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Comets

*¢* Primitive icy bodies :

remnants of the small bodies
which formed the outer planets

*¢* Chemical composition :

that of the solar nebula, the Solar

proto-planetary disk

** Cluesto:

— Solar System formation and evolution

— Origin of the volatiles in telluric
planets
— Origin of Earth oceans

*+* Two reservoirs of comets:

— Qortcloud

— Kuiper Belt



152 years of comet spectroscopy

28 molecules
40 atoms, radicals, ions

Isotopes



Space exploration of comets

Comet Mission Date Distance Velocity
21P/Giacobini-Zinner ICE 11 Sep.1985 7800 km 21 km/s
1P/Halley VEGA 1 6 Mar.1986 8890 km 79 km/s
1P/Halley Suisei 8 Mar.1986 150 000 km

1P/Halley VEGA 2 9 Mar.1986 8030 km 77 km/s
1P/Halley Sakigake 11 Mar.1986 7 000 000 km

1P/Halley Giotto 14 Mar.1986 596 km 68 km/s
26P/Grigg-Skjellerup Giotto 10 July 1992 200 km 14 km/s
19P/Borrelly Deep Space 1 22 Sep.2001 2170 km 17 km/s
81P/Wild 2 Stardust 2 Jan.2004 236 km 6 km/s
9P/Tempel 1 Deep Impact 4 July 2005 30-500 km 11 km/s
103P/Hartley 2 EPOXI 4 Nov.2010 694 km 12 km/s
9P/Tempel 1 Stardust-NEXT 15 Feb. 2011 181 km 11 km/s
67P/Churymov-Gerasimenko Rosetta 2014-2016 0-50 km <0.1km/s




- Review cometary ice molecular composition
v'Volatile composition from spectroscopy
v'Chemical diversity
v'New findings from Rosetta
v'Formation mechanisms of cometary volatiles

* |sotopic composition: H, N, O



Spectroscopic investigations of
cometary volatiles




First comet spectrum Fas ) “’Z’_ﬁ,&ﬂér

observed by G. B. Donati Zu 1488 d. Astr Nachr.
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Spectroscopy of cometary atmospheres

**From the UV to the radio

** Main excitation/emission processes

* Fluorescence emission pumped by Solar Radiation
parent & daughter species

* Prompt emission : e.g. O'D (visible), OH* (IR)

e Electron impact excitation

e Collisional excitation



Visible spectroscopy

Hutsemekers et al. 2005
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UV spectroscopy

OAO-2/NASA: First UV spectrum of a comet International Ultraviolet Explorer: 1978-1996
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radicals

OH, CH, NH, NH,
CN, C,, C;, CS, NS, SO
CN, C13C, C5N, CS

atoms H, O,C, S
Na, K*, Cr*, Ca*, Mn*
Fe*, Ni*, Cu*, Co*, V*
ions O+, C*+, Ca*™

H,0*, H,0*, OH*
CO,*, CO*, HCO*
CH*, N,*

* only in sungrazing comets
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Infrared spectroscopy

IKS/VEGA: 1P/HALLEY
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Infrared spectroscopy (High Res)

IRTF and 10-m class telescopes
Dello Russo et al.
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Rodionce (f m—2 sr—1 mu-1)

Rosetta/VIRTIS-H spectra at perihelion
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Millimeter/Submillimeter spectroscopy

23 molecules detected starting with HCN in comet Kohoutek

C/1995 01 (Hale BOPP) C/2014 Q2 (Lovejoy)

: CH OHCHO

17P /Holmes

251 83 GHz HNCO 263 '?5 GHz

Main beam brightness temper

Main beam brigthness temperature (K}

. - -5 0 5
Velocity (km s 1) Biver et al. 2015 Velocity (km/s)

Bockelée-Morvan et al. 2000 ]
Bockelée-Morvan et al. 2008



Millimeter/Submillimeter spectroscopy
Observation of water vapor

Submillimeter, far-IR : SWAS, Odin, Herschel, MIRO/Rosetta

Herschel/SPIRE comet 103P

Herschel/HIFI, comet C/2009 P1 -
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Molecular composition




H,0

Comet composition based % >10
o, ' >10
on spectroscopy
CH, >10
CaH, >10
CaHg >10
* 28 molecules detected CH40H >10
, H,CO | >10
* Several complex organics now HCOOH 9
: HCOOCH4 2
detected in several comets CH,CHO 3
(CHZOH), 4
* Complex molecules are abundant C.H0M .
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NH,CHO 4
* Diversity in relative abundances KH o
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Composition diversity : CO, CO,

CO, : AKARI infrared observations
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Comet ID#
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Comet ID#
1:8P/Tuttle
202006 M4 (Swan)
3:C/2000 WM 1 (LINEAR)
4:C/1999 54 (LINEAR)
5:C/1989 X1 (Austin)
6:C/1999 H1 (Leg)
7:C/2006 P1 (McMaught)
8:C/2007 N2 (Lulin)
/1979 Y1 (Bradfield)
10: 1P/Halley
11:C/2001 A2 (LINEAR)
12:C/2012 F6 (Lemmomn)
13:C/2007 W1 (Boattini)
14: 153P/keya-Zhang
15:C/2004 Q2 (Machholz)
16:0/1990 K1 (Levy)
17:C/2001 Q4 (NEAT)
18: C/2013 R1 (Lovejoy)
19:C/2009 P1 (Gamadd)
20: C1995 01 (Hale-Bopp)
21:C/1996 B2 (Hyakutake)

2201999 T1 (McN-Hartley)
\ 23:C/2008 Q3 (Gamadd)




Distributed sources of gases

*Relative abundances increase with decreasing heliocentric

] H,CO | distance: HNC, H2CO, NH3, CH30H, CS
=1 : Spatial distribution not consistent with release from the
S o8 + ; nucleus: HNC, H2CO
S o6 | - *Thermal degradation of macro organic molecules :
04 ‘ m | : Experiments on H,CO and HCN polymers
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Distributed sources of H,CO and HNC
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New findings from Rosetta
on cometary volatiles



CHAINS
Methane
Ethane
Propane
Butane
Pentane
Hexane
Heptane

THE ALCOHOLS
Methanol

Ethanol

Propanol

Butanol

Pentanol

A HARD CRUST
Sodium
Potassium

Silicon
Magnesium

www.esa.int

THE AROMATIC RING
COMPOUNDS

Benzene

. Toluene

Xylene
Benzoic acid
Naphtalene

THE VOLATILES
Nitrogen

Oxygen

Hydrogen peroxide
Carbon monoxide
Carbon dioxide

THE “SALTY" BEASTS
Hydrogen fluoride

Hydrogen chloride
Hydrogen bromide

Phosphorus

Chloromethane

THE KING OF THE Z00

35

Glycine (amino acid)

THE BEAUTIFUL

AND SOLITARY N1

Argon
Krypton

Credits: Based on data from ROSINA

THE "MANURE SMELL"
MOLECULES

Ammonia
Methylamine
Ethylamine

THE “SMELLY"

MOLECULES
Hydrogensulphide
Carbonylsulphide
Sulphur monoxide
Sulphur dioxide
Carbon disulphide

THE "EXOTIC" MOLECULES

Formic acid
Acetic acid
Acetaldehyde
Ethylenglycol
Propylenglycol
Butanamide

&L

4

THE “POISONOUS"
MOLECULES

Acetylene !
Hydrogen cyanide
Acetonitrile
Formaldehyde

THE "SMELLY

AND COLOURFUL"
Sulphur

Disulphur

Trisulphur
Tetrasulphur
Methanethiole
Ethanethiol
Thioformaldehyde

THE MOLECULE
IN DISGUISE

Cyanogen

European Space Agency

Gas phase compounds detected by the Rosina mass spectrometer onboard Rosetta
Copyright: ESA/Rosina team




Detection of glycine and amines

in comet 67P

Altwegg et al. 2015, Science Advance
. CHlso @ .

1000

* Glycine (C,H:NO,)
* Methylamine (CH;N)
* Ethylamine (C,H,N)

1000 -

100 +
100 5

Particles/20 s

10 5 3
104

Abundance ratios: : :
MEHVGW:I*J'QS m%zwsmmswzwmsmewmamo%

13co2

Eth/Glyc = 0.3 +/- 0.2 10,000 oy ”éS?NZ

1000 + - 10-

* Glycine radial distrib. consistent
with production from heated grains

Particles/20 s

100 +

*  Other amino acids (as alanine) oo
not found o lhh ﬂ /[ : E: 28
«  Amino acids other than glycine 44.90 4495 4;.'20 | 4505 4510 7490 7495  75.00 . 7505 7510 7515

need liquid water to form
* Formation of glycine by radical addition mechanisms on icy grains in the solar nebula or presolar
cloud



Sulfur chemistry in comet 67P

Calmonte
et al. 2016

* Detection of atomic sulfur, unknown origin
* SO present as parent species
* Detection of S,, S;, S,

— S, has very short lifetime: if formed in the pre-solar cloud, this implies that interstellar ices in
condensed form were incorporated in comets

— Formed by radiolysis of H,S ? But high amounts of S,H & H,S, are formed during radiolysis
contrarily to what is measured



Large abundance of O,

3 ¥ Full data sat b 3 ¥ Ful dala set G ¥ 172300t 2014
10ir (XK 1723 Oct. 2014 XX 1723 Oct 2014 :
1: Species Relative Abundance Relative Abundance
IF/Halley 67P/ Churyumov—Gerasimenko
] HO 100%* 100%:*
O 37 £ 178" 380 £ 0BSHS
m?:nﬁ‘ T T TR 1o T I 10 1022 I o 1."3.".:.:.:.'.."“:..?'"
o, co N, | f\ - EEmim
* Unexpected discovery q S\
* O, abundance of 4% in 67P (Bieler et al. 2015) ol IV \|
. . . . ko
* O, found in 1P/Halley from a reanalysis of Giotto data (Rubin et al. 2015) E / WAL
* O, production correlated with water production “‘J WA
* Uncorrelated with highly-volatile species (N,, CO, CO,) o RN i
w'e (Died

* Proposed formation mechanism
* through radiolysis of H,0 ice by cosmic rays in the presolar cloud (Mousis et al. 2016)
(radiolysis is not fast enough for formation in the solar nebula)
* dark cloud chemistry (gas-phase + grain chemistry) with moderate T, and high H/O and
density conditions (Taquet et al. 2016)
* through dismutation of H,0, (Dulieu et al. 2016) : 2x H,0,->0,+2xH,0



Origin of cometary volatiles



About 180 interstellar/circumstellar identified molecules

Number of Atoms
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A Typical Interstellar Ice Absorption Spectrum
as Measured by the ISO Satellite

(H20)

m ailicaia

NGC 7538 IAS9

Courtesy Doug Hudgins




Ice Abundances in the ISM and in Comets

Species Protostars Comets
H,O 100

CO 1-15 (polar)

1-50 (apolar)

CO, 15-40

CH, 1-4

CH,OH 1-35

H,CO 3

OCS 0.05-0.18
NH, 3-10

C,Hg <0.4
HCOOH 3

N, ?

OCN- 0.3-2.9

HCN <3



Cometary molecules : the ISM connexion
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Abundances relative to CH,OH
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POLYCYCLIC
METHANOL AROMATIC
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CH,OH

methanol

H,CO
formaldehyde
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Formation processes for cometary molecules

* Similarity between ISM and cometary ices - same formation pathways

* Laboratory experiments : direct evidence of complex species formation by
H-atom addition, H-abstraction followed by radical recombination

ﬁC[O}GHO

HC(0)CH,0H | Glycolaldehyde

Process occurs at low T
without external trigger
(e.g. UV)

2H

Methyl formate HC(0)OCH,

2H

H,C(OH)CH,OH ‘ Ethylene glycol

Chuang et al. 2016

Methanol



Isotopic composition of cometary
volatiles




D/H ratio in comets and the Solar System

0.001

4| 2007N3

200277

—-
—— Tuttle

| E7F

Hartley 2
45F

—- Hale—Bopp

—— Enceladus
B B Halley
—— Hyakutake

a4 lkeya—Zhang
H  Z00%P1

Eart

0.0001

D/H ratic

!

——
—

0.00001

odo 5 U N Cort cloud Jupiter family




Intensity (mK)

Ocean-like water in the Jupiter-family comet

103P/Hartley 2

Paul Hartogh!, Dariusz C. Lis?, Dominique Bockelée-Morvan®, Miguel de Val-Borro', Nicolas Biver®, Michael Kiippers®*,
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Comets take pole position as

water bearers

Matching chemical signatures indicate that Kuiper

comets brouaght water to Earth.
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Detection of HDO in an Oort cloud comet

C/2009 P1 (Garradd): HDO(1;0—1g1) 509GHz: 6.43 Oct. 2011
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Bockelée-Morvan et al. 2012
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D/H ratios in molecules other than water
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D,0 & HDS measured in 67P

*D/H in H,S ~ 1073



* isotopic exchange between H,0 and HD and turbulent mixing in an evolving Solar Nebula
* the Solar Nebula is here not anymore accreting mass from the presolar cloud
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Model Predictions for D/H in comets

103 -
: Deuterium
T r| C h wa te r
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Cometary Domain ' disk

Deuterium
/ poor water
transported
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disk at early
times
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| 101 1 10 Yang, Le et al. 2013
Distance from the Sun (A.U.)

Unlike previous models, the solar nebula is continuously accreting D/H-enriched material



Diversity is consistent with radial mixing of planesimals —
Grand Tack model
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» Grand Tack: inward then outward migration of Jupiter and Saturn

* Type 2 “inward migration” in gaseous nebula

* Explain Mars mass and distribution of S/C/D asteroids in the main belt
* TNOs on eccentric Earth-crossing orbits



Isotopic ratios from UV or Visible spectroscopy
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A section of the UVES spectrum of the CN (0,0) violet band in comet 88P/Howell (m,_ ~ 8.0).

MMHMMWM# 12 hrs exptime);
20151 and "1 with the adopted isotopic abundances.

Thin (red) line: spectrum
The lines of %wnmmmm& BCHN by the tall ticks. The quantum
numbers of the R lines of 2C'*N are also indicated.

Hutsemeékers et al. A&A 2005




Isotopic ratios in volatiles : nitrogen

Measurements in CN from UV spectroscopy
(different colors correspond to different dynamical classes and Tisserand parameter)
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* Isotopic anomalies in the *N/"N ratio : enrichment by a factor of 2 in >N
wrt the terrestrial value (=272) measured in 18 comets (mean = 148+/-6)

« “N/N identical in JFCs and OCCs, but one comet (73P) is less >N-enriched
* no variation with heliocentric distance: if there are several sources of CN,
they share the same isotopic ratio



Isotopic ratios in volatiles: nitrogen

Measurements in HCN Measurements in NH; from NH,
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* 12 comets
N/1°N =130 (Rousselot et al. 2014)
* C/2012 S1 (ISON)
_ _ Y“N/N =139 +38 (Shinnaka et al. 2014)
S T * C/2012 F6 (Lemmon)
~Selocity (km/s)” 14N/15N = 137 £ 45 (Decock et al. This conf)

Bockelée-Morvan et al. 2008

* HCN and other major parents of CN are equally enriched in >N
* Same >N enrichment in HCN and NH,
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Interpretations of °N enrichment

* In proto-stellar sources : dichotomy between CN-bearing (*°*N-rich) and NH; (no fract.)

* Gas-phase chemical models of the ISM : two pathways for >N fractionation

(Rodgers & Charnley, 2008) B
-to N, and NH; (slow: 108 yr) .“' """"" -
- from N to HCN and other nitriles (rapid: 10° yr) coef
v’ consistent with ISM sources
. . N, H He Het| | “N,
v’ comet material : longer time scales ?

* Grain-surface chemistry : @

formation of ammonia from *>N-rich atomic N ? HC"NH"J JH

* Models considering self-shielding of N,
photodissociation (Heays et al. 2014)
v" explain >N enrichment in HCN

e =
. Ta
v’ less clear for NH, l

Wirstrom et al. (2012)



Comparison with prestellar cores
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Table 1. Interstellar Nitrogen Isotope Ratios

Source Type NHs NoH ™8 HCN HNC CN Ref.
L1544 dark core >700 10004200 69-154  >27 00475  4,1,3,3,9
1000200 140-360 1,2
L1498 dark core 6194100 =75 =090 0075 3,339
=813 5
L1521E dark core 151416 5
L1521F dark core 539+118 =51 24-31 3.3.3
L1262-core dark core 356107 =297 3.3
17579 3
L183 dark core 5304550 140-250 4,2
NGC 1333-DCO™* dark core 360+350 4
NGC 1333-4A Class 0 protostar 3444173 6
=270 4
Bl  Class 0 protostar 300455 >600 165430 75432 240 10,10,10,10,9
334450  400440° 6,10
4704170 4
L1689N Class 0 protostar 8104528 e . 4
Cha-MMS1  Class 0 protostar 7204312 135 16,7
IRAS 162034 Class 0 protostar e 163420 242432 13
R Cr A IR5STE Class 0 protostar 2874136 250+34 13
OMC-3 MMS6 Class 0 protostar . e 366186 460+65 13
L1262-%¥ 50 Class | protostar 4534247 =410 3.3
=410 3
Several Massive starless cores 65-1100 330-400 15,15
180-1445% 15
Several  Massive protostars 190-1000 190-450 15,15
1580-1300 15
Several UC HIT regions 320-900 230-430 15,15
350-700 15
Comets JFC & Oort Cloud 127% 139426 135-1707 11,128

References: (1) Bizzocchi et al. (2013); (2) Hily-Blant et al. (2013a); (3) Milam & Charnley (2012), Adande et
al. (2015); (4) Gerin et al. {2009); (5) Ikeda et al. {2002); (6) Lis et al. {2010); (7) Tennekes et al. (2006); (8)
Hutzemékers et al. (2008); (9) Hily-Blant et al. {2013b); (10) Daniel et al. (2013); (11) Rousselot et al. (2014);
(12} Bockelée-Morvan et al. (2008); (13) Wampfler et al. (2014); (15) Fontani et al. (2015); (16) Cordiner et

al., private communication.

Wirstrom et al
2016



Isotopic ratios in volatiles : oxygen

160/180 in H,0 only
Only a few measurements available : :
* From the Giotto NMS in 1P/Halley : 518 + 45, 470 £ 40 | |
(Balsiger et al. 1995, Eberhardt et al. 1995) S - L] T e
*Detection of H,80 in the submillimeter in 4 comets (Biver et al. 2007)
using the Odln satellite 530 60, 530 + 70, 550 *+ 75, 508 + 33
* Measurements with Herschel in C/2009P1 : 523 + 32 (Bockelée-Morvan et al. 2012)

*Rosina/Rosetta in comet 67P: terrestrial (Altwegg et al. 2015)

McKeegan et al. 2011

Values consistent or slightly higher than the terrestrial value (=499)

L T
Heavy water /

* Detection of 20H in the UV at VLT 20
160/180 =425 £ 55 in C/2002 T7, 300 + 150 in C/2012 FF
(Hutsemekers et al. 2008, Decock, this conf) :?
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Summary

K/
0’0

Remote sensing spectroscopy provided important results concerning comet
composition

e

*%

> 20 molecules can be routinely detected in bright comets (> 10%° mol/s)
Sensitivity allows isotopic ratios to be measured

Origin of chemical diversity still elusive but seems to be in part primordial
Major steps done by the Rosetta mission : measurements still under analyses

New identifications also expected with available or next-generation
instrumentation (especially if extraordinarly bright comets are passing)
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*%

Comet ice composition shows strong similarities with interstellar clouds
Differences exists, e.g., regarding isotopic ratios D/H, **N/*>N
Cometary molecules formed in very cold environments, likely in the presolar cloud

However comets contain also material formed in the solar nebula, even close to the
star
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