The volatile composition of comet
67P/Churyumov-Gerasimenko

Martin Rubin and the ROSINA Team

The Cosmic Cycle of Dust and Gas in the Galaxy
Rencontres du Vietnam, Quy Nhon, 9 July 2018




Star forming region

Giant Molecular Cloud

Interstellar
medium

" . The cosmic cycle: Protoplanetary
Evolution of the material nebula
Starting conditions
Chemistry

Physical conditions (d, T, t) 0

Evolution of life

I+l




From the coma and nucleus to deciphering ..
the Rosetta stone

The ultimate goal of
Rosetta

':‘:’5 .‘skm\M&' -;'FIE’&

7l ok £ DWADTESZLSRETIA

5u2 ": b4 7 3001 }':“r( w’qu:\
2P e YL EEAZUONEE Y l.n-nﬂ‘

AN L "_‘
DeCIDher the Orlgln Of the el YR T R M SN R I T S 2 0]
"7 y . -mw b I Qﬁ?;y KDl R anuie ‘!hl"nv}&/ﬁ/’“)‘u‘!‘p

| an] A a ’ v A -C ) \
",/ oy ,\‘m-’uh dayatimet o TATTIK i Bk e T sty
122 je -u\/u)u JAT LT vt uunhurmln-‘b/)rsus.dfw-murp.) ,\NUaL.L‘v,W.n
W 1,~ /)ILKL(-'—Jh)‘])u?)ﬂ'l\b)\\&"‘ 2L lo0 -1t | Tl kaiqpar) NN,
= :].m-u L e g lm”..(,,.,r y.m-m« 2 uaf.f\u«mozsqm_, ;&\unk
D),

teno e v A 1
Sxeraut 1o10 cao 22 fAp [ Ay 2031 0 {r,ﬂﬂJ;\rqi}x,pnw\wmn)x L:.—v.zlw,u 1L do; ;]’\-).\1—|n‘7.»‘l-
SO I a I S Stel I I tI Ie Ea I tI l ¢ i \ .;f,‘f’«mx,{. 55«5)«4»,\/ TR T U F RS Wea e }wkpb\lﬁ.y' ,m,\(-_»;u.l»:x 9\\3—0\«1—’4;.\1\.—'1,0,“
, TRy 3 VM I R [E ~e—v,){’x‘\g7|\”~" L SEDR v'ldn)u lr13/)(- dxuw Wwfipo! e opao N BRI
3 T 4 ,Anl‘\‘,_,v,;nnmlurxu,».)m\wb;r,( Il i) B IS, ‘_J,».uwm/m//‘"u-l/l-“‘
7 -0, 5P |7 MChe) Ryl ~‘J \)(q.x.u ‘..._-/u»p-.j 32 'qhuﬁa\
AT Wt L’ ” r N/ S ,r‘,ﬁ“p,,,“._(‘y (/ tbﬁu('ﬁ}y’)—}‘;);yr\
. y Ay A XIS AN =3 o e
m.,z.,,.,uu xJuzwllhshb/ '55_'1;: ot y;.a.,,,.b \l)_L‘ﬁg(o\..r,wm el o sj q..w,

. .
T e eI B w  2E T AN D Py NEW I -L\
! oy . AR e bm Voo gy m&»mvfklumm mm,mu-.»:a ||3./u..\ ey
a I ld I Ife b Stl Id I I l a Wi, A A 15’",.\).‘344,;«%53‘%«)\.!: a(x}:/*‘q»mu.uflwguw\ wuyd&r*émq—f ,LL'_":I*
i ald DA i k00 114135 Yot RN i ik yxur'u.\»( WQREEAS \E»\(.s |@,~1"§|

<2/ T3 PG v
F A TR PR TYINEY ﬂo_)m.y,w,jmn )_\.Qwvxl.,)lft'n 4% U wlw) ELTENES |y)p/\4“ P
AR, ‘;:‘.{J!J)Q‘j‘l(]‘,;g)L§y‘\fy',Qy R lAf\hhx.\u.tuV\Lmumu m‘/m.\u,f-x.m 18R 1, wy ’)'{"”"“
A e SR Ta Lot u By 1 AT Mol o ey VB S e mﬁr%»;uw Mt ared
v ":';m«;lv,w a8 GBS S Jr\"‘wluxm.w)lc, yhf"vl/,,, AR MLl Ty
At 1o 05 Ao e lemi A NN EY Loy 4 O T dria (5 »ﬂ»mmq/u \_1 -ML
o n;,‘(w l L,‘,g,mg‘\,..e)ﬁnmumx.:L»h L sb: T zr)'n\l' xq,‘!:‘,.)\,»_\. \:-Jnhﬂn;:(,\m»‘,.7,3':_2\,&‘1\1‘,
upw..ﬂ‘n LD I %y Wt O % W2y XA v
Skt ._J&mf‘u}‘s%m:,%,-mx:y.;;\u;«#ﬁ, o N5 g AL AL ;2-;{{?. &{aﬂeﬁf-.gkwt‘fu": e I Y et
S HIBSHD WAS 4L st . e s SN
Wit 'u,!n._u,.m/» 0 DAL T P T i[53 (40,5108 Qv DAL L Tk D v Gk WA
) SRS S G ol GO AL U AR ko PRTIATTE Jl::,\ma'.s:uﬂ,..)! ».vy.:uo’l‘r- r'm
pC’.“vﬂ.wJ v ﬂl_n_\,_“\,,” “uu p(,, 13 q,.,ﬁ.,,-.. m\a,‘w\s»Au Pt fJ\f_nnﬂ ALY Lau\llﬂ'd"\yn
R EWAR S ok vt T AR *ﬂ'*": ROy A el bao it Chea A 103 wr P ST Tt L,, )i
Ul ;‘l‘x RCoston i un ) ot ( PIEA T P10 131 ..u.«.w,,yu,m,,,,“,,,,-m..‘u«,\x» e ,,z,\\,;y_)tb,’_.’wb._JW,_
LAl Carnl s IS g Ml SIOBDES AP 03022, L0 £ DLV Al ] AT
V|0 e (0 Mo e 24T A‘\(‘M«.Lnh{at,‘L,x-,ﬁ-A\-FaL)bu[ﬂ»(lg*u (5 g eapanie guiaeap, ' ‘ﬂ‘;n
J‘—é /-','I

YHYBALIAGIRNMETAN A0 sy ToyTiana

o e

z.vn[ Kiy
Srduclt _Ev AT
o -.»Hu v'('“ '[ rv‘rrs
AR

g
SRR SR T At

= LS
X AgEEAn AREET AR
ST AN KA L e w»w 0 XLAr‘wM\rvhu v(m ThoIFIAK
n...v,mf‘n«.. ATE|AHPMENNRAVAX Y PAME N H et Ton KA AR u'mm«.. )m(-'nrp/./u,x .
HTSZTOILE v--;vwmumunn».‘/«n..z.m..m:-nmmw.‘.y ATviker
o 1 Amm SN T EPIEANKEN ToY TERGAeY THNAUSAT HTAL AN FEANE MoYS .
onfNexy P MATTALT K ran Ao sxuy
e A A v
NTREAGH
itk

AR AL

J“.vw“mnw. e i T RIS
A RUA L AT e .dm Lianpaneie
~'~-a~ﬂ;::w:;"m S T ST
v AmAS 13 TATS T A b oret A oy
o oty Ty A A ke YEKE Y et ".\»'1 o
Y vy

M,m.m." AP s T VA
THAEE T A o BATIE nl..‘.m..» rnm-y‘l

w1y -u‘.. SETARL AT YPERH il
n(yTA\v»»cn(n-lnlCA T INATMTAT 1o nxx rvanADA(-n.asn Ao
i\, A}w;x M«IA‘X'/\E‘A'KEN'I
SreTne T

wr
AL T
Rt B ASARA ki T e i
ERAY ToEev AN m-n-uwubwka "E" Jx" A
e Rt R
‘ A LIV KA
7o TAPAEAT D TANEaPTMIK A ToRE D e,
v e Y T A LAY Ta YLK D
xUE‘TA"'Vwuan:mum:muvmuniMn--mxrrmnnmKAIIW

o B || == K3 I+l
| - EHE 715







Rosetta Orbiter Spectrometer for Ion
and Neutral Analysis (ROSINA)

... measures gas density and composition in the atmosphere of the comet






Qort Cloud

Credit: ESA/Rosetta/MPS for OSIRIS Team
MPS/UPD/LAM/IAA/SSO /INTA/UPM/DASP/IDA
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2 COMET 67P/CHURYUMOV-GERASIMENKQO'S VITAL STATISTICS

_ 21.4 km?3 £ 4 7 N Rotation period
Vol : ’
f.am: 1013 kg ' N 12.40"'3 hours
Mass j b | v Spin axis:
470 kg/m? S 18kn Vg 69.3°
Density . 2 3 B 2 <5 \ - & Right Ascension
70-80% PO 64.1°

Porosity

Declination

Y4
Obliquity of the _
comet's rotational axis

Dust/gas ratio Y Equatorial axes

Spin axis
b . 53x10%
. D/H ratio

o— Average water vapour production
300 ml/s - June 2014
-600 ml/s > July 2014
1200 ml/s > August 2014

-93°C to -43°C
Surface temperature

-243°C to -113°C

Subsurface temperature

6%

Average albedo

R .;_,‘-'_dﬁfgftaf' fshape modef: €
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Credits: ESA/Rosetta/MPS for
OSIRIS Team
MPS/UPD/LAM/IAA/SSO/INTA/UP
M/DASP/IDA




Nitrogen N=—N
Oxygen
Hydrogenperoxyd




The presence of highly volatile

species tells us

e That comets were never warm

« That comets cannot have been part of a big object
(heating by radioactivity)

« That comets formed around 25 K (-250°C)

« 0O, is very puzzling, as it is very reactive. It is very
well correlated to water and cannot be formed in the
protosolar cloud. Therefore, it's most likely inherited
as part of the water ice from the presolar cloud.



Indication of molecular cloud chemistry: O,

* O,/H,0O ~ 4% observed at
67P. O, and H,O are well

correlated. Lack of H,0,
and HO,, (Bieler et al. 2015)

* O, cannot be formed in the
protosolar nebula by
radiolysis, therefore O, was
formed in the star forming
regions / molecular clouds
either by radiolysis (Mousis
et al., 2016) or gas phase
chemistry (Taquet et al.,
2016)

* O, is very well embedded in
the water ice matrix

Production rate [molecules/s]
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Time after perihelion [day]
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inbound | outbound

35 -3.0-25-20 124 2.0 25 3.0 3.5

Heliocentric distance [au]

Lauter et al., submitted to MNRAS, 2018



Cyanogen
(C2N2)
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What’s the composition of a comet? ;

Before Rosetta, we thought that....

Cometary ice contains simple molecules, which
have formed in the gas phase.

e True, but....

The refractory part (dust) is made out of Magnesium, Silicon, Iron, etc.

e True, but....



Methanethiole —\ Eyanogen
(C5N,)

(CH,SH)
Ethanethiol (C,H.SH)

Nitrogen
Oxygen N==N
Hydrogenperoxyd




Sulfur inventory of comets :

o Interstellar material contains sulfur in cosmic abundance while
presolar clouds are mysteriously depleted in sulfur

« Comets contain species which can only be formed on dust
grains (e.g. S,, S3, S4... by radiolysis of H,S?).

« They must have been inherited from the presolar cloud.
Therefore, most sulfur in presolar clouds is on grains which
explains the apparent depletion (bias in observation).

» S, is very volatile and easily destroyed in the gas phase by UV.
This indicates that it must have survived the formation of the
solar system in the ice.

« Some ice is directly inherited from our native cloud.



Sulfur species (2 — 1.25 AU) :
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C2HS5SH
0.03%

Organo-sulphur
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Propane ‘

Butane )% Methanethiole Cyanogen
Pentane 7-,;-"'" (CH;SH) (C,N,)
: 2No
Uorame : § Ethanethiol (C,H.SH) -
eptane

Benzene
Toluene

k“ropylenglycol
Butanamide

Benzoic acid
aphthalene

Nitrogen
Oxygen N=N
Hydrogenperoxyd

Propanol
Butanol
Pentanol



Hydrocarbons in comets

UNIVERSITAT

Long carbon chains seen in the volatile part (ROSINA)
Macromolecules (C-H) seen in the dust (COSIMA)
Carbon signature seen on the surface (VIRTIS)

Polyaromatic hydrocarbons detected in the volatile coma
(benzene, naphthalene,..) (ROSINA)
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Prebiotic importance: such of .22,

: : o - S
chains and rings are needed /
to form the first ' sutoctant
. ' surtacia
membrane-like structures 2 hydrophobic
s amphiphilic

hydrophilic
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Propane
Butane )7
Pentane “¥)uia
Hexane

!

Methanethiole
(CH5SH)
Ethanethiol (C,H.SH)

Cyanogen
(CN,)

Benzene'.
Toluene “
Xylene ‘
Benzoic acid

aphthalene

k‘ropylenglycol
Butanamide

Nitrogen
Oxygen N=N
Hydrogenperoxyd

Propanol
Butanol
Pentanol

Na, Si, K




Complex oxygen and nitrogen bearing
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Ethylene glycol
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Propane

Butane )77 Methanethiole Cyanogen
Pentane Y57, (CHSH) (C,N,)
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Hexane ; Ethanethiol (C,H.SH)
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Nitrogen
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b
Did comets bring the Earth’s atmosphere u

(and as a consequence organic material)? b

The answer could be hidden in the noble gases of 67P

Argon and krypton of 67P are compatible with a delivery of the
terrestrial atmosphere by comets (late heavy bombardment) without
changing the D/H in water (D/H in H,O of the comet ~ 3.5x Earth!).

The xenon in the Earth’s atmosphere is not understood. It differs
from mantle (chondritic) Xe and seems to contain a primordial source
(U-Xenon), which has never been found. U-Xe is depleted in the
heavy Xe-isotopes 134Xe and 136Xe.

The xenon in 67P has some resemblance to U-Xe. 22% of 67P-Xe
would be sufficient to explain the terrestrial atmospheric Xe.



Mass 67P:
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Comets do not contain life ...

Mass terr. oceans: 1.4-102" kg
Mass terr. atmosphere: 5.0-10'8 kg (Xe 400 ppb, 22% cometary)
Biomass: 4.0-10" kg

1.0-10"3 kg (D/I 1:1, Xe/H,O = 2.4-10"" (Marty et al. 2017),
1% organics in ice (w/o refractories!))

— 3-108 comets (1%0—1%)
— 5:10° comets (100%)
— 5:10* comets (10x)

26



ROSINA results contribute to the understanding of solar
system formation

Giant Molecular Cloud

Star forming
region

Interstellar
medium

Protoplanetary
nebula

life

Heliosphere j Interstellar Medium
Solar
system
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10 years of planning

10 years of design / construction
10 years of cruise

10 years of data analysis

Still a lot of questions
to be answered!
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