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Life Cycle of the ISM
Atomic fine structure line
emission
ALMA: Spectroscopy of
complex organics — hot
cores/corinos

Herschel/
SOFIA:
Absorption
spectroscopy
of simple
hydrides
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Origin of Earth’s Water

“How Did We Get
Here?”

• Glycine detected in comets, but not in the ISM
• Over 100 amino acids found in meteorites
(compared to 20 in terrestrial proteins)
• Development of the molecular complexity
• Delivery to the planet-forming disks and then
to young planets like the early Earth
• “Many of life’s building blocks, such as amino
acids are formed in space and fall to Earth”

Far-Infrared
Spectroscopy
Herschel
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Herschel/SPIRE!
Herschel/HIFI!
Herschel/PACS!
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Herschel/HIFI Spectroscopy

HEXOS/Sagittarius B2(N)
• Unbiased view of the FIR band unobscured by the earth’s atmosphere
• Detection of new light hydrides through absorption spectroscopy

Absorption Spectroscopy
Background
source

Sun
NASA/SSC

Differential
• New hydrides: SH+, HCl+, H2Cl+, H2O+, ArH+, OH+(APEX), (HF)
rotation curve of
• Tracers of kinematics, H2, CR ionization rate, molecular fraction, T, age, B the Milky Way

First FIR “DIB”
Sagittarius B2(M)

Schilke et al. 2014

•
•

Molecule present in all spiral arm clouds between us and the Galactic center, but not
the Sgr B2 envelope
Carrier 36ArH+ — excellent tracer of mostly atomic gas (better than HI) —
molecular fraction 10-3–10-4

Cosmic Ray Ionization Rate
•
•

•
•
•
•

Indriolo et al. 2015

Key parameter that regulates star
formation in molecular clouds
Coupling between the gas and the
magnetic field — dynamics of the
collapse through magnetic pressure
support
Particle spectrum poorly
constrained below ~1 GeV
Abundances of molecular ions
directly linked to the CR ionization
rate
Dense ISM: 2.6×10-17 s-1 (HCO+)
Diffuse ISM: 3.5×10-16 s-1 (H3+) —
observable in the infrared, but only
in low-AV regions

Oxygen
Ions

GC
N. Indriolo
•
•
•
•

Key transitions in the 900—1150 GHz range (SOFIA/4GREAT 892-1100 GHz)
Herschel/HIFI: 20 Galactic lines of sight, 100 separate components
Molecular fraction typically 3—8%
Can calibrate with respect to H3+ to derive the “efficiency factor"

+
O

Metastable H3

Lis et al. 2014

Widespread Hot Gas Component?

GC, Norma, Scuttum, Sagittarius spiral arms
• Hot H3O+ not limited to “active” environments
• New phase of ISM or “formation pumping” (ζ)?

Gonzalez-Alfonso et al. 2013

SOFIA/GREAT Spectroscopy

o-D2H+

p-H2D+

1370 GHz

Brünker et al. 2014, Harju et al. 2017

1477 GHz

• H3+ is the main gas-phase deuteration
agent at low temperatures
• p-H2D+ and o-D2H+ first detected
toward IRAS 16293
• Absorption in the cool outer envelope
• OPR closely linked to OPR in H2
• Can be used to determine timescales
• Core age estimate (5±2)×105 yr
• Ambient cloud 1×106 yr

Cosmic Nucleosynthesis

ALMA
PKS 1830
z=0.89

35Cl/37Cl=3.1+0.3/-0.2

(solar)
Muller et al. (2014)

36Ar/38Ar=3.46±0.16

(vs. 5.5 solar)
Muller et al. (2016)

New results: high 12CH+/13CH+ (~100/150) and low 32SH+/34SH+ (~16)
Muller et al. (2017)

Herschel: Star Formation in
Filaments

•
•

PACS/SPIRE observations have revealed intricate networks of filaments in MCs
Gas flow along these filaments may lead to formation of dense cores and stars

Kong et al. 2018

Molecular
Cloud
Structure
•
•
•
•
•
•
•

CARMA/NRO
Orion Project

•

Filament formation within the lower
density cloud envelopes
Turbulent energy cascade and cloud
support
Relation to the magnetic field direction
(dust polarization; e.g., Planck)
Need multiple gas tracers
CO isotoplogues, dense gas tracers
from the ground
Atomic fine structure lines from space
[CII] is an excellent tracer of the
envelope material, including the “COdark gas”
[NII] is a tracer of ionized gas

[CII] Imaging Spectroscopy with HIFI
•
•
•
•

Small-scale kinematics of the ionized/
PDR/molecular gas interfaces and
radiative feedback from massive stars
15% of CII without CO counterpart
(CO-dark gas)
Strong variations of the L[CII]/LFIR
Lowest values reminiscent of the
“[CII] deficit” in ULIRGs

Emission/
Absorption

Goicoechea et al. 2015

Gerin et al. 2015

FIRSPEX Core Science

GOTC+: Pineda et al. 2010, 2013
• Life cycle of the ISM: cloud formation, star formation, feedback,
cloud disruption — PI Dimitra Rigopoulou, Oxford
• Map the entire sky in a number of ionic, atomic, and molecular
lines, including [CII], [NII], [OI], [CI]
• Herschel/HIFI legacy (GOTC+)
• Spectral resolution is the key for disentangling the multi-phase
structure of the ISM

FIRSPEX Deep GP Survey
• How do molecular clouds form?
• What fraction of the baryonic matter is
in CO-dark clouds ([CII], [CI])?
• What is the impact of radiative feedback
on the ISM?
• Need sophisticated modeling tools!
Pineda et al. 2013

SOFIA/upGREAT Orion

HIFI

Cornelia Pabst et al. 2017

• Next generation instrument: SHASTA (JPL),
128 pixels, 10 times improvement in
mapping speed

Molecular
Hot Cores
and
Hot Corinos

Images: ESO, ESA
E. Bergin
S.Widicus-Weaver

Orion KL Full Band Analysis

•
•
•
•

One million independent data channels
Combined with 3-1mm survey from IRAM 30-m
Emission from 36 species (76 isotopologues), modeled
by a team of ~20 people, assuming LTE
Hard manual labor — will never work with ALMA 3D data
cubes — new analysis tools needed
Crockett et al. 2014, 2015

0.1 pc

ALMA View of Sagittarius B2
•

Very chemically rich spectra — new
level of complexity for data analysis!

•

Continuum determination a big problem

•

3D data cubes — statistical analysis
pixel by pixel

beam = 0.4 arcsec

Sánchez-Monje et al. 2017

Branched Alkyl Cyanide
amine group

iso-

gauche-normal-

carboxyl group

• Largest non-cyclic molecules detected in the ISM are
organics with a straight-chain backbone
• Branched amino acids dominate in meteorites
• Propyl cyanide (C3H7CN) is the smallest alkyl cyanide that
exists in several distinct isomers
• Iso-propyl cyanide, detected in Sgr B2, i/n~40%
• Time-dependent chemistry model cold collapse phase +
warm-up stage: formation at 55-75K
• Next step: detection of n-butyl cyanide (n-C4H9CN) and
its 3 branched isomers

anti-normalN2
N1

Exploring Molecular Complexity with ALMA (EMoCA); Belloche et al. 2014

2016

3.0 mm
1.3 mm
0.87 mm

2 arcs
• Solar-type class 0 protostar at 120pc
• Glycolaldehyde (CH2OHCHO) simple
sugar-like molecule, related to the
formation of ribose
• Isomers: acetic acid (CH3COOH) and
methyl formate (CH3OCHO)

• Reduced alcohol version: ethylene glycol,
(CH2OH)2, aGg’ and gGg’ comformers
• Glycolaldehyde and ethylene glycol overabundant
with respect to methanol compared to Sgr B2
• Low-T formation in CO rich ices during the
infall?

Building Blocks of Life
• First detection of methyl isocyanate CH3NCO in
a low-mass protostar (IRAS16293; 43 unblended
transitions)
• Suggested to be present in the coma of 67P with
a relatively high abundance
• Belongs to a group of molecules considered
precursors of larger organic compounds,
including those with peptide bonds
• Isomers CH3CNO and CH3OCN not identified
• Cryogenic UHV laboratory experiments — VUV
irradiation of CH4:HNCO mixture at 20K
• Methyl isocyanate can be formed in solid state
through recombination of CH3 and (H)NCO

Martín-Doménech et al. 2017
Ligterink et al. 2017

Interstellar Organohalogens
• ALMA, PILS,
IRAS16293
• Detection of
methyl chloride
(chloromethane),
CH3Cl
• 35Cl/37Cl=2.1±0.4,
consistent with the
value in HCl
• More spatially
extended than
methyl formate
• Upper limits for
fluorinated
homologue CH3F
Fayole et al. 2017

Cometary Organohalogens

• ROSINA, 67P/
ChuryumovGerasimenko
• Similar abundance
with respect to
methanol as in
IRAS16293

Fayole et al. 2017

Abiotic Synthesis of COMs
• Organohalogens (halogen + C) are widely used
in industry as solvants, coolants, insecticides,
polymerized in manufacturing of PCV and
Teflon, CFCs, and for synthesis of many drugs
• Also produced by natural processes, mainly
involving biosynthesis by living organisms
• Most of the chloromethane emission on Earth
is caused by the biomass
• Organohalogens have been suggested as
biomarkers in exoplanet atmospheres (O2, O3,
H2O, CH4, NO… — no smoking gun)
• Detected on Mars by the rover Curiosity
• Organohalogens present in comets may have
been originally formed in the protosolar nebula
• Possibility of an abiotic, pre-planetary origin of
organohalogens in exoplanet atmospheres
• Survivability of organohalogens and organics in
general during their delivery onto planets?
Agundez et al. 2017

Water Trail from Clouds to Oceans
TW Hydrae
L1544

Caselli et al. 2012
Hogerheijde et al. 2011

OMC
G. Melnick,V.Tolls

• Clouds ➟ Cores ➟Disks ➟ Planetary systems
• Origin of Solar System materials
• HSTDM: extend the frequency range to 600 GHz

Origin of Earth’s Water

Snow Line
Akeson 2011

• Volatile-depleted primitive materials
similar to current chondritic meteorites:
“building blocks” of terrestrial planets
(Drake & Righter 2002)
• Origin of the Earth’s oceans is intimately
associated with the nature of these
building blocks
• Prevailing model:
• Temperature at 1 AU was too high for
water ice to exist in the accretion disk
(“snow line” at 2.7 AU)
• Earth accreted dry
• Water, and probably also organics,
were most likely delivered by external
sources, such as comets or meteorites
• D/H ratio: forensic “isotopic
fingerprinting”

D/H Pre-Herschel
Comets

•
•
•
•
•

Hyakutake/CSO

Protosolar D/H ratio in H2 is ~2.5x10-5 (same as the Big Bang)
Earth's ocean ratio (Vienna Standard Mean Ocean Water) is 1.56x10-4
D/H in water in Oort cloud comets is ~3x10-4
Most probable source of Earth water: ice-rich reservoir in the outer asteroid belt
Comets could have contributed less than 10% of the Earth water

Herschel

Hartogh et al. 2011, Lis et al. 2013, Bockelée-Morvan et al. 2012

• D/H in two Jupiter Family comets consistent with the VSMOV value
• A low D/H value measured in an Oort cloud comet
• The high pre-Herschel D/H values are not representative of all comets

Rosetta

• Confirmed by Rosetta
• 67P ChuryumovGerasimenko
• D/H three times
VSMOW
Altwegg et al. 2015

• “Grand Tack” model—inward then outward migration of Jupiter and Saturn leads to
complete disappearance of the gas disk (few Myr; Walsh et al. 2011)
• 2005 Nice model: migration of Saturn into 1:2 orbital resonance with Jupiter leads to
disruption of outer disk (~880 Myr; Gomes et al. 2005; Morbidelli et al. 2005)
• Up to 90% of comets in the Oort cloud may have been captured from other stars in the
Sun’s birth cluster (Levison et al. 2010) — need a larger sample!

Future of FIR Spectroscopy
Observing
Beyond the Light

Following the rise of dust & metals in galaxies and the path of water
across cosmic time to Earth and other habitable planets
Tracing the Signatures of Life and the
Ingredients of Habitable Worlds
Origins will trace the trail of
water through the stages of
star and planet formation,
to Earth itself and other
planetary systems, while
also characterizing
water and greenhouse
gases in potentially
habitable worlds.

•
•
•
•
•
•

SOFIA 4GREAT—MPIfR Bonn, HIFI Bands 1
and 4 (LERMA and SRON HIFI legacy mixers)
OST (LERMA leads a study of a European
heterodyne instrument, HERO)
Millimetron—RAS/Roscosmos
Balloons: GUSTO (2021), HD?
CSS/HSTDM
Probe-class missions? CubeSats?

Origins will trace the
metal enrichment
history of the Universe,
probe the first cosmic
sources of dust, the earliest
star formation, and the birth
of galaxies.

Charting the Rise of Metals,
Dust, and the First Galaxies

Unveiling the Growth of Black Holes
and Galaxies over Cosmic Time
Origins will reveal the coevolution of super-massive
black holes and galaxies,
energetic feedback, and
the dynamic interstellar
medium from which
stars are born.

Origins will chart the
role of comets in
delivering water to the
early Earth, and survey
thousands of ancient
Trans Neptunian Objects
at distances greater than
100 AU and down to sizes of
less than 10 km.

Characterizing Small Bodies in
the Solar System

The Origins Space Telescope is the mission concept for the Far Infrared Surveyor, a study in
development by NASA in preparation for the 2020 Astronomy and Astrophysics Decadal Survey.

•

Summary

•

•
•
•
•
•
•

ESO

Herschel has provided a comprehensive view of the
FIR universe, not obscured by the Earth’s atmosphere
Velocity-resolved spectra are key for investigations of
the chemical complexity and physics of galactic ISM
sources (new species, e.g., H2O+, OH+, H2Cl+, HCl+,
ArH+, O2, …)
The sensitivity and angular resolution of ALMA is
revolutionizing chemical studies of hot cores and hot
corinos
Detections of COMs in solar-type protostars
Comparison with meteorites and cometary materials
Chemical models often unable to reproduce the
observed abundances
Key importance of laboratory experiments
Measurements of D/H ratio in a large sample of
comets are of key interest for understanding the
origin of Earth’s oceans

