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The Solar System and the Earth are the
produ,&s of.a long amc\, complex, process.
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The Solar Svsﬁem and the Earth are the
products of a long and complex process.
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 We ere o ai.cﬁ.;, cw%” %ke Mntwv Na:j
be&ame Qa S'jSEém of Fataneﬁse«
Life emerged on Earth,
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Is life a unigque themamemam?
What kappev\ed?
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Is life a unigque phemome%am?
What kapp@.v\ed?
We follow the traces left...
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1s Liﬂf@_ o umiqu@. Phemomemam?

1) What ingredients does terrestrial
life need?

2) From where and how did it qget
those ingredients?

Whak hdpp@.med?
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What does terrestrial Life need?
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What does terrestrial Life need?

& ! ./""
-» Carbon
+ Q LL%&L@. of Nitrogew, Sulphur, Phosphorous...
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In the local ISM, the most abundant

elements not Llocked in minerals are

derc)gem, (}xvgev\, Carbomn, Nitrogem,
Sulphur...exactly what Life needs!
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Is Li;ﬂfe o umi;que ermomemom?
probably NGO

Q? Whak h&PF’QMQd? ¢

11 ‘Prob&bi.v nothing of

special... what still
happens today to newly
forming planetary systems
e 2o o e 0\ T




FROM A DIFFUSE CLOUD TO A PLANETARY SYSTEM

FROM ATOMS & SIM?LE MOLETL.ULE’S TO LIFE

v\ d ol \ o v L ¥Vif ’ % T & & O\ "' | A&AQQV)
IR 1- PRE- STELLAR PHASE coId and dense gas
B FORMATION OF SIMPLE/COMPLEX MOLECULES

2- PROTOSTELLAR PHASE: collapsing, warm dense gas
SUBLIMATION/FORMATION OF COMPLEX MOLECULES

3- PROTOPLANETARY DISK PHASE:
cold and warm dense gas
0 SIMPLE & COMPLEX MOLECULES

4- PLANETESIMAL FORMATION : grains agglomeration
STORAGE/REPROCESSING OF GRAIN MANTLE ICES

5- PLANET FORMATION AND THE “COMET/ASTEROID RAIN":
planet migration, small bodies scattering; Earth oceans formation
CONSERVATION/DELIVERY OF OLD MOLECULES + LIFE?
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FROM A DIFFUSE CLOUD TO A PLANETARY SYSTEM

“QOM A‘TOM‘S . SIM?LE MOLE’L.ULE"S TO LIFE

(adopted from Cacelli & Ceccaroll 2, AARev)
s 7. 1 PRE STELLAR PHASE cold and dense gas
e FORMATION OF SIMPLE/COMPLEX MOLECULES

2- PROTOSTELLAR PHASE: collapsing, warm dense gas
SUBLIMATION/FORMATION OF COMPLEX MOLECULES

3- PROTOPLANETARY DISK PHASE:
cold and warm dense gas
0 SIMPLE & COMPLEX MOLECULES

Davide’s & Linda’s TALKS

Stavro’s, Luis Diego & Diego’s TALKS

4- PLANETESIMAL FORMATION : grains agglomeration
STORAGE/REPROCESSING OF GRAIN MANTLE ICES

5- PLANET FORMATION AND THE “COMET/ASTEROID RAIN":
planet migration, small bodies scattering; Earth oceans formation
CONSERVATION/DELIVERY OF OLD MOLECULES + LIFE?
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LOADS OF WATER EVERY WHERE

SWASS: Molecular cloud
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CADS OF WATER EVERY WHERE

Mount Lemmon
telescope: Orion BN/KL

ISO & Spitzer

Hzo - [ T I T T T I T T T ] LA . I T T T I T T T I T T T ]
siretch bend libration lattice modes :“”]()[‘Ph()llg H‘)O large grains
HZO.T\H:3

combination

TR A (V1

background ]
star
2MASS J21240614

silicates

T
Ll

S
&

LYSO ]
envelope 1
RNO 91

silicates

Fy (watt emZu™")

Massive YSO

T
Ll

stretch AFGL 7009 S

l
1
1
I
i
|

T
I
ol

MYSO ]
AFGL 2136 ]

Gillett & Forrest 1973 | - . A
L l 6 8 10 20 40 60 80
e - R Wavelength [,u,m]

Boogert, Gerakines & Whittet 2015, ARAA

crystalline H20

Alp)
LYSO ]
edge—on disk |
d216-0939 ]

™ ™rTTT

Normaliz

ISO: Crystalline ice

large crystalline grains]

lllllllllllIlllllllllllll_‘

28 30 32 34 36 3.8
Wavelength [um]

-

Molinari+1999

ONIVERSITE C.Ceccarelli -Congresso Nazionale di Astrochemical & Astrobiologia -
i aioachle u Duino 2019 Ottobre

Astro-Chemical Origins



Where & how water is formed?
STARS ARE BORN FROM DENSE AND COLD CLUMPS
i " INSIDE MOLECULAR CLOUDS

L% WATER TOO

. 4 g , 3
. : .. Q;: Y ¢
& , -..- : : . . )
| _ PRESTELLAR CORES
: a oY
| 0 T<1eK

ONIVERSITE C.Ceccarelli -Congresso Nazionale di Astrochemical & Astrobiologia -
i aioachle . E Duino 2019 Ottobre

Astro-Chemical Origins




WATER IS FORMED ON THE GRAIN SURFACES

1) On the surface of cold
grains

GASEQOUS SPECIES
O,H,D

Balucani+2018

Ceccarelli+2014
SURFACE SPECIES

Iced species / H
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Ceccarelli, Viti
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WGBUT DID inberstellar WATER REACH EARTH?
The answer is blowin i khe
molecular deuberakion

1
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WATER DEUTERATION TELLS US THAT
(a qood fraction of) TERRESTRIAL
WATER WAS FORMED 4.5 By AGO
WHEN THE SOLAR SYSTEM WAS A
PRESTELLAR CORE




tnberstellar COMPLEX ORGANIC
MOLECULES (LCOMs)

Where, when and how




What about orqanic molecules?
Are &hev also everjwkere%’
How are they formed?
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What abouk organic molecules?
Are they also everywhere? yes?
How are they formed? open g

THE SAGA OF THE (COMs

(here you will ear almost only one bell...)
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WHERE? LCOMs tn PSCs

Dimethyl ether & methyl formate in L16898B;

Bacmann et al. 2012
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HOW? LCOMs n PSCs
Ex: Dimebhyl ether & me&ht nfcrma%e

Balucani, Ceccarelli & Taquet 2015

ANSWE: GAS-PHASE REACTIONS STARTED BY
METHANOCL INJECTED FROM THE GKKAIN
SURFACKES INTO THE GAS

QUESTION: WHY IS METHANOL IN THE GAS?
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WHERE? nL.OMs i HOT CORINOS
HOT CORIN halops of (COMs

(SRR Er stellar Complex OrganiORQIIRIes
A nol, methyl formate, formic "xar=¥

Q&k&&'\ et Ll L) &‘ -
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WHEKE? LCOMs i HOT CORINGS
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HOW? tCOMs it HOT CORINGS
£ thaataidehjd@.

Skouteris, Balucani, Ceccarelli et al. 2018

CH;CH,OH
ethanol L1157-B1

O
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LIRAS2A .-~
N7 /,’

CH,CHOH CH,CH,OH R Zoa
_ -7 |IrRAS16293
0 o %} .
_ AIRAS4A no OH
0.81 : "o i
H,CO HCOCH,OH -8
formaldehyde glycoaldehyde 10
Ethanol /H

Lefloch, Ceccarelli, Codella et al. 2017
ANSWEK: GAS-PHASE REACTIONS STAKTED BY
ETHANOL
QUESTION HOW IS ETHANOL FORMED?
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LCOMs L HOT CORINGS

B335 B1°C

B1-b IRAS232384hBl-2

L1455 SMM1

I

L1157-B1 SVS13-A
IRAS03245

IRAS4A |IRAS16293 T

Comets

—— Shock
+ L483 B ClassO0
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[CH,CHO]/[HCOOCH:;] rferometer

Upper Limits
Lower Limits

LCOMs EVOLUTION?
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LLBUT DID tCOMs REACH EARTH?
The answer is blowin i the
molecular deuberakion

HDCO EX1 D,CO CH,DOH BEEE DCsN E=X3 HDCS

PRESTELLAR PROTOSTARS

CORES DCN
DCO*

CLASS | DISKS
4 fi SVS13-A
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N

Bianchi+ 2020
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LLBUT DID tCOMs REACH EARTH?
The answer is blowin i the
molecular deuberakion

HDCO EX1 D,CO CH,DOH EmEE DCsN 3 HDCS

1
PRESTELLAR PROTOSTARS
CORES

CLASS | DISKS

00 s E $ = iizi SVS13-A
AR :
10 & '

U we can nfu.l.i.j understand it
—> Nadia’s kalle
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The iCOMs saga formation

(at present) TWO PARADIGMS

STEP 1: GRAIN MANTLE FORMATION: SPECIES HYDROGENATION

GAS PHASE GRAIN SURFACES

2- Grain mantle sublimation 2- UV and CR irradiation 2- UV and CR irradiation

(>100K) 3- Radical diffusion (=30K)
3- Gas-phase reactions 3- Grain mantle sublimation [ 4- Radical-radical reactions
(>100K) (=100K) 5- Grain mantle sublimation
(=100K)
Charnley, Tielens & Millar Allamandola, Bernstein, Garrod & Herbst 2006
1992 Sandford, Walker 1999
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LCOMs grain surfaces formakion?
RADICALS COMBINATION = iCOMs ¢
EX: ACETALDEHRY DE

& + Qe # :..

?
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LCOMs grain surfaces formakion?
RADICALS COMBINATION = iCOMs ¢
EX: ACETALDEHRY DE

.,‘//; +o—é0 ::+ ’

Enrique-Romero, Rimola, Ceccarelli et al. 2019

1192 < 4203
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LCOMs chemical desor fhom?
DOES THE CHEMICAL ENERGY RELEASED IN

THE REACTION LIBERATE LCOMs IN THE GAS ¢
£X: H + C0 —> HCO

ab inikio molecular

c{;jmamia'::s com gu&a&ams
Pdnkaleone+202

Answer: about 90% of
the reaction enerqgy LS
Eransmibtted ko Ehe ice

—> the remaining 10% is not enough to
Luberaﬁe HCO ﬂfrom the ice to &ke g&s
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LCOMs i MOLECULAKR SHOCKS
THE BEST LABORKATORIES TO
UNDERKSTAND THE (COMs FORKMATION

NH,CHO vs. CH5CHO 5 NGC1333—IRAS 4A
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—» Claudio’s talk
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LCOMs tn PROTOPLANETARY
DISKS

DG Tau — H2CO moment O map
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—> Davide &% Linda 5 kalkes
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BUT DID iCOMs REACH EARTHY?

DID THE 677 COMET (visited by ROSETTA)
FORMED IN A HOT CORINO-LIKE RECGION?

H,O

C,HsOH+CH30CH3
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CONCLUSIONS/WRAP-UP

Two inter-related questions:

1. Is Life a unigque phenomenon?
Very Llikely no, the major ingredients are
available i (almost) all planetary systems:
water and organic molecules,

2. What happemed?
We do not kihnow all sEeFvs v@ﬁ, espe&iauv on
the formation and fate of the orqanic
molecules — a Lot of information still to
discover and understand.
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ERC DPOC + ITN ACO

EU H2020 Initial Training Network
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erc 3‘! By
the Dawn of Organic Chemistry Astro-Chemical Origins
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< EU H2020 Initial Training Network

Astro-Chemical Origins B

CHEMICALCOMPOSITION |
& =

EARTH, COMETS
METEORITES IDPs...

SCIENTIFIC GOAL: Use the chemical
composition of present solar-like

planetary-forming systems to unveil
the early hlstory of the Solar System

PI C. Ceccarelh (UGA/IPAG) + 12 Nodes
Codella (INAF-Arcetri), Vastel (U. Toulouse), Theulé (U. Marseille), Ugliengo (U.Torino), Balucani (U. Perugia), Ascenzi (U. Trento),
Viti (UCL), Piccirillo (U. Manchester), Rimola (U. Barcellona), Neri (IRAM), Amiri (POAM), Faginas (Masterup)

WPI y "_ = ..‘;' WP 4 ') rw:;n:“ w

Objective 1: Improve the Objective 4: Develop

detection capabilities astrochemical models &
tools, and PSN model

ESRs 1-2
ESRs 14-17

-

X0 210 20 2% X L‘
wWpP2 WP3 - e

Objective 2: Setup a large Objective 3: Understa nd
database of observations the chemical processes

ESRs 3-7 ESRs 8-13
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TRAINIG GOAL: 17 students enrolled
to carry out PhD thesis in a wide

range of interdisciplinary topics
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