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Abstract

During the past few years our knowledge of the abundance ofelastrophysically and
biologically important water molecule in the interstellarmedium has advanced considerably.
However, uncertainties remain in our knowledge of the abuadce of water vapor in both
cold and hot regions, the interstellar water cycle which trees the form of water during the
formation of stars and planets from di use gas, and the potdial relation between interstellar
chemistry and cometary ices. SOFIA has the capability to cdnbute signi cantly to our
knowledge of the distribution and amount of water vapor in a ariety of regions tracing
a range of physical processes from shocks to star formatioie outline here a program of
SOFIA observations to address these uncertainties usingghi spectral resolution observations
(R 1P of water vapor tracing the spectrum of star formation actiity in the interstellar
medium and the evaporation of water in comets.
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Target RA Dec F;y ~ Con guration/mode  Hours

10 GMC CORES gal. plane gal. plane 1 CASIMIR 24

10 GMC CORES gal. plane gal. plane 100 HAWC 1

10 GMC LOS gal. plane gal. plane 100 CASIMIR 36

ABSORPTIONS

3 GMC LOS gal. plane gal. plane 300 EXES 6

ABSORPTIONS

10 SHOCKED gal. plane gal. plane 10 EXES 100

REGIONS 0.8 0:5°

MOSAIC

10 COLD gal. plane gal. plane 100 CASIMIR 24

POST-SHOCK

REGIONS

10 HOT CORES gal. plane gal. plane 10 CASIMIR 14

2 COMETS ecl. plane ecl. plane 1 CASIMIR 48
Grand total hours 253
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Bl Scienti c Objectives

Because of its association with biology on Earth, water is erof the most important molecules
in the solar system and beyond. Over the past few years obsatiens of water in molecular
clouds by NASA's Submillimeter Wave Astronomy Satellitd SWAS), ESA's Infrared Space
Observatory(ISO), and Odin (Sweden/Canada/France) have drawn a compelling connectio
between water in interstellar space and planetary water. Tése observations have found that
water vapor has a surprisingly low abundance in the dense esrof molecular clouds (Snell
et al. 2000) and a \normal" abundance in low density di use @uds (Neufeld et al. 2000;
Moneti, Cernicharo, & Pardo 2001). The most comprehensivelsition suggested is one which
water vapor freezes onto the surfaces of dust grains in thelg¢aark interiors of molecular
clouds { the very sites of the formation of star and planetangystems (Bergin et al. 2000).
These water-ice coated grains will eventually coagulate ttmrm pre-planetary rocks and
comets that ultimately become incorporated into the inteors and atmospheres of planetary
bodies. Thus the origin of water in interstellar medium (ISM and the water cycle during
star formation is a question with clear astrobiological imprt.

Water is also a molecule with strong connections to astrophigs. It holds the keys to our
understanding of the chemistry of oxygen, the third most aludant element in the Universe.
It is also a gas coolant, which, when balanced with cloud heat), controls the thermal
balance and stability of cloud cores against collapse. It ike most abundant molecule in the
icy mantles covering grains, and its presence on the grainrface is believed to change the
optical properties of grains and to aid in the coagulation grcess that ultimately produces
planets (e.g. Ossenkopf & Henning 1994; Dominik & Tielens 9B; Whittet et al. 2001).

Our understanding of the presence and formation of water d¢amly received a large
boost from the observations of ISO, SWAS, an@®din; however water abundances are still
uncertain and major theoretical questions still exist. (1 SWAS and Odin were the only in-
struments capable of detecting water emission from cold ggwimarily through the ground
state transition of 0-H,O, which has large optical depth. To obtain abundance inforation
required assumptions with respect to the physical structer of the sources. SOFIA obser-
vations of HO, which has lower opacity, will provide stronger constrais on the water
abundance. (2) Will the improved abundances require any resion of our current under-
standing of the formation of water during star formation? (3 Water is known to form in
shocks, but the actual spatial distribution and its formaton mechanism (either gas phase or
grain mantle evaporation) is uncertain. (4) Is there an ISMCometary connection?

SOFIA can make major contributions towards answering thesssues. In the following
we will make a detailed science case for a series of SOFIA olstons that will answer the
following questions:

How does water form in the cold dense component of the ISM anmdwhat abundance?

How much water is created in interstellar shocks. How doesithcompare to the cold
quiescent gas and do shocks a ect the water cycle?
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What is the nature of the ISM{Cometary Connection?

Water in the Cold Interstellar Medium

The detection of water in the cold interstellar medium will hvolve observations of BfO
with CASIMIR and H 1°0 with EXES and can be broken into two categories: emission dn
absorption.

Water in Absorption

Observation of lines in absorption are subject to much lesscertainty than emission
lines. If the observations can measure true continuum andreelevel, the optical depth of a
weakly excited absorption line is straightforward to detenine. Assuming that the absorption
seen is con ned to a column de ned by the angular size of the bleground source, it is possible
to compare with other observations even if made using otheebm sizes, with a reasonable
accuracy. This includes such species as OH, which is intinesit related to water in the
chemical reaction networks. For this study, both the CASIMR and EXES instruments can
be used to provide a view of water in completely di erent phyisal environments: extending
from cold quiescent gas in extended clouds (CASIMIR) to warmas directly associated with
young forming stars (EXES). The abundance of water is predi&d to respond to changes in
the temperature and these observations will test chemicaheory.

CASIMIR can be used to detect water in absorption from exteret cold gas components.
For example, SWAS detected BPO in absorption in several velocity components in front of
Sgr B2, with optical depths of a few tenths and at the velocityf Sgr B2 itself with much
larger optical depth (see Figure 1; Neufeld et al. 2000). In ¥9, only upper limits on
optical depth of 0.05 to 0.10 could be obtained (Plume et al. 0B4). Clearly, with much
higher sensitivity ( 2 10 ¥ W/m 2 in a 1 km/s channel) SOFIA CASIMIR observations
of H12O, and also HDO, will be capable of signi cant improvement othese sources and to
extend this science towards numerous weaker continuum soes. This can provide de nitive
information on the abundance of water in cold low density diuse gas.

EXES will be sensitive to the warmer more abundant water thaéxists in close proximity
to deeply embedded young stars. In this regard, the capaliéis of EXES are a signi cant
improvement when compared to 1ISO detections of water vapan absorption at 6 m. With
EXES one can observe essentially any rotational level of thmain isotope, including the
ground rotational state. A single frequency setting will povide information on the water
abundance and gas temperature in warm gas local to young miassstars (Richter et al
2001). This will prove to be a useful counterpoint to the stuigs of water in emission with
CASIMIR, providing a powerful tool to examine the line of sigt water abundance structure
in several key sources (e.g. Boonman et al. 2002).

Water in Emission

SOFIA observations of B8O in emission will extend upon SWAS an®din detections by
providing information on the optical depth of the H®O emission. This will enable improved
abundance determinations in the dense material that proves the gas reservoir for the next
generation of stars. These measurements are a linchpin foany of the conclusions from
SWAS (e.g. freeze-out of oxygen in the form of water ice; Benget al. 2000), and will aid
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Figure 1: Left: SWAS spectrum of the ground state rotational transition of ortho-H3°0 and
ortho-H320 taken towards SgrB2 (taken from Neufeld et al. 2000). Note he strong water
absorption seen from numerous clouds along the line of sightRight: Odin spectrum of the ground
state rotational transition of ortho-H 320 taken towards Orion 2% (taken from Olofsson et al.
2003). In this nearby cloud ortho-H}20 emission provides a better probe of the water abundance
than the more optically thick ortho-H 160 emission.
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in the planning for ESA/NASA's Herschelmission. RecentlyOdin detected a weak ortho-
H80 ground-state emission line towards a compact sourcé sbuth of Orion KL (Fig. 1;
Olofsson et al 2003). This emission line may be a detection thie warm hot gas near the
forming young massive star. However, it may be evidence fog#D emission coming from
the quiescent gas; if so, as a less opaque line it providesdevice in support of low water
abundances.

SOFIA/CASIMIR can easily detect the ground state line of orho-HO in this source
and potentially towards numerous other sources with 390 detections by SWAS andOdin.
This can be supplemented by SOFIA/HAWC observations of dustontinuum emission to
constrain the physical structure thereby leveraging simpl detections into results that will
provide a stringent test of current chemical theory (e.g. Begin et al. 2000). Although
di cult due to poor atmospheric transmission, SOFIA is alsoable to detect the ground-
state line of para-H80 under favorable conditions (e.g. low water vapor). One pehtial
solution for the low water abundances inferred from ortho-$40 emission by SWAS andDdin
is that all water is in the para form. SOFIA will address this mportant issue.

Water in Shocked Gas

Water formation in shocked gas is strongly favored either @ithe rapid production from
gas phase atomic oxygen (via a series of neutral-neutral otians that are inactive in the
cold ambient gas) or by the removal of grain mantle materialypablation. Thus shocks in the
interstellar medium are water factories and this signaturavill exist for a considerable period
of time. Despite the detection of water in numerous shocks @ufeld et al. 2000; Nisini 2003)
there are lingering questions regarding the true water vap@abundance inside the shock and
its spatial distribution when compared to other shock traces such as vibrationally excited
H,. This is primarily due to the low spatial resolution of instuments capable of observing
cold post-shock water (e.g. SWAS an@din) and the low spectral resolution of instruments
capable of detecting hot shocked water (e.g. ISO ar8bitzer. For a discussion see Snell et
al. (2005).

Because of this issue, both the EXES and CASIMIR instrumenisan make contributions
toward the detection of water emission in shocked gas in th8M. EXES can directly observe
H1%0 transitions arising from high rotational states that trace the energetic shock and be
capable of mapping the distribution and abundance of hot wat which can be compared
to other tracers (e.g. H, CO). In contrast, CASIMIR will be sensitive to the colder pat-
shocked material and can explore the relation of the cold gas the hot shocked material.
Thus the combination of these two instruments is a powerfulowol to fully constrain the
distribution of water vapor in shocked regions.

The ISM-Cometary Connection

Much of the interstellar{cometary connection is drawn thragh the close correspondence
of the composition of interstellar ices and cometary voldas (van Dishoeck & Blake 1999).
However, another connection is seen through the similarigf the D/H ratio of water ices in
the ISM with that seen towards the three Oort cloud comets (H&ey, Hale-Bopp, Hyakutake)
with HDO detections (Ehrenfreund & Charnley 2000). Anotherchemical link between the
ISM and comets would be the ortho-to-para ratio which is eshated to be 2 25 in
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Figure 2: Model predictions for SOFIA CASIMIR observations of ortho-H320 (Bensch & Bergin
2004). The ground-state transitions, indicated at the top o the top panels, are shown for the a
comet model with a water production rate as listed to the right in the gure. The double-peaked
pro le is typical for optically thin emission from an expand ing shell.

comets (Dello Russo et al. 2005) and is unknown in the ISM. SO is in a position to
estimate the ortho-to-para ratio of interstellar water icein the ISM through a survey water
emission from evaporated ices in hot cores.

The CASIMIR instrument on SOFIA is also capable of detectindd320O in out-gassing
cometary coma provided the water production rate exceeds 2?Omnolecules/sec (Bensch &
Bergin 2004). In Figure 2 we show a sample of the predicted dim that can be observed
by SOFIA in comets with di erent water production rates. SOHA will provide a direct
measurement of the water production rate, the capability tsearch for temporal variations,
and a measurement of the ortho/para ratio of water, which cabe compared to ISM values
extending the ISM-cometary comparison towards new ground.
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I SOFIA Uniqueness/Relationship to Other Facilities

In addressing the issue of water in interstellar space SOFIAas clear overlap with the
capabilities of Spitzer (for EXES) and Herschel (for CASIMIR). With a cooled telescope
Spitzer has greater continuum sensitivity than SOFIA, however the esolving power of the
IRS spectrometer is only 600 when compared to 3fbr EXES. The higher spectral resolution
is crucial for observations of narrow interstellar lines inhe presence of strong thermal dust
continuum emission. For instance, observations of the sHom Orion are impossible for
Spitzer due to saturation limits and low line to continuum contrast. HerschetHIFI has
direct overlap in frequency coverage and sensitivity with &SIMIR. With no atmospheric
constraints Herschelwill also be capable of probing the stronger emission ofi#D along
with H180. Clearly the primary uniqueness of SOFIA science will lieniobservations prior
to the launch of Hersche] which is currently planned for Aug. 2007. However, there ar
two additional issues of note. First,Herschelhas a 3-5 year mission lifetime and at its
end SOFIA will have the only capability to directly observe wvater in the ISM. Second, as a
cooled missionHerschelscience will have to be clearly directed towards immediateisnce
return which will limit its ability to survey all sources of interest. Thus, targeted studies
with SOFIA during Herscheloperations can be expected to yield important scienti ¢ rasgts
with the possibility for long-term followup.

For those comets with su cient line strengths, SOFIA can e ectively complement the
capabilities of Herschel in several ways. First, due to thebaence of stringent thermal
constraints, SOFIA can view comets at signi cantly smallerangular separations to the Sun
than Herschel - e.g., 30 degrees for SOFIA versus 90 degrees for Herschel. This will permit
SOFIA to monitor comets at much closer approach to the Sun tieHerschel. Second, SOFIA
is able to continuously observe a comet for up to 2{3 hours peght. While in principle
Herschel can do the same, severe scheduling demands makka augne commitment unlikely
except in rare circumstances. The ability to observe uctugons in the emission of key
species, such as water, on short timescales could yield urégnformation about the rotation
and surface properties of the comet nucleus.

[ Observing Strategy

We propose to conduct a systematic look at the water emissidn a variety of sources
sampling a range of physical processes ongoing in the ISMg(equiescent cloud chemistry,

8
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di use cloud chemistry, shocks, star formation) and a seancfor cometary water if a suitable
target appears during the lifetime of SOFIA. Because the llmwidths of interstellar lines are
quite narrow we require high velocity resolution which reques the high resolution setting
of EXES (R 10°) and 1 km/s resolution with CASIMIR.

Molecular emission often varies from source to source due d¢banges in the physical
properties, presence/absence of star formation, and viewg geometry. To obtain a complete
view of water in the ISM we therefore propose to observe at kalO sources in each of
the ISM categories discussed in this proposal: (1) water irbsorption (EXES observations
limited to only brightest continuum sources in the galaxy)(2) water in emission in quiescent
clouds, (3) water in shocks, (4) evaporating ices in hot cae This program will be capable
of setting important limits on the cycle of water during the pocess of star formation in the
galaxy. Below we will treat each category in more depth.

(1) Water in absorption. EXES will be sensitive to B0 in absorption toward bright
MIR sources (such as GL2591, a high-mass embedded objectwvdt6.5 m brightness of 520
Jy). This study will be limited to a few lines of sight. Telluric absorption will complicate
these observations, however, the motion of the Earth shoulllow for simple extraction of
relevant astronomical data from the telluric line. These oervations can be performed in a
fraction of a day (6 hours).

For H18O absorption lines, CASIMIR will be much more e ective than pevious space-
based capabilities. We estimate a factor of 720 improvemeim point source sensitivity
when compared to SWAS. This corresponds to a factor of 51C° in integration time. For
example, the W49 observations with SWAS took 684 hours of egration, SOFIA/CASIMIR
can duplicate this in only 5 seconds; thus, an integration @inly 1 hour would push abundance
limits much farther then seen the Sgr B2 clouds ( 10 ) and approaching those seen in
emission in dense clouds (10 8). A survey of 10 lines of sight in the ground state lines of
ortho- and para-H2O thus will require 24 hours. Observations of the ground state line of
para-Hi80 may be limited due to poor atmospheric transmission. In SB2 the surrounding
envelope is at a much higher temperature than typical througput the galaxy and can be
studied in multiple transitions requiring an additional 12hours.

(2) Searching for water emission in cold gas. We estimate than a 1 km/s channel
CASIMIR will reach a 1 sensitivity of 0.015 K in 1 hour, which corresponds to a 380
abundance limit of 10 7. In Orion this limit would correspond to a 10 detection. The
abundance calculation assumes a density {4 10°cm 3, T=20K,and N(H,) =5 10?
cm 2, typical values for giant molecular cloud cores. A survey df0 sources with clear SWAS
and Odin detections would potentially detect H2O or set stringent limits. Orion is somewhat
special with the presence of extended and anomalously stgowater vapor emission. Thus
several positions can be studied. The CASIMIR observatiortan be supplemented by maps
of the 215 m dust emission using HAWC, which when combined with grounddsed maps
of dust continuum emission can constrain the dust temperata and gas physical structure.
This program requires 24 hours of observation.

(3) Detection of water emission in shocked gas. Using the nadd of Kaufman & Neufeld
(1996). EXES will be capable of detecting mid-infrared wateemission from shocks with
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velocities in excess of 20 km/s for densities exceeding n{H> 10° cm 2 (and stronger
shocks for lower densities). All observations will requirenultiple wavelength settings to
observe numerous transitions between 19 { 25m, the highest resolution, and multiple
positions. As a template a 20 km/s shock (n(k) = 10° cm %) has a line uxof 5 10 Y/

W/m 2, which can be detected with S/N = 4 in 2 minutes. Mapping 3% 35°°then requires
20 pointings or 1 hour of observing time. Shocked regions in molecular outas can extend
over arc-minute sized scales. Thus these observations cantlme intensive and will be best
targeted towards sources which have been mapped using tBpitzer IRS instrument. This

will provide a nder chart for the hot spots which can be targéed with higher resolution

observations. These data are best supplemented by additedrobservations of H emission
lines. Observations of 10 shocks in 1 mosaiced frame and rnplé frequency settings thus
requires 100 hours of observing time.

For CASIMIR observations of cold post-shock fO the SWAS observations set limits on
the H1°0O emission with a typical line ux of 2 10 ! W/m 2 (Neufeld et al. 2000). If the
emission is assumed to arise from a region with a size ofPB3@hich occupies a small fraction
of the 33° 4:5° SWAS beam, then the integrated emission for 330 would be 2 10/
W/m 2 (assuming%0/80 = 500). This can be detected in 15 minutes with a S/N = 4.
Observations of 10 shocks in 2 positions in the ground state$ ortho- and para-H2O thus
requires 12 hours. If water emission is detected by either EXES or CABIR then higher
transitions should be included in the search requiring an ditional 12 hours.

(4) The ortho-to-para ratio of water in hot cores. The expe@d ortho-to-para ratio in
interstellar clouds is 3:1. Thus abundance estimates wilequire high accuracy to determine
this ratio. Given analysis uncertainties it is unlikely this accuracy can be attained. However,
this is only the expected ratio as all of the water may residenithe para form, producing a
ratio that could vary by over an order of magnitude, well withn the anticipated uncertainties.
Hot cores have gas temperatures 100 K and accurate abundance determinations require
observations of multiple transitions (at minimum 3) of bothspin isomers. The ground state
lines can be expected to be quite strong>( 1 K), but all emission will suer from beam
dilution and thus integrations of  0:25 hour may be required. 10 sources and 6 transitions
thus requires 14 hours.

(5) The water production rate in comets. Detailed radiativetransfer analyses (Bensch
& Bergin 2004) suggest that SOFIA/CASIMIR will be capable ofdetecting the ground state
transitions of ortho- and para-H2O provided the water production rate exceeds 10?° s !
at a Earth-Comet distance of 1 AU. Closer comets can be detectat lower production rates.
A least one, if not more than one, comet of this brightness came expected during SOFIA
operations. Two transitions of each spin isomer should be sdrved with a total integration
time of 1 hour for adequate detections of each line. These obseraais should be performed
with reasonable time sampling over the entire period the coghis detectable with SOFIA.
This will allow for the determination of the water production rate with distance from the
Sun and a search for outburst activity. The time needed for #se e ectively depends on how
often these observations can be scheduled and whether Idegn (1 month) monitoring
is possible. We will assume that 24 hours per comet can be mened.

10
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B Special Requirements

CASIMIR observations of bright comets will require targetef-opportunity observations.
Minimum Spectral Resolution: 16; 10° at 5-30;250-600 m
Maximum water: low
Minimum tracking rate: 100 mas/sec
RMS pointing jitter: 2.0 as

[l Precursor/Supporting Observations

ISO, SWAS, Odin, and Spitzer observations will be useful in leveraging the full scientc

return from these data. Coordinated plans wittHerschelwill also be valuable, especially for
cometary research.
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