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The molecular composition of comets

Dominique Bockelée-Morvan

Most Rosetta results concerning chemistry are embargoed !







Composition des cometes : volatiles

Molécules identifiées dans I'atmosphére des cometes
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Comet C/2012 F6 (Lemmon): 14— 18 March 2013 — IRAM—30m
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Ethylene glycol and other CHO-bearing

in comets Lovejoy and Lemmon
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Search for HF and HCI| with Herschel

HX Comet Q(HX)/Q(H20)* (X/0)x" Depletion
(x 1074 (x10~%) factor
HC1 103P Z 1.3 6.515:3 > 61$
HCl  C/2009 P1 z 50 6.5+54 > 3+
HF  C/2009 P1 1.840.5° 0.7410-7¢  0.4124

* Depletion of CI/O > 3 wrt protosolar in HCI

* Inconsistent with HCI being the main carrier

of chlorine in the protosolar nebula

*Inconsistent with current interpretation of HCI

in dense clouds (HCl locked in grains)
but in light with HCl in L1157 B1 shock (Codella et al.
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Solar-like HF abundance to be confirmed (Rosetta ?)

Bockelée-Morvan et al. 2013)




Strong diversity !

Number of comets
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Composition de la matiere réfractaire

v'Poussiéres cométaires: silicates et matiére organique

v'Minéraux présents dans les météorites et formés a
haute température

v'Olivine cristalline, anorthite ...

v'Inclusions riches en Ca-Al, chondrules

v’ Peu de grains pré-solaires —présence de silicates
amorphes d’origine interstellaire

v’ Acides aminés : glycine

* Les cometes ont incorporé des matériaux formés
a haute température dans les régions internes de la nébuleuse
* Continuum cometes-astéroides - matériaux similaires mais distincts

ek
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Important mélange radial dans la nébuleuse avant la formation fﬁ ' 4
des cométes b’ 5 &
v'Diffusion par turbulence dans le plan du disque v y
v'Irradiation X des bords du disque '




Isotopic ratios : new measurements

Isotopic ratios in comets: key data to constrain the origin of cometary material
and Solar System formation

Measurements in cometary atmospheres

* In situ measurements (mass spectrometers, e.g. Giotto, Rosetta) or sample

return |

* UV or visible spectroscopy : radicals (CN, C,, OH, NH,)
atoms (D)

* Infrared and radio spectroscopy : molecules, radicals

Measurements are difficult but significant progresses were made recently



UV or Visible spectroscopy
high spectral resolution required
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A section of the UVES spectrum of the CN (0,0) violet band in comet 88P/Howell (m_ ~ 8.0).
Thick (black) line: mean observed spectrum (total of 12 hrs exptime
Thin (red) line: synthetic spectrum of *C*N, “*C**Nand “*C*N wuththeodopted isotopic abundances.
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Hutsemeékers et al. A&A 2005




Isotopic ratios in volatiles: nitrogen

Measurements in HCN Measurements in NH; from NH,
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*Same >N enrichment in HCN and NH,
*A factor of two versus Earth value
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Comparison with prestellar cores
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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) Hy’

-to N, and NH; (slow: 108 yr) NN €eee oo TNES

- from N to HCN and other nitriles (rapid: 10° yr) : Co.e 7 ;/
v’ consistent with ISM sources

. . N,H He* He!| |“N

v comet material : longer time scales ? i |
* Grain-surface chemistry : <_\> <j>
formation of ammonia from °N-rich atomic N ? - ,
* Models considering self-shielding of N ad —~

photodissociation (Heays et al. 2014) i @I_I_\D (i“)
v" explain 1°N enrichment in HCN X ; L' c X -

v’ less clear for NH, H”ND I CCD Y -l
| . )

Wirstrom et al. (2012)



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)
-to N, and NH; (slow: 106 yr)
- from N to HCN and other nitriles (rapid: 10° yr)
v’ consistent with ISM sources Y : | "

10f

v’ comet material : longer time scales ? § | .- /A 5
* Grain-surface chemistry : : AR N C R
formation of ammonia from °N-rich atomic N ? /;i /

* Models considering self-shielding of N,
photodissociation (Heays et al. 2014) T

v’ explain enrichment in HCN T'”‘e(yff)

v’ fractionnation of NH; depends on place in the nebula Wirstrom et al. (2012)




Correlation between D/H & 1*N/1°N
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Meteorites : 1°N and D enrichments do not always correlate : argue against
ion-molecule fractionation




D/H in cometary water (Pre-Herschel)
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Protosolar D/H ratio in H, is ~2.5x107 (same as the Big Bang)
ocean ratio (Vienna Standard Mean Ocean Water) is 1.56x10*
D/H measured in several Oort cloud comets is ~3x10*

Cometary D/H ratios represent a factor of ~12 enrichment over the
protosolar value and 2 times enrichment over the Earth ocean value

Based on the isotopic measurements and dynamical models, most
probable source of Earth water was ice-rich reservoir in the outer asteroid
belt

Comets could have contributed less than 10% of the Earth water



Deuterium in water — the post-Herschel view

C/2009 P1 (Garradd): HDO(1yp—14y) 509GHz: 6.43 Oct. 2011
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Model Predictions for D/H in comets

* 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

/ Laminar
/ 2D-mixing

log,( Water D/H)

-5 E= Elemental D/H
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I 10 Albertsson et al. 2014
r, AU

* Steady state solar nebula model
* Time-dependent gas-grain chemical model with turbulent mixing
-> Mixing model favored over laminar model



Model Predictions for D/H in comets
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Unlike previous models, the solar nebula is continuously accreting D/H-enriched material




What are the implications ?

> Current understanding of deuteration in different solar system reservoirs, or solar system
dynamics, is incomplete and has to be revisited

* Ices condensed close to the Sun would be more deuterated?

e.g., out of equilibirium chemistry at high T H,/H,0/0OH/H/O (Thi et al. 2010)

— but seems incompatible with D/H in carbonaceous chondrites

* D/H in outer disk lower than in the inner regions : recent model of Yang et al.

* Revisit origin of JFCs and Oort Cloud comets ?

JFC = Troyans formed in the vicinity of Jupiter (Horner et al. 2007) ?

90% of Oort cloud comets from other stars in the Sun’s birth cluster (Levison et al. 2010)?

» There is diversity in the D/H ratio in the comet population
Is the dichotomy between JFC and OCC real ?
Diversity within the two populations expected from Grand Tack model (Walsh et al. 2011)

» There is a continuum between asteroids and comets:
the low D/H in JFCs would argue for formation closer to the Sun ...

> The reservoir of icy bodies with Ocean-like water is larger than previously thought and
comprises likely the Kuiper belt




Grand Tack model

Radial mixing of planesimals
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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
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Conclusions

 Several key measurements in the recent years
* Isotopic diversity in the Solar System is far to be understood

*New measurements expected
- ALMA, near-IR, UV investigations
- Rosetta

v'D/H (H,0 and other species)
v'IAN/B5N (in HCN, CN, NH, ...)
v'Probe the diversity in comet population



