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A comet 1s...

© One of many (several thousand known, total
population may be a trillion)

© Rarely a spectacular show for the ground-
based observer

© Made of refractories (rocks and dust) and
volatiles (gas and ice)

© Relic of our Solar System’s formation

© An object we can probe in situ!

Could a comet tell us the
exact chemical ingredients
of our Solar System?

Comet C/1995 O1 (Hale-Bopp) on 4 April 1997
E. Kolmhofer, H. Raab; Johannes-Kepler-Observatory, Linz, Austria
(http://www.sternwarte.at)



http://www.sternwarte.at/
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© Dust-to-Water
mass ratio # Dust-
to-Volatiles mass
ratio # Refractory-
to-Ice mass ratio

© 0.64-7.5 range for
67P/C-G

(Choukroun et al. 2020 and
the references therein)

© “Icy mudballs” or
“Dirty snowballs™??

Figure 15-26
Universe Tenth Edition
© 2014 W. H. Freeman and Company;
Inset: NASA/JPL




Where do comets come from today?

Comet reservoirs Jupiter-Family comet (JFC)
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67P/ Churyumov-Gerasimenko

From afar... & And up close!

Comet 67P/Churyumov-Gerasimenko on 24 July 2015
Colin Snodgrass / Geraint Jones / Liverpool Telecope

03/02/2015;
ESA/Rosetta/NAVCAM,
CC BY-SAIGO 3.0
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Double Focusing magnetic Mass
Spectrometer (DEFMS)

mass range 12 — 150 amu

mass resolution of 3000 for m/z = 28 at 1%
peak height

45 eV electron bombardment

Reflectron-type Time-of-Flight mass
spectrometer (RTOF)

mass range 1 — 300 + amu

mass resolution of 500 + at 1% peak height

COmet Pressure Sensor (COPS)
two pressure gauges measuring density and
velocity of the cometary gas

ROSINA measures coma gases

ROSINA

(Rosetta Orbiter Spectrometer for Ion

and Neutral Analysis)
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Highly-volatile molecules

ROSINA measurements of CO, N,, O,, noble gases indicate that the interior of comet
67P/C-G was not subject to significant heating since its formation

CO/H2O = 3.1 i 0.9 % N2/H2O = 0.089 i 0.024 % 02/H20 = 3.1 i 1.1 % (Rubin et al. 2019a)

Detector signal in 20s integration
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o
2 THE COMETARY Z200: GASES DETECTED BY ROSETTA

THE LONG CARBON THE AROMATIC RING
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Are cometary molecules found
beyond our Solar System?

40 of the 71 parent species in 67P/C-G are also detected in
prestellar and/or protostellar sources

Most isotopic ratios in volatiles of 67P/C-G are non-solar

Altwegg et al. 2019
(also, e.g., Le Roy et al. 2015; Calmonte et al. 2016; Gasc et al. 2017; Altwegg et al. 2017a, 2017b,
2019; Rubin et al. 2018, 2019a, 2019b; Schuhmann et al. 2019)

Let’s perform a quantitative comparison with
the Rosetta-ROSINA data!

=> We need an analogously complete chemical
inventory of a star-forming region...

IRAS 16293-2422

1" (120 AU)
| s |

Unbiased Protostellar Interferometric
Line Survey (ALMA-PILS)

PI: Jes Jorgensen
329 — 363 GHz (Band 7)

On small 70 au scales

(e.g., Jorgensen et al. 2016, 2018; Coutens et al. 2016;
Lykke et al. 2017; Ligterink et al. 2017; Calcutt et al. 2018b;
Drozdovskaya et al. 2018; Manigand et al. 2019;
van der Wiel et al. 2019)




Molecular mventory of IRAS 16293-2422 B versus

CHO-bearing molecules
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P- and Cl-bearing molecules were also probed for the first time.

n(X)/n(CH,0H) (67P/C-G)
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N-bearing molecules
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S-bearing molecules

n(X)m(CH,SH) (IRAS 16293-2422 B)
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IRAS 16293-2422 B

N(N-X) / N(CH;CN+CH;NC)
N(S-X) / N(CH,SH)
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Drozdovskaya et al. 2019

Protostellar and cometary
molecular .mnventories
correlate

o CHO-, N-, S-, P-, and Cl-bearing volatiles correlate
between protostar IRAS 16293-2422 B and comet
67P/C—G, with some scatter

o Cometary relative abundances tend to be higher than
protostellar for CHO- and N-bearing species:

o Are volatile molecules destroyed near the protostar before
entry into the protoplanetary disk?

o Have more been produced by the time of incorporation into
the comet?

o Could it stem solely from variations in the reference
molecules (CH;OH and CH;CN)?

Inheritance, alongside some chemical alteration!




Water deuteration

intensity (arb. units)
intensity (arb. units)

1 L ¥ D/H = (5.3 + 0.7) x 10~*, which is 3 times the
y N % terrestrial value (altwegg et al. 2015)

18.98. | 18.;)9 i.9.()() 19.01 ]9.()5 19.03 20.00 20.02 2(;.()4
m/z mlz . . .
D,0/HDO relative to HDO/H,0 = 17, while 0.25 is
statistically expected (altwegg et al. 2017a)

D/H is consistent for both lobes of the comet
(Schroeder et al. 2019a)
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(a) Normal methanol

D-methanol (CH;0D + CH,DOH) / CH;0H = 5.5 + 0.46 %

D,-methanol (CH,DOD + CHD,OH) / CH,0H = 0.00069 +
0.00014 %

First-time detections of these species in a comet

D/H ratio = 0.71 — 6.6 %
(accounting for statistical corrections for the location of D in 0 W

the molecule and including statistical error propagation in the mz
ROSINA measurementS) (b) Mono-deuterated methanol
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prestellar core

low-mass protostar

high-mass protostellar object (HMPO)
comet
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forms from CO hydrogenation could form via H-D exchange
to CH;OH and subsequent H-D reactions in OH-R in the
substitution reactions in CH;-R presence of deuterated water ice

METHANOL DEUTERATION FROM
STAR-FORMING REGIONS TO COMETS

The cometary D-methanol/methanol ratio agrees most closely with that in prestellar cores and
low-mass protostellar regions.

Drozdovskaya et al. 2021




CONCLUSIONS

XUMHUYECKUH COCTAB HOBOPOXKAEHHOU COJTHEUHOU CUCTEMBI BKJIIOYAET CJIOKHBIE OPTaHUYECKHUE
BeI[eCTBA U COJEPIKUT MOJHBIU HAOOP 5J1IeMEHTOB, BA’KHBIX JIJId PAa3BUTHUA KU3HU.

O6Hapy»keHHe BBICOKOJIETYUHNX BEIIECTB U BHICOKOTO YPOBHSA JleTEpUPOBAaHUA MOJIEKYJ (BOJIBI U
MeTaHOJia) yKa3dblBaeT Ha xoJoHoe (10 — 20 K) npoitioe komeTsl 67P/YypromoBa —

['epaciMeHKO U €€ IPOUCXOXK/IEHHE.

Cx0KeCTh XMMHUUYECKUX COCTAaBOB KoMeThl 67P/UypomoBa — ['epacuMeHKO, OKOJIO3BE3THOTO
nucka IRAS 16293-2422 B u gpyrux peruOHOB, B KOTOPBIX GOPMHUPYIOTCA HOBOPOK/AEHHBIE
3BE3/1bl, IO3BOJIAET IIPEANOJIOKUTD, UTO BCE MPOTOIJIAHETHBIE JUCKU MOTYT COZIEPKATh CXOXKHE
BeI[eCTBA B PAHHUX CTAJAUAX CBOETO PAa3BUTUA.

All further details: Drozdovskaya et al. 2019, Drozdovskaya et al. 2021 and the references therein




