
The development of the NGST telescope may result in approadhes that can be readily
adapted to the far infrared, with the differing requirements of (1) colder operating
temperature; (2) relaxed image quality; and (3) larger aperture (now that NGST has
deaeased in sizeto 6m). However, these threeimportant diff erences may lead to unique
architedures for the far infrared telescope. This basic dedsion must be made & on as
possble to guide further development of the misson. Although autonomous deployment is
a possbility, opportunities for reduced cost and risk through in-space asembly should
also be explored. Finaly, thereis ahigh level of interest in the far infrared and submm
both in Europe and Japan, making it timely to consider possble international
collaborations. Such cooperation has arealy been fruitful in the infrared and submm for
Herschel, Planck, and ALMA.

10 m IR Telescope
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Figure 5. Two possible development paths for SAFIR. Thefigureto the left illustrates the
potential for a telescope based on NGST devel opments, in this case placed at about 4AU to
obtain greater radiative cooling (courtesy Ball Aerospace). The figure on the right illustrates
that focused developments for the far infrared may also be promising. I n this case, the telescope
uses a stretched membrane approach that may offer a lower construction cost than NGST-
based tel escopes (courtesy M. Dragovan).

8.2 Detedor Tedhnology

The far infrared and submillimeter ranges have benefited relatively little from
investments in detedor technology by non-astronomicd pursuits. In thisregard, they differ
dramaticdly from the visible, nea and mid-infrared, and radio regions. Detedorsin those
spedral regions closely approad theoretica performancelimits. For example, in the
visible, CCDs have quantum efficiencies greaer than 90%, read noises of about two
eledrons, and formats including many milli ons of pixels. In the far infrared, the much
smaller prior investment has left the posshility for orders of magnitude further progress



toward fundamental limits. NASA misgons are the best customers for this technology, and
an augmented NASA investment will return substantial benefitsto SAFIR and other far
infrared and submillimeter missons such as Explorers. These investments will guarantee
our nation's leadership in this important technology.

Figure 6 ill ustrates the threemajor detedor technologies. Each has current strengths
and we&nesses. Far infrared photoconductors are the most advanced in array
congtruction, as siown by the spacequdified SIRTF array in the figure, and require
relatively modest cooling. However, they fall somewhat short of theoreticd limitsin
potential performance and respond only up to the excitation energy. Development should
addresslarger arrays, at least 128128 Bolometers have broad spedral response and are
the most advanced submm continuum detedors. They require extremely low operating
temperatures. Development needs to emphasizeimproved array technology, such as
SQUID-based multiplexing, and superconducting-thermometer bolometers that interface
well to SQUID eledronics. Hot eledron bolometer mixers provide the best heterodyne
operation above the superconducting gap frequency of NbTiN, around 1200GHz. They
can have large advantages for spedroscopy over photoconductors and bolometers.
Development needs to addressreducing noise temperatures and developing support
eledronicsto allow large scde spatial arrays.

Figure 6. Far Infrared and Submillimeter Detector Approaches. Clockwise from upper
left: (1) the SIRTF 32x32 Ge:Ga far infrared photoconductor array; (2) a spiderweb
bolometer element; (3) an array of spiderweb bolometers; and (4) a hot electron
bolometer mixer.
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8.3 Budget _ Construction (assimesan | $31QM
Goddard SpaceFlight Center ESA instrument)

caried out an estimate of the budget Launch (using anew mid- | $85M
for SAFIR for the UVOIR panel of sized EELV)

the decalal survey. They drew on Science and Misson $10av
their experience estimating the st of Operations (5 yrs)
NGST, so the comparison of the two Total $495u

misgonsis also pertinent. Their results | 4461, Cost estimate for SAFIR from the
arein Table 1. They assumed that no decadal UVOIR panel report.

additional development would be
required beyond that for NGST,

athough the report indicaed that this Augmentation to budget for far $10M
was probably not entirely corred. We infrared detedor arrays

allow here for asignificant Very low temperature refrigerators | $50M
development program, perhaps even for space @vironments

departing signi_ficantly fromthe _N_GST Large, lightweight optics $80M
telescope achitedure. In the spirit of
the &ove estimate, we take this Table 2. Technology investments relevant to
program to be half that for NGST, or SAFIR and other far infrared/submillimeter
an additional $125M, for atotal cost of | projects.

$620M. For comparison, the estimate
of the UVOIR panel for NGST is$1114M.

The decalal survey committee éso recommended a budget over the decale for the
technology development that would support SAFIR and other projeds in the far infrared
and submilimeter, as siownin Table 2.

9. Summary

“SAFIR...will study the relatively unexplored region of the spedrum between 30
and 30Qum. It will i nvestigate the ealiest stage of star formation and galaxy formation by
reveding regions too shrouded by dust to be studied by NGST, and too warm to be
studied effedively with ALMA.... It will be more than 100times as nsitive & SIRTF or
the European [Herschel] misson....To take the next step in exploring thisimportant part
of the spedrum, the ommitteerecommends SAFIR. The combination of its sze, low
temperature, and detedor cgpability makes its astronomicd cgpability about 100,000times
that of other missons and gvesit tremendous potential to uncover new phenomenain the
universe.” — pages 39, 110 Astronomy and Astrophysicsin the New Mill enium, National
Reseach Council, National Academy Press 2001

SAFIR can contribute substantially to both the Structure and Evolution of the
Universe and the Origins themes of NASA spacescience, through redizéable technology
developments of a moderate scde. With clea science priorities and exciting science goals
that are intellecually accessble to the greaer public, SAFIR isamisson that would help
engage the nation in shared exploration. It will also showcase new technology in dramatic
images capturing events at the dawn of time and at the birth of stars and planets.




