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Astrobiology — the search for life beyond Earth

The search for life beyond Earth requires an understanding of life, and the nature of the environments that support it.
We still do not know what are all the necessary conditions for life to emerge.

But we can study what are the signatures of life as we know it and search for these signatures in the universe.

The homochirality of organic molecules is a phenomenon only produced by life.

Homochirality is thus a very unambiguous biosignature and its presence on an extraterrestrial body will be a powerful
indicator of life.



Amino acids — building blocks of life

The Miller-Urey experiment (1952) aimed to probe Charles Darwin’s 1871 warm pond model
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products of Miller's experiment: amino acids!

e But equal quantities of both right- and left-handed
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Asymmetry in amino acids found in meteorites
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Evidence for asymmetry!
... may have bias by contamination at Earth



L-RNA (evil system)
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Nucleic acids — building blocks of life

Globus & Blandford
2020 ApJL 895 L11

We define:

e Live system: the handedness of
the present-day DNA in lifeforms

*  Evil system: the mirrored
system not found on Earth

“Evil” blocks can be synthesized in
laboratory

Origin of this choice?



The discovery of homochirality

1769: Carl Wilhelm Scheele examines tartar (deposited in casks
during wine fermentation); isolates tartaric acid

v
1815: Optical activity was first observed by Jean-Baptiste Biot.
He concluded that the change in direction of plane-polarized light when it
passed through certain substances had a molecular basis.

Tartaric acid crystals on cork. Wikipedia
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The discovery of homochirality

Tartaric acid crystals on cork. Wikipedia
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1769: Carl Wilhelm Scheele examines tartar (deposited in casks
during wine fermentation); isolates tartaric acid
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https://wellcomecollection.org/works/agyxnqtt

What broke the biological mirror?

Pasteur anticipation: asymmetric cosmic laws
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Ces actions dissymétriques , placées peut-étre sous
des influences cosmiques, résident-elles dans la lu-
micre, dans Pélectricité, dans le magnétisme, dans la
chaleur ? Seraient-elles en relation avec le mouvement
de la terre, avec les courants électriques par lesquels
les physiciens expliquent les poles magnétiques ter-
restres? Il n’est pas méme possible aujourd’hui d’¢-
metire & cet égard les moindres conjectures.

Mais je—pes re—néeessaire la conclusion de

. pToduits organiques naturels, forces
qui seraient absentes ou sans effet dans les réactions
de nos laboratoires, soit a cause de la brusque action
de ces phénoménes, soit pour loute autre circonstance
inconnue.

1957: discovery of the parity violation in the
weak interaction
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Previous studies on homochirality

Actor Effect Chiral preference Magnitude Involves W? Authors
D-L
e.e.=m 100

Pa-mty Violating Energy PVED-induc-efi Left-handed amino acids Not reported yes Salam, Quack ...

Differences (PVED) phase transition (in water) (theory only : 1017)
KL UItra-vioIe-t circularly Differential Depend on chirality of e.e.~2.5% no Vester & Ulbricht processes;
° polarized light (UV CPL) destruction light and photon energy De Marcellus, D’Hendecourt,
m Modica...
O
E Irradiation with B-decay Differen?ial Depend on spin-polarization e.e. << 1% yes Bonner...

products destruction of radiation

. . . o Vester-
Low-energy (<10 eV) Enantioselective Depend on spin-polarization e.e.~1% Ulbricht processes;
spin-polarized electrons  chemistry of and electron energy no Rosenberg Kessler....
SP = [—’“”"d"w"] -100

v Low-c?nergy (~ eV) spin- Ch|ral'ln'duced Spin Depe-nd c.)n spin- Lup+ldown no Naaman, Vardeny ...
as polarized electrons Selectivity (CISS) polarization of electron SP ~ 85 — 90%
¥
7))
&
I= High-energy (polarized) Enantioselective Depend on magnetic- Not reported yes Globus & Blandford

muons and electrons

Mutagenesis

polarization of e/mu

(theory only : 107-108)




Muons come from weak decays that violate parity

Pion’s rest frame
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Muons come from weak decays that violate parity

Pion’s rest frame

V spin

Magnetic moment anti-oriented in the
direction of muons velocity

208 P. Lipari / Lepton spectra in the earth’s atmosphere
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Connection between mutability and the magnetic moment

M Molecular chirality

JM involves charge distribution,
magnetic moments (E.B)

potential minimum

potential maximum

Follow cosmic ray trajectory perturbatively

Treat ionization as proxy for mutation

Effect finite but small, remains after averaging over all directions

Present calculation is classical, needs to be treated quantum mechanically
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Trajectories that remain longer within the DNA potential have higher mutation probability

Globus & Blandford
(ApJL 895 L11, arXiv:2002.12138)

Roger Blandford

unperturbed trajectory

F=¢g(E+vxB)
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u perturbed trajectory

F:q(E+v><B)+V[u- (B- CXZxE)]
or
Magnetic moment
Mutability :

= number density of electrons times the mutation cross section
= probability per unit length of CR trajectory that we get a mutation
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The trans-biotic path to homochirality

potential minimum
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Depends on the environment

enantiomeric excess

Globus & Blandford
(ApJL 895 L11, arXiv:2002.12138)

Polarized cosmic rays (muons) acts as an evolutionary pressure
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Homochirality emerges on an evolutionary timescale

Testable idea (laboratory experiments)
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Number of particles (E>1 GeV)

Extraterrestrial cosmic ShOWErS  quu reaynien siandions

(ApJ 910 85, arXiv:2101.00530)
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Number of particles (E>1 GeV)

PeV (SNe) vs. TeV (T Tauri)

Extraterrestrial cosmic ray showers (10° eV proton)
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Common origin of life on Earth and Mars?

Earliest Signs of Microbial Life on
Land Found in 3.48-Billion-Year-Old
Hot Spring Deposits

May 10, 2017 by News Staff / Source «Previous | Next »

Fossil evidence of early microbial life has been found in ancient hot spring
deposits in the Dresser Formation in the Pilbara Craton, Western
Australia, that date back approximately 3.48 billion years. A paper
reporting this discovery is published in the journal Nature
Communications.

Spherical bubbles preserved in 3.48 billion-year-old hot spring deposits in the Dresser Formation provide
evidence for early microbial life having lived on land. Image credit: University of New South Wales.

gun on the Red Planet. But if life on Earth originated in
terrestrial hot springs, it could have also begun on
Mars, which had the hot spring ingredients of wide-
spread volcanism and water. Indeed, in 2008 the Spir-
it rover discovered 3.65-billion-year-old hot spring de-
posits in the Columbia Hills on Mars, about the same
age as our Dresser hot springs, which did a great job of
preserving early evidence for life on Earth.
Van Kranendonk, Deamer,Djokic, 2020

Hot spring hypothesis
Deamer & Damer, 2020

Pioneer Mound resembles hot spring vent mounds of comparable size on Earth. White bar in each image represents ~2 m.

(A) Pioneer Mound shown in Pancam false color image from sol 1860 (P2561).
(B) Extinct hot spring mound at Puchuldiza, Chile. 16



Cosmic-ray spin-polarized radiation doses - Mars

Radar image of subsurface

-

Brightest radar echoes
Surface suggest liquid water

South polar layered deposits
(ice and dust layers)

ESA’s Mars Express
July 25, 2018

1st evidence for a
subsurface liquid lake on
Mars. If it exists, this lake is
likely salty and cold, but
possibly habitable for
some microorganisms.
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https://www.esa.int/Our_Activities/Space_Science/Mars_Express

Life on icy moons or asteroids
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(ApJ 910 85, arXiv:2101.00530)
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primary cosmic ray

’ plume:
water, ice, organics

¢ shallow cascade:
water pockets 4./ /: non polarized components

ocean

gdeep cascade: polarized components

On icy moons, like Enceladus, life may have emerged in the sub-surface oceans

Environment close to surface cold

However, polarized doses deep-underground are low

Polarization is screened electromagnetically

Salty water is a source of stronger natural radiation, such as “°K

18



Deep underground: screening by bremsstrahlung
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Phases of boosted “polarized” radiation Globus Fedynich, landford

Padovani et al,. 2018, A&A, 614, A111 SN: Melott et al., 2017, ApJ, 840, 105
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“Conclusions”

The origin of homochirality is a fundamental problem connecting biology, chemistry and physics
*  Chance or necessity ?

e Prebiotic or biotic ?
* |n which environments?

Cosmic rays ?

*  Muons or electrons ?
* Lodacity or charge ratio ?
e Different environments ?

Mutation and evolution ?

e Homochiralization timescale ?
*  Conflict necessary ?

Testable idea

*  Sample return from surfaces and subsurfaces
* Experiments (irradiate biological samples with polarized beams)
* Interstellar chirality? (c.f. propylene oxide?)
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