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Astrochemistry and Astrobiology

. ‘:".‘ '\!

Co o

DENSE CLOUD

DIFFUSE CLOUD
ACCRETION DISK

Cycle: Clouds, Dust, Stars i

+ Planets, Stellar winds, NObe

-

e !
o L __—"STELLAR SYSTEM

)
F MASS LOSS f

ZOOM TO PLANET

emergence of life:
comet + asteroid
impact ?

Credit: Bill Saxton, NRAO/AUI/NSF



... covered with thin layers
Of ices (Hzo, CO, NH3, )

are exposed to
- cosmic rays;
(protons, helium, heavy ions)
- solar/stellar wind
(H,He,C,0,5..)
- UV photons
- electrons

irradiation leads to ...
Radiolysis

fragmentation/destruction

formation of molecules
(radiation chemistry)

Desorption / Sputtering

Compactation / Amorphization
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Why?

Astrophysical materials:
Carbon containing, Silcates, ices

Ices ubiquitous in space (dust grains, molecular clouds,
icy satellites, comets, Trans Neptunian Objects, ...)

Physico-chemical evolution of icy bodies in space
exposed to cosmic rays, solar wind, magnetosphere ions

Space weathering Jr

Structure: amorphous vs. cristalline, porous vs. compact A‘,f
J

Radiolysis: radiation resistance and survival times z

of molecules in space (destruction cross sections)

Formation of new molecular species (cross sections)
Increasing chemical complexity: organics emergence of life?
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How?

laboratory
simulation:
irradiation of
Ices, silicates,
carbon
containing
molecules

Infrared Absorption Spectroscopy FTIR
+ TOF-SIMS, QMS, QMB,
UV-vis, Chromatography, Nano-SIMS

Comparison to space observations

Input to astrochemical models
(cross sections: scaling laws)
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Space observation:

33; ISO Infrared Space Observatory,
1 protostellar source W33a

Laboratory simulation:

S. Pilling et al.
Astronomy &
Astrophysics
509 (2010) A87

Topical Review: H. Rothard, A. Domaracka, Ph. Boduch, M. E. Palumbo, G. Strazzulla, E. F. da Silveira, E. Dartois

Modification of ices by cosmic rays and solar wind, J. Phys. B: At. Mol. Opt. Phys. 50 (2017) 062001
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Radiation Field in Space : complex ! (UV, e-, x-rays, ions) |
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Heavy lons: why?

- large electronic energy loss S,

- Scaling laws: S." with n = 5,1,3/,,2, ... 4)

- Unexplained findings (gas phase molecules in dense clouds... ), few data

- Astrochemistry: origin of CO, and H,SO, on Europe, emergence of life?




Elastic Collisions:

ion - (screened) nucleus Inelastic Collisions: ion — target electron
“nuclear stopping” electronic stopping” S,
A
ap tung onisation

Pertubative
Regime:

solar wirld, magnetospheres / first order

S. ~ (alv,)?

¥| Multiply Charged lons:
Potential Energy E

Aumayr, Facsko, El-Said, Trautmann , Schleberger
J. Phys Condens. Matter 23 (2011) 393001




"'ARIBE low energy

multiply charged ions

He, C, O, S, Ar, Xe:
q keV

O, Ni, Xe, Ta, Pb: High Energy: LISE
0.5to 1 MeV/u Fe: 70 MeV/u

Medium Energy: SME

O, Fe, Ni, Kr: 5-13 MeV/u




Water ice:

Sputtering,
Compaction,
Amorphization
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Irradiation of H,O ice:
formation of H,0,

The most abundant molecule
in interstellar ices:

Water H,O

Porosity:
OH dangling bonds
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Compaction of Water Ice by Cosmic Rays: Experiment 2012 GANIL-LISE

E. Dartois, J.J. Ding, A.L.F. de Barros, P. Boduch, R. Brunetto, M. Chabot, A. Domaracka, M. Godard,
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Swift heavy ion irradiation of water ice at MeV to GeV energies:

approaching true cosmic ray compaction
Astronomy & Astrophysics 557 (2013) A97
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Formation and
radioresistance




Complex organic molecules COMs

* In Astrophysics: at least 6 atomes, at least 1 C

* CH,;0H, amino-acids, nucleo-bases, proteins...

e Essential bricks for the emergence of life

* |In dense clouds, in comets (Rosetta: amino acids)

Formation in ice?

Surface lon (Cosmic rays)
(catalytic reaction) and UV irradiation
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Radiolysis: formation of S . —
. . c P Mon
prebiotic molecules ? = o e
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position® (cm™')  Assignment vibration mode .

2340 CO, CO str. at 300K: ]
2160 OCN- CN str. stable organic
2138 CO CO str. . '
1740 C=0 ester/aldehyde CO str.

1720 H,CO CO str. Res I d ues:
1694 HCONH, ? CO str.

1587 COO™ in carb. ac. salts®®  COO™ asym. str.

1498 H,CO CH, scis.

1385 CHj; groups CHj; sym. def.

1347 COO™ in carb. ac. salts®®  COO™ sym. str.

1303 CH, def.
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Frequency Wavelength Temp. Molecule
(em™") (um) (K)
2233 4.48 13 N,O
2218-2200 4.51-454 300 nitriles’
2168 4.61 13,300 OCN-
2147 4.66 300 aliph. isocyanide’
~2112 4.73 300 NCO;
1725 5.80 300 ester’
1683 594 300 amides’
1652 6.05 300 asym-N,O;
1637 6.11 13 ?
1593 6.28 300 NH; CH,COO"
1558 6.42 300 ?
1533 6.52 300 ?
1506 6.64 300 NH:CH,COO"
~1490 6.71 13 NH*
1474 6.78 13 ND%
1440 6.94 13 NI—I* CH,COO T
1415 7.07 300 NH; CH,COO T
~1370 7.30 13,300 HMT'
HCOO-
~1338 747 13,300 NH;CH,COO*
NH,CH,COO"
HCOO~
1305 7.66 13 N,0l: N,Of
1283 7.80 300 N—;D%

= glycine (amino acid)

O

¢

C,Hs;NO,

hexamethylene-
tetramine HMT

S. Pilling, E. Seperuelo Duarte, E. F. da Silveira,
E. Balanzat, H. Rothard, A. Domaracka, P. Boduch
Radiolysis of ammonia-containing ices by
energetic, heavy and highly charged ions
inside dense astrophysical environments,
Astronomy & Astrophysics 509 (2010) A87
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Radiation resistance of complex organic molecules

irradiation with swift heavy ions at GANIL and GSI
Laboratory simulation of cosmic ray effects

First results: adenine




Adenine

C5H5N;

purine nucleobase

Part of biomole-
cules of unique

importance

(ATP, DNA, RNA)

evolutionarily
preserved in all
living beings,
including viruses.

Cytosine

> Nucleobases

Guanine
0
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H

Base pair
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LA helix of
N ° sugar-phosphate
Nucleobases
of RNA

RNA DNA
Ribonucleic acid
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Cytosine
NH, l

NN

| N/ko

H

Guanine .
0

N NH
&N \ N/)“NHz
H

Adenine
HN @

=N
N
Ly
H
Thymine l

H

3C
| NH
NAO
H

Nucleobases
of DNA



IR spectra: Evolution with projectile fluence
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Adenine irradiation experiments at

Ganil (IRRSUD, SME) and GSI (Unilac M-Branch)

Electronic Nuclear
lon Energy stopping stopping | Thickness | Penetration
Beam | (MeV/u) power power (Lm) depth (um)
(keV.um) (keV.um)
Xet23 0.7 1.12 x 10* | 6.95 x 10 0.29 16
Kr33+ 10.5 5.80x 103 3.6 0.50 120
Calo* 4.8 3.3x103 2.22 0.35 50
CH 0.98 1,00 x 103 0.9 0.25 12




Evolution with projectile fluence: peak intensity (914 cm!)
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Cross section as a function of the stopping power:
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implications?



Half-life of solid adenine exposed to cosmic rays in the ISM

10°

-1

Tp=In2|4n) , / o(Z,E)YD(Z, E)dE| =10 +8x 10° years

107!

UV photons

Dense Molecular Cloud
lifetime: max. 107 years
High survival probability!

Cosmic Rays
Region Half-life UV_iZ‘Iu_)I( Half-life
(Myears) | (cm™s™) Region (Myears)
ISM 0.45 1.0 x 108 ISM 10
Dense Clouds 4.5 x 3 Dense Clouds -
(DC) 10* 1.0x10 (DC) =10

Comparison to UV radiation:
Cosmic ray destruction
dominates inside the DC

Gabriel S. V. Muniz, C. F. Mejia, R. Martinez,

B. Auge, H. Rothard, A. Domaracka, Ph. Boduch
Radioresistance of adenine to cosmic rays

Astrobiology (2017) 17(4): 298-308




Perspectives :

NUMEROUS!
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