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The “Universal”™ Water Cycle
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Image adapted from Stars ‘R’ Us material



ICE = largest molecular reservoir in Universe (excluding (H,))

The abundances of molecules in dark clouds

Image courtesy of K Pontoppidan

Affects gas-solid synergy (molecular reservoir (trapping))

—_—> Affects grain sticking (ice porosity = “glue”)

Affects reactivity (binding sites and surface area) / H, formation
Affects mobility (deuteration exchange & outgassing)



SPICA

* unique access to 12 —210 um

— strongest gas cooling lines (of H,0 & isotopes) — rotational low
transitions (cold water)...higher J (warm gas / shocked gas / desorbed
gas)

— lIce esp. water at 44 and 63 um

— large grains

— COMS & chemical link to ice

KILLER BENEFIT = concurrent view of the gas, dust, and ice involved in

planet formation processes i.e. connecting the inner and outer disc (hot
vs cold)

KILLER WINS = differentiate PHASE of ice
= potential ice scattering spectra
= “see” ice inside disks
= potential for ice linked to COMS — chemical links



Pressure / mBar

The low P : low T Phase Diagram of H,O

Solids (formed under high pressure)
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Tce 44 / 63 micron - SPICA

R ——— Smith et al (2004) MNRAS
BASR S ket o P 62/44 ratio can be growth
e dependent — can constrain ice

deposition / growth mechanism

et o e 4y o140 i o ey Maldoni et al MNRAS (1999)
' ' W e 44 micron band SUBSTRATE dependent
/ Temperature dependency

Wing beyond 62 micron — reflects substrate

Moore & Hudson ApJ (1992)
Effects of proton irradiation
(energetic processing on 44 / 63
mciron bands)

Curtis et al (2005) Applied Optics
Full set H20 optical const 15-200

Bertie et al (1969)

44 micron = TO mode (closer 45 in
amorph 43 in cryst)

63 micron = LA mode (usually
weaker)

52 Micron =LO mode

LO / TO can be thickness & porosity
dependent

LA / TO related to amorph /
crystalline

Likely require GOOD lab data
(opticcal const)

Peak intensity ratio uusally similar
44/62 therefore if 62 present 44
strong

Measurement of the temperature -dependent optical
constants of water ice in the 15-200 pm range

micron \ Bt O, Shaas A, 0o Mg B

Temperature dependent

Need to considerspectroscopic effects

NEED TO CONSIDER EARLY LAB LIMITS: NOT

ASWII
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So how does SPICA fit
with existing
“Rolls Royce” facilitites...



Herschel picture

PRESTELLAR ISM:

Hershel HIFI data — shows gas @ water

lines x100 weaker than predicted =

All water (essentially) in pre-stellar cores

frozen out as ice
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Caselli et al (2012) ApJ

DISKS:

Tentative ice detections ONLY no real
advance on ISO! & 63 um ONLY

(Malfait et al. 1999; McClure et al.
2012).

Water detections in disks (tracing
cold gas and higher J — warmed /
desorbed gas) & shocked gas

(e.g., Hogerheijde et al. 2011, Fedele
et al. 2013 Kristensen et al 2014)
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Inferring Ice from Gas
Detections
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JWST / ALMA
“Snow Lines” & “Soot Lines”
IMAGING & detailed SPECTRA

HV Tau C

= Terada et al. (2007, 2012)

1X1" FOV@0.12” FWHM
3 mcirons

{pir]g
Actra

e.g. Noble et al (2013)
AplJ
Boogert et al (2015)
ARAA

Suutarinnen et al (2016)
in prep
AKARI Ice mapping
2-5 microns




What else is related to ice? DUST
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METIS —E-ELT [ L & M NO N]

Coronagraphic spectrophotometry (+adaptive optics)
Herbig Ae star HD 142527
3 um ‘image of disk ice band in scattered light.
(Honda et al (2009)

w SPICA — has potential to
observe FIR scattering from
] % ices

BNl
el | 20 > NOT really emission —in FIR

Ices still exhibit absorption

M | spectra
METIS NIR SPECTROMETER IMAGING + FILTER
NIRCam / JWST with coronograph
Scattered light probes older more tenuous disks cf ALSO — VERY HIGH RESOLUTION
absorption = larger evolutionary range WARM GAS PHASE LINES

(AKIN TO e.g. VLT-CRIRES)



Ice Mapping - SPICA

Need to consider other ices:
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ASTRONOMY & ASTROPHYSICS JANUARY 1994, PAGE 45
SUPPLEMENT SERIES

Astron. Astrophys. Suppl. Ser. 103, 45-56 (1994)

Far-infrared spectra of cosmic-type pure and mixed ices

M.H. Moore! and R.L. Hudson?

! Astrochemistry Branch, Laboratory for Extraterrestrial Physics, NASA /Goddard Space Flight Center, Greenbelt,
MD 20771, U.S.A.
2 Department of Chemistry, Eckerd College, St. Petersburg, FL 33733, US.A.

Received March 9; accepted June 1, 1993

Abstract. We have measured the far-infrared spectra of pure HyO, CH3OH, NH3, CO2, H2CO, CHy, and
CO ices and HaO-dominated binary mixtures of CHz3OH, NH3, COg, H3CO, CHy, and CO from 500 cm™! (20 pm)
to 100 cm™! (100 xm) at low temperatures. We also examined spectra of several more complex ices. These results
represent a consistent set of data on astrophysically relevant molecules and mixtures over a wide range of temperatures.
This set provides information in a spectral region that will be increasingly accessible with the advent of future orbiting
observatories. Spectra of both the amorphous and crystalline phases of each of the pure molecular ices are unique.
Spectra of icy mixtures, however, are in general dominated by HzO ice features over the entire range of temperatures
studied. One exception to this is the H20 + CH3OH ice which evolves from an amorphous deposit to form a multi-line
crystalline-like spectrum we have identified with the recently reported CH3OH clathrate hydrate. Implications of these
results on the identification of extraterrestrial ices based on observations in the far-infrared are included.

Pure & H,0+
H,O

CH,0OH

NH,

Co,

H,CO

CH,

CO

20-100 micron



How do we build understanding? ©

Remote
Observations

Laboratory Experiments

Theoretical :
Chemistry / Physics é/\novciif c|>|r|\rr‘r?e$\fr

The Open University

It’s still a
HUGE
issue where support data comes from
and how it is accessed

Where is the lab data in gas / solid
(ice / minerology) phases to support
data interpretation and
understanding?
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Terahertz Desorption

Emission Spectroscopy (THz-
DES)

(with Brian Ellison (RAL Space)
& Geoff Blake (Caltech) & S loppolo (OU) RSURF)
\—/

RAL Space"\B

The Open University

1. Are COMS produced in gas / solid phase?
2. Do radicals / ions desorb from surfaces?

3. Are A/E o/p ratios affected by surface desorption?

Auiriacombe et al (2015) Rev Sci Inst in prep



Proof of Concept:“ALMA” in the lab
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The Open University
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SPICA GALACTIC SCIENCE

How is water delivered to the planets?

How do solids evolve from pristine dust to
differentiated bodies, and what is the link with
our own Solar System?

When does the gas supply exhaust during the
planet forming phase?

How does gas dissipation and photo-
evaporation set the clock for planet
formation?

Currently disk heavy — gap for UK niche & expertise in pre-stellar regions



JWST — huge advantages
“our ice machine” / warm gas

Parallel observing

Spectral Coverage

Resolution

Sensitivity

NIRSpec: (masked) spectroscopy 1-5 um at R=100-3000 PLUS
MIRI: imaging (+ coronagraphy) and spectroscopy 5-28 um at R=100-3000
NIRCam: 1-5 um narrow and broad band imaging (including coronagraph) (slitless spectroscopy)

Spatial resolution 3-28 um: 0.12-1.1 arcsec (21-190 AU for cloud at 150 pc distance)



No. of Observed Background Stars
with Ice

WSO
W Spitzer

AKARI

CAVEAT:- Current background star ice observations trace ices well before collapse.



No. of Observed Background Stars
with Ice

SO

W JWST

W Spitzer
AKARI

CAVEAT:- Current background star ice observations trace ices well before collapse.
JWST will ALSO have the sensitivity to study HIGHLY EXTINCTED LoS CLOSE to collapse
cf. A,~90 background stars requires S/N=100 for ~1 mlJy continuum at 3-5 um



Ice Mapping

(O
The Open University



Dec (J2000)

Spitzer/IRAC 8um WISE channel 1 (3.4 pm)
i L a——
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Proof of Concept: O ’
“ALMA” in the lab |
il

The Open University

S — /’/

observe spectra
of desorbing gas ®
molecules
IN EMISSION

N20 sublimation(desorption)
H20 sublimation(desorption)

TT111 TR
o e

To = 79K T1 T2 (>T1)

Auiriacombe et al (2015) Rev Sci Inst in prep



Extra-Galactic Ice Observations, key
e.g.

15t Observations : Spoon et al A&A (2003) A&A
CO & OCN ice towards galactic centre of starburst/AGN galaxy NGC4945

* Many studies of LMC / SMC suggesting ice abundance is linked to metalicity —
higher CO, in LMC, lower H,0; higher CO and CH;0H

e.g. IRAS 05328-6827 (LMC) van Loon et al (2005)
Shimonishi et al Ap J (2008), A&A (2010), ApJ (2013)
Seale et al (2011) ApJ

Olivera et al (2011) (2013) MNRAS

* Icein edge on starburst galaxy NGC253 (Yamaguishi et al (2011))
* Icein M82 (Yamaguishi et al (2013))

e Against H Il regions (Sonnentrucker (2008) p n
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What could JWST do?

B 59 star-forming core. A, contours 5-90 mag
derived from background stars [Roman-Zuniga et al. 2010]

JWST/NIRSpec Micro Shutter Array (MSA):
e 1-5 um, R~3000

e >100 targets simultaneously

e 3’'x3’field of view > AKARI (no confusion)

JWST/NIR CAM Slitless Spectroscopy mode:
® 2-5 um, R <<< (100 is enough)

e all targets at once

e 0. 2 mly sources

(2 oom > Spitzer 1 oom > AKARI)

CHALLEGE = DATA REDUCTION

JWST/MIRI cluster mode:
e 5-28.3 um, R~3000
e 1 target at a time

e 0. 2 mJy sources ( 2 oom > Spitzer 1 oom > AKARI)




Ice Mapping - SPICA

To get good mapping data (abs[background source??] vs. emission);

« Calibration is VITAL - really good wavelength data across SW & MW / HW
* Linked intrinsically to good SEDs (ideal maps - need long lambda - cf ice & dust)
» Multi-lambda mapping = huge difference

* To fully map line profile say something about chemistry = need R=3000 (300 not
enough)

+ Zodical light - could be limited by sky itself




