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Abstract. Is there life beyond Earth? An ideal research program would first ascertain how life on Earth
began and then use this as a blueprint for its existence elsewhere. But the origin of life on Earth is still
not understood, what then could be the way forward? Upcoming observations of terrestrial exoplanets
provide a unique opportunity for answering this fundamental question through the study of other
planetary systems. If we are able to see how physical and chemical environments similar to the early
Earth evolve we open a window into our own Hadean eon, despite all information from this time being
long lost from our planet’s geological record. A careful investigation of the chemistry expected on young
exoplanets is therefore necessary, and the preparation of reference materials for spectroscopic
observations is of paramount importance. In particular, the deduction of chemical markers identifying
specific processes and features in exoplanetary environments, ideally “uniquely”. For instance, prebiotic
feedstock molecules, in the form of aerosols and vapours, could be observed in transmission spectra in
the near future whilst their surface deposits could be observed from reflectance spectra. The same
detection methods also promise to identify particular intermediates of chemical and physical processes
known to be prebiotically plausible. Is Ariel truly able to open a window to the past and answer
questions concerning the origin of life on our planet and the universe? In this paper, we discuss aspects
of prebiotic chemistry that will help in formulating future observational and data interpretation
strategies for the Ariel mission. This paper is intended to open a discussion and motivate future detailed
laboratory studies of prebiotic processes on young exoplanets and their chemical signatures.

Keywords: Prebiotic chemistry; Origin of Life; Prebiotic molecule detection; Exoplanet
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1. Introduction

“Do there exist many worlds or is there but a single world?” This question is attributed to the thirteenth—
century scholar and philosopher Saint Albertus Magnus [1]. Before him, Titus Lucretius Carus, a Roman
Epicurean philosopher (c. 98 — c. 53 BC) argues in his poem De Rerum Natura (On the nature of things)
that “it is inconceivable that in an infinite universe, it should be only here that a world has formed” [2].
This fundamental question had been asked many times and plenty of scientists, thinkers or curious
people still ask it, not only concerning the existence of other worlds but also of other civilizations. Czech
poet Jan Neruda, in his famous Cosmic Songs, compared the situation of humankind to small frogs sitting
around a single puddle: "What more about this universe? Would you like to be told? Just one more
thing, please tell us sir," a frog asked, "Is it true? Do creatures live there just like us? Do frogs exist there
too?" ! In the same poem, we can find a clue to the answer: “And if we use the spectroscope, their light
tells - in addition - that those stars and our Earth, have the same composition.” After 150 years, this
basic approach is still valid. So far, spectroscopy is the only technique used for studying the composition
of distant objects in the Universe. However, technology has changed significantly with its extension to
all spectral ranges and adoption of principles and technologies just pioneered or were not known in
Neruda’s time, and probably resembling magic to the mediaeval philosopher Albertus. “Currently, we
are the first generation of scientists able to ultimately prove the existence of alien worlds around distant
stars. We are, at the same time, able to study their nature, environment, properties and composition.?”

The first exoplanet orbiting a main sequence star was discovered in 1995 [3] by the radial velocity
method, and the first observation of an exoplanet atmosphere came in 2002, with the 589.3 nm sodium-
doublet lines [4]. As of now, over 4000 exoplanets are recognized [5] and the physical and chemical
properties of several are tentatively deduced from spectroscopic observations [6]. The two most
successful methods for finding exoplanets are the transit [7] and radial velocity [8] methods. The transit
algorithm involves observing variation of brightness of a star as the planet passes in front of the host
star, while radial velocity measurements track the Doppler shifting of stellar emission lines induced by
an orbiting planet. From the transit method, it is possible to obtain the radius of the planet, while the
mass of the planet can be determined from the radial velocity method, where the gravitational influence
of a planet creates observable shifts in the star’s spectral lines [7]. When combined, those methods give
the planet’s density and a constraint on its interior composition and basic geological properties [9-11].
Transit observations do more than measuring the planetary radius though. By examining how the
apparent radius of a planet depends on wavelength, one can measure the absorption spectrum of the
planet’s atmosphere and analyse it using reference absorption cross—sections for various gas-phase
chemical species, clouds, and aerosols [12]. Similar information is obtained from the spectra of planetary
emission and reflection [13, 14]. From observations with sufficiently good resolution, sensitivity and by
applying appropriate atmospheric models the chemical composition of the atmosphere can be
determined [3, 15]. Additionally, thermal properties [16], surface properties [17], global atmospheric
dynamics [18] and cloud properties [19] can all be garnered to a certain extent. Optical and near-infrared
interferometry are now offering new possibilities in the search for exoplanets and the characterization
of their atmospheres[20], with future prospects at UV wavelengths [21].

! Translated by D.P. Stern
2 Noted by Giinther Hasinger during Ariel Science, Mission & Community 2020 Conference.
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2. Discussion

This paper has been prepared by members of the Ariel consortium working group “Astrobiology and
Prebiotic Chemistry.” We have selected specific problems closely connected to recent and future
research in the fields of prebiotic chemistry, chemical and physical evolution of early terrestrial
planetary environments and state-of-the-art exploration of the chemical origins of the first living
entities. Exoplanet observations will provide data on the physical and chemical conditions of Earth-like
planets in their early evolutionary stages. We expect that relevant chemical evolutionary processes
taking place on the distant planets, similar to those which were occurring on the early Earth, will be
uncovered by detecting the specific chemical markers. We can confidently say that the chemical
composition of a planetary environment is not a static picture: Molecules and their abundances tell us
a story about dynamical processes, planetary history and the state of the environment as well as the
future destiny of that particular exo-world.

2.1. Early planetary chemistry and the origin of life

Contemporary life is a matter of very complex chemistry. However, life’s origins are associated with a
simple mixture of precursors in a specific environment and undergoing comparatively simple chemical
reactions [22]. A first theory on the origin of life from simple precursors (scientific abiogenesis) was
proposed by the Russian scientist Alexander Ivanovich Oparin in the 1920’s. [23]. The first experiment
to support this theory was carried out by Miller and Urey, who demonstrated the formation of aspartic
acid, glycine, alanine and butyric acid in a mixture of CHs, NH3, H, and H,O exposed to an electric
discharge simulating lightning in the primordial atmosphere of the early Earth [24]. However, it should
be noted that synthesis of relevant life forming compounds was already known since 19" century, e.g.
Strecker synthesis of amino acids, formose reactions leading to sugars explored by Butlerow and, of
course, Wohler’s synthesis of urea [25]. The main motivation of Miller’s pioneering experiments was
the exploration of prebiotic synthesis in a simple environment likely similar to the early Earth. Naturally,
questions arise: Which environment closely represents the chemistry and physics of the early Earth? Is
a mixture of CH4, NHs, H, and H,0 exposed to electric discharges a realistic model? What does the
“Goldilocks chemistry” look like [22]? What sequence of prebiotic reactions in which reactant mixtures
gives multiple prebiotic products in good yield without creating too many deleterious side products?
Almost 70 years after the Miller experiment, it is still difficult to unite a wide range of experimental and
theoretical results, geological evidence and astronomical observations into one picture. Physical and
chemical conditions of the Hadean eon as well as the energy sources, starting compounds and
intermediates in the origins of prebiotic substances remain unknown. A discussion on important topics
related to prebiotic chemistry is given in the following sections. It is assumed that important energetic
sources for prebiotic synthesis involve impacts, radiation, electric discharges, heat produced by
volcanism and heat in hydrothermal environments of altered impact craters. Minerals and rocks acted
as catalysts and provided a reaction environment. Further, deposition of organic feedstock molecules
was an important source of starting compounds for prebiotic chemistry, whose major progress is also
described in the following pages.

2.1.1. Planetary accretion and impact—driven processes

Observational and theoretical studies of solar-type star formation systems in our Galaxy revealed that
both our Sun and the circumstellar disk was accreted within a certain unstable regain of the dark
molecular cloud due to gravitational collapse of gases and interstellar dust particles. Over tens of
millions of years or less, as suggested by recent ALMA observations [25], the material in the protostellar
disk accreted into planets. This process occurred in several stages, culminating in the accretion of
massive boulders from which the proto—Earth was made [26]. The initial Early Heavy Bombardment
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(EHB) impactor flux decreased after the solidification of the Moon ~4.5 Gya, but increased again during
the late veneer subsequent to lunar formation and the terrestrial core-closure that occurred prior to 4.4
Gya [27]. The impact flux increased once more during the assumed Late Heavy Bombardment (LHB)
~4 - 3.85 Gya [28]. The LHB is a hypothesized time when the Earth was bombarded by asteroid and
comet impactors with an increased frequency. The cause of the LHB as suggested by the Nice Model
was a restructuring of the outer solar system, prompted by the resonant gravitational interaction of
Jupiter with Neptune and other gas giants, and also interacting with populations of asteroids and comets
[29-31]. The transient instability of resonance ratios led to a change in Jupiter’s orbit and ejection of
asteroids and comets from their previously stable orbits towards the centre of the Solar system. Indeed,
samples collected during the Apollo missions attributed to impact melting show consistent age to be
approximately 3.95 billion years [32],[33]. The age and origin of lunar craters can be ascribed to the LHB
as well. The original work of Chyba and Sagan in the 1990s explores the consequences of such high
impact activity on the chemical evolution of early Earth [34]. The Earth was probably affected by more
than one order of magnitude increase in the frequency of extraterrestrial-body impacts relative to the
pre-LHB era [35—37]. At its peak, the LHB highly probably had an influx of 10° tons of material per year
[38] with typical impact velocities estimated to have increased from 9 km s™ to 21 km s*. Moreover, the
ratio of Moon and Earth gravitational cross-sections, approximately 1:17, suggests that about 17 impact
basins should have formed on Earth per one lunar basin [39].

Despite this evidence, the existence of the LHB has recently come into question. Debris from the
Imbrium impact crater may have reached further sites on the moon, potentially contaminating the
samples from the Apollo mission. It has since been suggested that the Apollo samples clustering around
3.95 billion years old may have merely resampled the Imbrium impact crater [40]. In 2012, a study found
ages up to 4.2 billion years in the Apollo samples, older than previously known, and suggested that
impact formation occurred long before the LHB spike (see extended discussion in [41] and references
therein). Suggested modifications to the LHB theory include an extended bombardment period, starting
around 4.1-4.2 billion years ago [39],[35], but is not fully supported by evidence of Earth’s climate at the
time, which was hospitable and had a fairly low temperature [42].

Although the LHB, if it happened, did not induce global ocean evaporation or sterilisation of the Earth
[43], it can be assumed that it had a wide influence on planetary chemistry [34, 44—46]. Impact—related
processes may have contributed to the delivery [47-50], transformation [51], or even synthesis [52, 53]
of biologically-relevant molecules and their precursors on Earth’s surface. These expectations are in
agreement with more recent findings; for instance, the hydrosphere was probably enriched by water
[54] and the atmosphere partly eroded and transformed [55]. Besides water, impactor delivery of
volatiles is also expected to have occurred [56], including several reducing gases [46, 57]. In fact, analysis
of Ce-anomalies in igneous zircons of crustal origin older than 4.0 Gya reveal that the Hadean
continental crust was probably more reduced than its modern counterpart and experienced a
progressive oxidation between 4~3.6 Gya [57]. These results indicate a longer persistence of reducing
types of atmospheres on the early Earth than previously thought. However, the degree to which the
atmosphere was reducing is still uncertain, the exact composition of the reducing mixture remains
unknown and the persistence or instability of a particular type of environment on geological time scales
is not well understood. Formation of a reducing environment during the Hadean eon is first attributed
to impact degassing of reduced substances from impactors and to degassing of CO- and H»-rich volcanic
species [57]. Impact generated atmospheres has been investigated by Kuwahara and Sugita [45], finding
the exact molecular concentrations vary widely even for the same impactor composition but, in general,
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impact-produced atmospheres may have been rich in CH; as on Mars and the ocean-covered Earth and
rich in H, and CO on the land-covered Venus and super Earths. Other species generated by the degassing
of chondritic impactors include H,0, CO,, N,, H.S, NHs and OCS. It is deduced that tens of smaller non-
ocean-vaporizing impacts will generate significant amounts of H, and CO but very little CHs or NHs unless
catalysts were available to reduce the quenching temperature [58].

Recent investigations provide evidence for impact-induced synthesis of biologically crucial molecules
[53, 59-65]. Moreover, we have studied in detail the possible transformation of atmospheric molecules
on early terrestrial planets, such as the formation or decay of formamide and transformations of
hydrogen cyanide [66], acetylene [67], methane [68] and carbon monoxide [69],[70]. It should also be
noted that abiotic fixation of early Earth’s atmospheric N, in the early Archean was not only due to
lightning (as it is today) but also due to an increased flux of energetic solar particles, atmospheric shock
heating by frequent meteorite impacts, a higher solar ultraviolet radiation and coronal mass ejections
related to super flares [71, 72]. Even though some of our work on this topic is focused on the early Earth
and origin of life, similar processes are naturally expected to occur in exoplanetary atmospheres [73—
75]. A goal of ongoing research is to find out whether this chemistry provides distinct gaseous markers
that can be observed with facilities such as JWST and Ariel. As an example, take the impact-induced
shock-wave reprocessing of a reducing planetary atmosphere dominated by CO,, CHs and N; [76]. Such
a shock wave was experimentally simulated in a model planetary atmosphere by dielectric breakdown
induced by a terawatt-power laser. Shock-wave chemical reprocessing following the delivery of 3750 J
of energy in 25 laser shots leads to a 5% yield of HCN, 8% yield of acetylene, 5% yield of cyanoacetylene
and 1% vyield of ammonia. The authors [76] predict that the amount of acetylene produced in early-
stage rocky planetary atmospheres with the studied composition would be observable remotely when
subjected to a heavy bombardment similar to what happened on the early Earth. This finding has
profound implications for exoplanetary observations. If correct, the conjecture that rocky planets with
this composition and showing acetylene spectral features are actively experiencing heavy bombardment
will provide insight into the formation, chemical composition and evolutionary stage of the observed
planetary system.

2.1.2. Early planetary mineralogy

During the evolution of planets and planetary systems, the mineral and rock composition changes and
the complexity increases as a consequence of different physical and chemical processes [77]. Refractory
materials in the interstellar environment contain a limited number of mineral phases, such as diamond,
graphite, glass, moissanite (SiC), forsterite, perovskite, rutile and binary metal compounds [78, 79]. It is
postulated that accretion in protoplanetary disks leads to the formation of about 60 mineral phases.
Aqueous and thermal alteration results in a mineralogical repertoire of about 250 different minerals.
Phyllosilicates are especially important in this aspect, as their occurrence points to aqueous alteration
[80], which might happen not only in large planets but also inside small planetesimals if a substantial

126 or Fe® in the case of the Solar System [81]. These isotopes together with

heat source exists, like A
accretional heat-melted ice contribute to the weathering of silicates to clays, e.g. phyllosilicates [82],
and this mineral group supports the build-up of organics by catalysis [83]. Hazen et al. [84] hypothesized
that prebiotic Earth’s near-surface environment may have held no more than 420 volumetrically
significant mineral species. However, the direct evidence is of course missing because Hadean eon is
actually defined as the time before the first rock due to lack of fossil evidences (Acasta Gneiss, 4.00—
4.03 Gya, see [85] and references therein). It is assumed that dominant Hadean mineralizing processes

include the evolution of a diverse suite of intrusive and extrusive igneous lithologies; hydrothermal
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alteration over a wide temperature range; diagenesis and low-grade metamorphism in near-surface
environments; impact-related processes such as the creation of marginal hydrothermal zones,
excavation of deep metamorphosed terrains and the direct shock metamorphism. Post-Hadean
processes related to biological activity may be responsible for over 4000 of the more than 4800
observed mineral species. However, impact shock-wave-related processes may have created a similar
environment suitable for the prebiotic synthesis under early Earth conditions. Our recent explorations
show the importance of asteroid or comet impact shock wave on the formation of prebiotic substances
such as cyanides, formamide but also nucleobases, sugars or simple amino acids [53, 59, 61-63, 65-68,
70, 86-92].

Another interesting concept is that of the role of nanoparticles. Sulphur in solution with a wide range of
metal ions present on the early Earth might lead to the formation of nanoparticles that are important
for proto-metabolisms. The environment on early Earth might have supported synthetic cycles based
on the metal ions Zn(ll), Cd(Il) and thiols, and driven by UV radiation. The resulting nanoparticles were
able to mimic the enzyme xanthine oxidase function [93]. This chemistry might have been typical, for
example, in hydrothermal vents in impact structures on the early Earth.

2.1.3. Early radioactivity

Since its formation, our planet was exposed to cosmic radiation and the radioactive decay of
radionuclides present in Earth’s crust and mantle. The present day core retains heat obtained from a
combination of leftover heat generated during its formation and from radiogenic heating [94, 95].
Nowadays, these two sources result in surface heat loss of 36 to 49 TW [96-100], , of which
approximately half is due to radioactivity [101]. According to the estimate of Gando’s et al. [101], there
are approximately 4.3 billion particles proceeding from the radioactive decay of 38U and ?3’Th
permeating every square centimetre of the Earth’s surface every second. This ubiquitous radioactivity
certainly had the potential to influence early abiogenic synthesis and molecular stability. Zagdrski et al.
discuss the role of Earth’s radioactive background in their origin of life theories and note the nuclear
chemistry contribution to this multidisciplinary problem is often overlooked [102, 103]. The evolution
of Earth’s heat budget especially in the first half of its lifetime has not been resolved yet, but the
radioactive activity can be estimated through the exponential decay law [97]. Considering ?*U (11, =
4.47 Gyr), 3°U (112 = 0.704 Gyr), **Th (112 = 14.0 Gyr), and *°K (t1/2 = 1.25 Gyr) [104], which constitute
the main radioactive isotopes in the mantle, one can find a doubling in activity at 2.5 Gya, more than a
tripling at 4 Gya, and an even stronger increase at earlier times, due to the short-lifetimes of this quartet
of isotopes. Therefore, very young terrestrial planets might have strong radiogenic surface emissions. It
can also be assumed that ionising radiation is a ubiquitous source of energy for building up the prebiotic
inventory in interplanetary space (e.g., in the form of a solar wind) [105, 106] , interstellar space (e.g.,
in the form of heavy particles [107]) as well as for the early Earth (e.g., by exposure to radioactive
minerals [108]).

Adam et al. [109] recently studied the production rate of formamide influenced by radioactive minerals
on the prebiotic Earth. They estimate a formation production rate up to 0.1 —0.8 mol-km-2-yr-1. In
highly concentrated radioactive mineral deposits (e.g., the Oklo natural reactor in Africa) the production
rate could have been 3 orders of magnitude higher, 0.1 —1 mol-m-2-yr-1, providing a possible answer
to the long-lasting question of the plausible concentration of formamide, or general radiogenic
products, in the early environment (see also Z. Adam et al.[110] and Ebisuzaki et al.[111]).
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The role of an enhanced background radioactivity in terrestrial prebiotic synthesis, the origin of life and
the first metabolic processes is not yet completely understood, being The investigation of radiolysis
products observable in planetary spectra and their possible relation to the intensity of radioactive
background on exoplanets represent truly a terra incognita in the field of exoplanetary science.

2.1.4. lonizing and UV radiation

The chemical environments of early-stage planets are assumed to be largely influenced by radiation
from their young parent stars, which frequently emit orders-of-magnitude greater UV/XUV/X-ray fluxes
than main sequence stars [112, 113], as well as incoming high energy particle (eg H, H*, D¥, He, He*) and
cosmic radiation. On the other hand, recent findings highlight the importance of asteroid and cometary
impacts, [34, 52, 53, 92, 114] and volcanic activity [59, 115] for producing dusts, hazes and heavy clouds
[116]. Under some conditions, the planetary surface is then shielded from UV light and surface
chemistry is more influenced by impact plasmas, shock waves [53], thermochemistry [117] or
atmospheric electricity [118],[119]. Nevertheless, UV fluxes influence the upper part of even dusty and
cloudy atmospheres, producing hazes with rich photochemistries, with examples being Titan and Venus.
A thorough understanding of photochemical reactions on early exoplanets is essential for identifying
the more likely variants of prebiotically relevant reactions. It can be assumed that during planetary
evolution, when the surface UV flux increases, several prebiotic feedstock molecules such as formamide,
formaldehyde, hydrogen cyanide and related compounds (ferrocyanides, tholin deposits, cyanamide,
cyanoacetylene or cyanogene) can react upon irradiation to produce biologically relevant molecules.
Understanding the chemical environment of early planets is therefore important because it will render
possible the identification of the most plausible feedstock molecules. The presence of water both in the
atmosphere[120] and on the surface may also significantly affect chemical processes on early planets.
It is worth mentioning that enhanced radiolysis by charged particles is expected in the case of slowly
rotating or tidally locked exoplanets with weak magnetic fields.

As an example, laboratory experiments [68] demonstrated the UV photocatalytic reduction of CO,; to
CHs in the presence of titanium dioxide or montmorillonite, and possibly other minerals. The
transformation of a CO, atmosphere to one containing CHas and CO, as well as the purely-photochemical
reverse transformation, is then partly possible on terrestrial planets with rich mineral surfaces that are
exposed to large UV fluxes and in acidic environments. The current conditions on Mars favour this
process and photoreduction may explain the origin and seasonal variation of methane on Mars [68].

In addition to the action of UV light, the ionizing radiation stemming from the presence of radionuclides
(decaying radiogenic isotopes eg. 2*°U, °Th, 238U) and/or cosmic radiation may initiate radiolysis and
thus play an important chemical role. The highly reactive intermediates of water radiolysis may react
with other compounds present in the environment and rapidly change the chemical speciation of the
whole system. Photolysis intermediates behave very similarly. Chemical processes initiated by ionizing
and non-ionizing (in particular UV) radiation in aqueous solutions can often be rather difficult to
differentiate. In the course of radiolysis, part of the absorbed energy is consumed to form stable
products, H, and OH’, and reactive intermediates that are involved in numerous reactions [121], e.g. H,
OH, H,, H,0,, H30*, OH, HO,. The initial radiochemical yields, in units of 102 eV?, of primary
intermediates have been summarized by [122]: H (0.62), OH (5.6), H; (0.15), €7aq (4.78), H*q (4.78). The
photolysis of water also yields OH and H radicals but through a more streamlined process compared
with radiolysis. Hydrated electrons tend to be formed with very low yields at wavelengths longer than
185 nm [123]. It is well known that OH radicals play a prominent role among the possible photolysis
intermediates and its formation has been reported at wavelengths shorter than 185 nm [123, 124] but
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also under 254 nm irradiation [125]. As the energy of radiation decreases, the probability of formation
of ionized states decreases in favor of excited states. However, excited states of water molecules may
dissociate to form OH and H radicals, and short-wavelength UV radiation can initiate a chemistry similar
to that of ionizing radiation [126].

A recent hypothesis proposes that hydrogen peroxide could have played a significant role in the
prebiotic synthetic processes [129], [130]. Radiolysis and photolysis can serve as potential sources of
hydrogen peroxide in a primordial environment alongside with the oxygenation of seawater mixed with
hydrothermal vent fluids [127], surface reaction of pyrite with water [128], photochemical
disproportionation of the superoxide radical, or radiolysis of water in natural nuclear reactors [129].

2.1.5. Atmospheric electricity

Lightning directly extends atmospheric chemical variety on short time and spatial scales but also
significantly affects the bulk atmospheric composition in the long run. On young planets, impacts and
volcanism produce significant amounts of dust and vapours that form dense clouds [131-133]. In such
environments, we can assume there is strong lightning activity and its significant contribution to
atmospheric plasma chemistry [34, 131, 134-137]. For example, it has been recently demonstrated via
state-of-the-art simulations that a partial formose reaction (i.e., an autocatalytic series of chemical
reactions starting from aldehydes and forming relatively complex sugars) is initiated simply by exposing
aqueous mixtures of glycolaldehyde to intense electric fields [119].

Electric discharges play an important role in the transformation of atmospheres, particularly by
producing a large amount of HCN from H-C-N bearing species [66]. In their pioneering experiment, Miller
and Urey demonstrated the synthesis of amino acids from simple initial mixtures of reduction gases
such as (CHas + NHs + H,O + H; [24]; CO + CO; + N2 + NH3 + H, + H,0 [138]; or H,CO and their various
combinations [139, 140]) by exposing these to electric discharges. Following their explorations, Ferus et
al. [141] have shown that nucleic acid bases can be synthetized alongside the amino acids in this kind of
experiment as well. Also, these investigations show that volcanic lightning can produce large deposits
of formamide or tholins. These original ideas have re-emerged in the light of new experiments carried
out very recently in several studies showing, for example, that the atmosphere of Titan, the largest
moon of Saturn, can produce nucleobases in rich HCN-based discharge chemistry[142, 143].

Energetic processes such as lightning also act as a strong abiotic fixation process for the removal of
atmospheric N,. Earth’s present thunderstorm lightning fixes 4-6 Tg N/yr [144—148], which sums up to
more than 10 mbar N in 10 Myr [73]). Generally, throughout Earth’s history, abiotic fixation pathways
have occurred via high-temperature reduction or oxidation reactions of N, to NH,/HCN/NOy depending
on the environment’s redox state [73, 149-151]. The resulting compounds are mostly water-soluble
molecules that are quickly deposited by rain [146].

During an electrical discharge like in the Miller-Urey experiment free electrons are generated with a
wide energy range 30 — 60 kV. The high-energy electrons (and extreme-UV photons) undergo inelastic
collisions with molecules, resulting in their ionization or decomposition into fragments. These processes
starting with reactive species like free radicals and ions are characterized by a non-uniform distribution
of reaction intermediates and non-selective chemistry leading to the production of multiple products
and may include reaction not available to pure photochemistry [152]. In planetary atmospheres,
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discharge chemistry results in the formation of CH,NH and HCN starting from atmospheres of CHs and
NHs. This could possibly also occur under prebiotic conditions and is considered an important step
linking complex biomolecules to CHs and NH3 [153]. The low-energy Rydberg states of atoms [154],
[155], [156], [157]. generated in electric discharges are another important initiator of reactions. Thes
Rydberg states are excited by secondary electrons and can emit UV photons upon decay. In turn, the UV
photodetachment of hydrocarbon anions (e.g. C4H™ and CsH™ as well as C3N™and CsN~) can lead to neutral
hydrocarbons that further contribute to hydrocarbon chemistry in planetary atmospheres [158].

2.1.6. Atmospheric organic haze

Based on models of exoplanetary [159, 160], early Earth’s [161, 162] and Titan’s atmosphere [163-165],
high altitude atmospheric organic haze could play a role in prebiotic synthesis. Such a haze is composed
of aerosols, including PAHa, [163] formed from CH4 by UV-driven upper-atmosphere photochemistry
[166]. Certain model calculations [167] suggest that exoplanet hazes with anomalously low CH4/CO>
ratios suggest the presence of biogenic sulphur and, therefore, biogenic activity, however, the necessary
observations require high spectral resolution. The Observation of organic hazes might provide a
constraint on the thermal budget of a planet, and its apparent habitability [168]. A large variety of
possible reactions contribute to the evolution of prebiotic haze layers, and several models [169-172]
stand to be supported, confirmed or rejected by Ariel observationsAriel, especially regarding the range
of identified atmospheric components. Observation-based aerosol scattering properties could point to
the size and spatial concentration of haze grains and their temporal variation, and linked to the
planetary albedo [173, 174].

2.1.7. State of the art: Prebiotic synthesis

We do not know how life on Earth came to be. Prebiotic chemistry, however, tries to explore the
likelihood of various abiotic synthesis scenarios. The advent of prebiotic synthesis began in 1953 when
Miller and Urey [175], synthesized amino acids in simulated planetary atmospheres, as described above.
The synthesis mechanism has not been confirmed but possibly proceeds through Strecker synthesis,
whose general mechanism is shown in Figure 1, though other scenarios have been proposed and
supported by computations [176].

o) KCN, NH,CI NH; H,0" NHz
B R
H XN H 3

Figure 1. The basic mechanism of Strecker synthesis.

Since 1953, major progress has been made [51, 53, 176—179]. Prebiotic synthesis of nucleobases and
nucleotides became more important than ever in the late 1960s when the theory of the RNA world was
established by Alexander Rich in the book Horizons in Biochemistry [180-182]. The modern form of this
theory follows the discovery of Thomas R. Cech et al. in 1982 [183], that RNA has autocatalytic
properties and can replicate itself. Proteins have no such quality and the RNA world theory proposes
that RNA must have occurred first and incorporated proteins later. This theory is further supported by
the central dogma of molecular biology. postulating (in general) that proteins are synthesized from
nucleic acids and not vice versa [184]. In the modern form of this theory [185], RNA structures such as
ribozymes are assumed to be the most ancient heritage of the RNA world in modern cells. Ribozymes
still exhibit several independent functions. For example, E. Kejnovsky concludes in his book that RNA
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world still exists on an independent level in modern cells [185]. However, the structure of this small
molecular RNA world in modern cells remains a subject for discussion and exploration.

The issue of nucleic acids synthesis under prebiotic conditions is usually divided into three separate
problems —the synthesis of single components (nucleobases, saccharides and phosphate); the synthesis
of nucleotides; origin of nucleosides and the synthesis of the nucleic acid itself from its components (the
condensation of nucleotides). Hydrogen cyanide (HCN) and its hydration product, formamide (HCONH,),
are at the centre of great scientific interest concerning prebiotic synthesis of nucleobases and their
components. Many possible mechanisms have been proposed where one of the above-mentioned
molecules plays a key role in synthesising life’s precursors [34, 51, 53, 59, 63, 67, 106, 107, 135, 136,
186-189] . It is noteworthy that HCN can be produced in planetary atmospheres from various mixtures
of atmospheric gases under various conditions and with varying yields. Experiments synthesising nucleic
acid bases and glycine in a reducing atmosphere containing CHs, CO, N, and H;0 used a shock-wave
simulating an asteroid impact as an energy source. The shock wave generated in this high power laser
experiment reaches velocities up to 60 km s™ and with local pressures as high as 3.6 Mbar [190]. When
experimentally simulating the conditions of an extraterrestrial body impact [191] it turns out that
mixtures containing carbon, hydrogen, oxygen and nitrogen molecular form, e.g. as CO;, N3, CO, CH,,
NHs or H,O0 reliably and systematically produce HCN [66]. The yield of HCN and other reaction products,
such as C;H; or C;Ha4, depends on the initial composition and the conditions the mixture is exposed to
[62, 67—69, 192—194]. Similar results can be obtained when an electric discharge (simulating lightning
events) is used as an energy source [186, 195]. Similarly to a lightning or impact event, the pulsed-laser
experiment produces a shock is heated to a very high temperature, ~5000 K , and causes XUV
photoemission of the medium [196]. The nature of the underlying molecular processes is as-yet
unknown but both radical and thermal reactions may influence the dynamics. Theoretical validation is
necessary, but a possible reaction mechanism of the HCN-based radical synthesis is shown in Figure 2.
Additionally, formamide-based radical synthesis of nucleic acid bases is also demonstrated in the
laboratory [53] and its reaction mechanism, depicted in Figure 3, fully verified by a spectroscopic survey
of products and theoretical calculations [114] [193].

The “classical” pathways of prebiotic synthesis, in the absence of high energy chemistry, should also be
mentioned. The story of formamide-based biomolecule synthesis begins with Bredereck et al. 1956
[197], which did not, however, have any connection to the origin of life. Formamide was first proposed
as the parent molecule of life by Raffaele Saladino and Ernesto Di Mauro in the late 1990s. Their study
published in 2001 [198] presents a prebiotically possible
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Figure 2. HCN-based synthesis of nucleic acid bases in our experiments. The figure was adapted from
[68] and published in [199].
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Figure 4. Classical synthesis of nucleic acid bases from formamide in aqueous solution. The figure was
adapted from [199, 200].

synthesis of adenine, cytosine, purine and 4(3H)-pyrimidinone from formamide heated to 160 °C in the
presence of catalysts like silica and alumina. The authors argument that formamide is a more plausible
starting molecule than HCN since it is comprised of all four macrobiogenic elements H, N, C and O,
whereas to produce biomolecules from HCN requires incorporation of oxygen via hydration (to produce
formamide) or in a complex radical and ion chemistry [51]. The typical thermal formamide-based
synthesis is depicted in Figure 4. This mechanism is also very plausible in post-impact hydrothermal
environment with metal-rich water altered minerals containing both original material from the impactor
and formamide likely produced in the early planetary environment [201].
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Formic acid, HCOOH, is often overlooked in prebiotic synthesis, even though it was a major product in
the famous Miller-Urey experiment. However, formic acid has been observed as a product of simulated
extraterrestrial impact into a planetary atmosphere of H,O, SO,, H,, CO and N, [202]. This result
indicates that formic acid could have been available in the atmosphere of early Earth for prebiotic
synthesis [202].

On another note, in accordance with the Bernal’s hypothesis on the role played by minerals in the origin
of life [203], the chemo-specificity and regioselectivity of prebiotic chemistry on the primitive Earth was
most likely controlled by the catalytic properties of minerals provided by the geochemical scenario
[204]. In this context, Ariel is an effective cosmological tool for the identification and selection of real
prebiotic probes in exoplanets. From the geochemical point of view, the Hadean was characterized by
the serpentinization process producing huge amount of highly concentrated silica solution, the optimal
medium for the spontaneous self-assembly of inorganic biomorphs [205]. These supramolecular
structures show inorganic membranes with a different internal and external composition. The
membrane interior is mainly composed from metal silicates, while ordered aggregates of silica largely
prevail outside [206]. The chemo-physical asymmetry of the whole system has relevant consequences
for prebiotic chemistry since it generates pH and electrochemical gradients able to act as a driving-force
for the synthesis of biomolecules [207]. Dynamic systems of this type, associated with the intrinsic
catalytic effect of silica minerals and metal atoms, are proven to be efficient synthetic factories for the
production of a large panel of biomolecules from formamide [208]. Compartmentalisation also works
as a regioselective process, favouring the formation of the largest amount of reaction products,
including the complete set of nucleobases inside the biomorph structure (Figure 5). Moreover, the
capacity of silica minerals to catalyse the oligomerization of nonactivated amino acids to their
corresponding peptides has been reported as requiring a low energy [209].
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Figure 5. Catalytic effect of silica garden in the oligomerization of formamide to biomolecules. A
different chemo-selectivity is operative depending on the compartmentalization of the system.
Nucleobases and heterocycles largely prevailed in the conditions existing inside the membrane
characterized by a lower pH and the presence of metal silicates.

The mechanical stability of membranes during the self-assembly process in mineral vesicles is a critical
aspect to be considered in the successive molecular evolution events. Unlike chemical gardens that
possess a stable membrane, mineral vesicles are destined to break their membrane once a critical
growth dimension is reached. In this way, vesicular biomolecules are expelled into the environment and
start further reactions and aggregation processes, acting as a virus-like prebiotic system [210]. Here we
see the broader promise of inorganic biomorphs for favouring increased organic-molecule complexity
in a prebiotic environment [211].
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Figure 6. The impressive variety of biomolecules that can be synthesized in one-pot conditions during
the oligomerization of formamide catalysed by meteorites.

Early experiments successfully studied the reactivity of formamide in the presence of meteorites of
different types [212]. Because meteorites have a very complex mineralogical and petrochemical
composition, they represent an optimal tool for correlating a variety of synthesisable chemical
structures with catalyst complexity. Practically speaking, meteorites have the capacity to catalyse the
oligomerization of formamide to an impressive variety of biomolecules, including nucleobases,
nucleotides, oligonucleotides, different heterocycles, sugars, amino acids, carboxylic acids and
condensing agents such as urea, guanidine and carbodiimide (Figure 6) [106]. In other words, the
complete sets of biomolecules potentially involved in the emergence of pre-genetic and pre-metabolic
apparatuses are easily synthesized in one-pot conditions via a complex network of mineral-catalysed
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multi-component and click-like reactions [107]. It is reasonable to suggest that reaction mechanisms
operative during these transformations are similar to those previously reported for high-energy
meteorite impact events, encompassing a unified synthetic pathway characterized by common
intermediates, as is the case for the role of diaminomaleonitrile in the contemporary formation of both
purine and pyrimidine nucleobases. Irrespective of the cosmological origin and elemental composition
of a meteorite, the inventory of biomolecules is always complete and large enough to sustain the first
step in synthesising functional macromolecules in the presence of water acting as a diluting medium for
formamide, with water from thermal pool being the best environment [213]. As more experiments are
performed using different and more common terrestrial minerals (silicates, aluminates, silico-
aluminates, borates, carbonates, phosphates, zirconates, and simple metal oxides) the generality of the
prebiotic process has become more apparent, with formamide always being transformed into
biomolecules in the presence of various energy sources [214]. Moreover, when computationally
studying these reactions at the molecular level, it is evident that the mineral surface plays a relevant
role in the regio- and stereo-selectivity of the processes [59]. To take an example, the selective
interaction between geminal hydroxyl groups in sugars with the surface of chondritic meteorite
selectively favours the formation of the biologically-useful adenosine B-nucleosides stereoisomer during
the addition of adenine produced in situ by proton beam irradiation of formamide (Figure 7) [105].

NH, NH,
N X
H N N X
(s | H N
H><N N/) H><’Q\‘ | /J

o-isomer

Figure 7. Preferential adsorption of ribose on the surface of a meteorite of the chondrite type. The
interaction of the vicinal hydroxyl groups with the mineral surface favours the addition of the
nucleobase from the beta-side of the molecule to yield biologically useful adenosine B-nucleoside.

An even more significant regioselective effect has been observed during thermal phosphorylation of
nucleosides with common mineral phosphates in the presence of formamide [215]. In this latter case,
the 5’,3’-cyclic nucleotide monophosphate was selectively accumulated for longer reaction time [216].
This compound spontaneously reacts through a n-m supramolecular pillared controlled click-like ring-
opening process to yield small RNA oligonucleotides in a one-pot manner (Figure 8) [217].
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Figure 8. Spontaneous oligomerization of 3’,5'-cyclic adenosine monophosphate. Panel A: Pillared
structure. Panel B: click-ring opening polymerization. The reaction activated by a water molecule
produces the contemporary formation of several 5’3’-phospho diester bonds.

An even richer source of information is contained in large databases reporting prebiotic chemistry
pathways that are most likely operative in specific atmospheric and geochemical scenarios, starting
from a large panel of simple chemical precursors (CHs, COx, NHs, H,, HCN, urea, formamide, guanidine,
ammonium formate etc). Surfaces and catalysts may have played a significant role in prebiotic synthesis
in other ways. For example, meteoritic impactors, aside from delivering organic molecules, alter the
impact site and facilitate reprocessing of both impacting and surface minerals. This is already
demonstrated in the Nakhla Martian meteorite to occur on Mars, in which a bolide impact shock events
melts locally volumes of the meteorite and forms ovoid structures in which hydrothermal waters are
circulating, altering the primary minerals and depositing secondary ones, such as clays, while at the
same time they sustain habitable microenvironments [218]. Along with the residual heat of the impact,
these processes can also catalyse the synthesis of nucleic acid bases, amino acids or urea, similarly with
evidence of abiotic amino acid synthesis in iron-rich saponitic clay in basalts from the Atlantis Massif
(Mid-Atlantic Ridge) [219] which can be considered to occur on the aforementioned microenvironments
on Mars or other planets. Notably, thermolysis of formamide in the presence of meteorites and clays
(representing the surface) produces such molecules [201]. The role of clays as catalysts is explored by
Pastorek et al. [201] and Saladino et al.[220] and a theory of Alexander Cairns-Smith [221]
postulatesError! Bookmark not defined. clays as replication sites facilitating an origin for life.

It is nowadays generally accepted that functions of natural enzymes can be mimicked by various
nanoparticles (nanozymes) composed from metal or carbon precursors [222]. The main advantages of
nanozymes over natural enzymes include stability, scalability, chemical diversity, and functionality in
non-aqueous solvents. The enzymatic activity of inorganic materials is starting to be considered highly
important in the context of new theories about the origin of life [223],[224]. Specifically light-activated
nanozymes are candidates for these purpose [225]. The experiments conducted by Nejdl et al. [93]
prove that light-controlled processes lead to the formation of nanoparticles (quantum dots - QDs) and
these QDs exhibit xanthine oxidase (XO)-like activity. Enzymatic reactions in the prebiotic world are still
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unknown. So far, only enzymatic reactions mediated by RNA (ribozymes) are reliably proven. The
functions of ribozymes in modern organisms support the hypothesis that life passed through the RNA
world before the emergence of proteins or DNA. Moreover, numerous microorganisms are capable of
nanoparticle synthesis in order to remove undesired metal species [226].This ability of microorganisms
can also support the hypothesis that chemical evolution of life passed through a period of abiotic
artificial material (nanozymes). Nejdl et al. [93] suggested that nanozymes could have played an
important role in forming the first proto-metabolic networks; this is because nanoparticles are able to
concentrate relevant compounds on their surface by forming covalent and/or electrostatic interactions
which result in radicals becoming sensitive to both ultraviolet and visible radiation. A frequently stated
advantage of radical-based methodologies for molecular formation is that radical reactions are
essentially free from solvent effects on their reaction kinetics and, hence, on the reaction products.
Radicals also cause polymerizations or bond cleavage [227]. Nejdl et al. [93] hypothesized that all cellular
subsystems could have arisen simultaneously through common formamide-based chemistry and the
key reaction steps could have been driven by light. Therefore, we may assume that the first proto-
metabolism pathway could be associated with purine catabolism [228] enabled by nanoparticles
(nanozymes) like QDs (mimicking XO). All QD precursors (metals ions, sulphur-containing compounds
and ammonia) together with formamide are abundant in space. As the Ariel space mission will observe
alarge number of exoplanetary atmospheres and its main goal is to provide statistical data on thousands
of atmospheric compositions it will bring important information necessary for testing and refining origin
of life theories such as this one.

Parallel to an astonishing growth in the number of proposed prebiotic pathways, the last decade
witnessed an unprecedented step forward in computationally modelling these processes. This has
enabled an elaborate “in silico” approach to studying the origin of informational polymers. A great
advantage of computations complementary to experiments is the provision of information on particular
selected molecules and chemical reactions, whereas prebiotic chemistry experiments always work with
complex mixtures that are challenging to interpret. The contribution of computational chemistry might
be instrumental for experimentalists, where theory supplements experimental information with atomic-
level insight into structural aspects, electronic-structure changes, energetics, spectroscopic properties
and dynamical behaviour of the studied systems [59].

Recently, the extraterrestrial synthesis of organic feedstock molecules of prebiotic relevance became a
hot topic in computational chemistry related to the origin of life. Major developments include the
application of high-level quantum-chemical calculations for interpreting rotational spectra observed by
radioastronomy [229]. In addition, the last few years witnessed a significant step forward in
understanding the chemical mechanisms leading to the synthesis of simple organic molecules in
interstellar space. In this topic, a special emphasis is placed on ion-molecule [230] and radical-assisted
chemical processes [53] and accretion-driven chemical synthesis [92] among other processes.

2.2. Observations and satellite missions

The previous section of this paper provides a review of selected important topics related to prebiotic
chemistry. What observational strategy should be adopted when searching for evidence of ongoing
prebiotic processes on distant exoplanets? Based on recent results, only a combination of indirect
evidence can serve as a proof. To determine whether life-connected processes are taking place on a
planet it is necessary to estimate the occurrence likelihood of physical processes that are friendly to
prebiotic chemistry (e.g., impacts, UV radiation, electric discharges, hydrothermal and volcanic activity),
of a plausible chemical environment (very likely a reducing atmosphere with a surface rich in deposits
of parent compounds), and the observation of chemical markers of complicated prebiotic chemistry
reaction networks.
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2.2.1. Window to the past before Ariel and JWST

In 1995, the Hubble Space Telescope captured images of four newly discovered protoplanetary disks
around young stars in the Orion nebula, located 1 500 light-years from our system. Gas and dust disks,
long suspected by astronomers to be an early stage of planetary formation, were then directly observed
in the visible spectral range. The exploration of chemical environment and processes occurring in star-
and planet-forming regions is important for understanding its potential relevance in seeding prebiotic
chemistry on planets and perhaps leading to origins of life. In connection with extraterrestrial delivery
of volatile compounds to the atmosphere and hydrosphere, exogenous delivery of organic compounds
must also be questioned.

In the past decades, many organic molecules have been detected throughout the Universe. A list of
examples important to prebiotic chemistry is shown in Table 1. The simplest C-C bond is represented
by the C2 radical, the simplest C-H bond by the CH radical and similarly CO and -CN are shown. This table
does not serve as a list of all molecules observed in space, some containing more atoms, whose number
is far greater.

Table 1. Selected important molecules related to prebiotic chemistry detected in space so far. We note
that in case of an important prebiotic substance, aminoacid glycine, the detection is still debated.

Year of Year of
Compound Name . Compound Name .
detection detection
-G C,radical 1995 NH,CN Cyanamide 1975
CH
-CH ) 1941 CaH4 Ethene 1981
radical
CN .
-CN ) 1941 HCONH, Formamide 1989
radical
Carbon
co ] 1970 CHsCHO Acetaldehyde 1997
monoxide
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Hydrogen
HCN . 1971 HOCH,-CHO Glycolaldehyde 2006
cyanide
CzH: Acetylene 1976 CO(NH,) Urea 2014
Isocyanic
HNCO . 1984 C;HsOH Ethanol 1975
acid
NH3 Ammonia 1984 (CHs).CO Acetone 1984
Methyl
-CH3 . 1991 (CH20H). Ethylene glycol 2002
radical
Formic NH>-CH»- . 2003
HCOOH . 1971 Glycine
acid COOH (2016)

There is now ample evidence that complex organic molecules are already present in the earliest stages
of stellar formation [231]. In 2013, Kahane et al. [232] have reported the first detection of formamide
towards the binary protostellar system IRAS 16293-2422 located in Rho Ophiuchi star-forming region
approximately 457 light-years away, which consists of at least two stellar embryos, A and B, 700 A.U.
apart and which may be similar to the Sun and Solar system progenitors. As noted in chapters describing
prebiotic chemistry, formamide (HCONH;) represents a complex organic molecule (by astrochemical
standards) which is potentially important to prebiotic chemistry as many proposed scenarios stem from
formamide as a starting compound. Systematic studies [233—237] show that formamide is also present
in a wide range of environments and physical conditions throughout the Galaxy and that it can be
abundant towards the formation sites of solar-type stars [238], especially those which contain oxygen-
bearing organics in their protostellar envelopes. The formamide formation mechanism in interstellar
space is still debated and there are many studies attempting to explain its origin. Other prebiotic
substances detected in protostellar surroundings involve cyanopolyynes [239], glycolaldehyde [240],
phosphorus-bearing molecular species [241], formaldehyde and many other molecules [242]. We note
that formaldehyde, which was recently identified as important molecule in prebiotic chemistry, is far
more abundant than formamide in space [91]. Large observatories continue to unveil the chemical
richness of star forming regions at centimetre and millimetre wavelengths, as shown for example on the
detections of organics such as methanol and formic acid in the disks of young stars [243]. These spectral
regions are well suited for space observations due to their relative transparency with regards to Earth’s
atmospheric absorption. The Herschel Space Mission (now defunct) has revealed large amounts of
water in protostellar regions and in the protoplanetary disks surrounding young stars and has improved
our understanding of the formation and transport of water from clouds to protostars, disks and planets
[243]. Life on Earth is carbon-based and requires water; if life on other planets shares those properties,
it is of paramount importance to understand if and how the necessary organics and water came to be
available on a planet. Understanding the chemical environment in star- and planet-forming regions, and
determining the inheritance of this chemistry to planets, can help constrain the potential habitability of
exo-worlds and better inform which targets should receive priority. The tools for detecting the bio-
signals of life may also come in the form of radio-telescopes [244]. The largest ground-based telescope,
the Square Kilometre Array (SKA), is still under construction with only small sections currently
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operational. However, when this facility eventually becomes fully operational (probably around 2027),
it will have a resolution surpassing anything that is currently available by many orders of magnitude.

Alongside remote observations, important insights into the history of our Solar system and beyond are
possible through the analysis of meteors and, more importantly, meteorites [245, 246]. It has been
proposed that interstellar meteors offer a unique opportunity to probe extrasolar systems [247].
Unfortunately, such direct observations are very sporadic. Only occasional asteroids such as the
‘Oumuamua (see [248] and references therein) or sporadic meteors probably created by extrasolar
bodies [245, 246] have been recorded. So far, there are over 1000 observed meteoritic falls, but the
precise origin (i.e., the orbital trajectory) has been calculated only for about 30 of them [249-251] and
none of them can be linked to extrasolar origin. Even though the number of meteorites with “known
lineage” is so low, meteorite science has become very important to prebiotic chemistry during the
recent two decades. For instance, nucleobases of extra-terrestrial origin were discovered in the
Murchinson meteorite [50], extraterrestrial amino acids were found in the Paris meteorite [49] and
recently, extraterrestrial organic matter was also discovered buried within volcanic sediment from over
3.3 Gya [252]. These lines of evidence suggest that chemical inheritance from interstellar space to star
forming regions can be relevant for the chemistry of a planet. Moreover, the remarkable catalytic
activity of meteorites has been described in literature in relation to prebiotic synthesis [92, 106, 178,
201, 252]. Finally, direct exploration of the comet 67P/Churyumov-Gerasimenko revealed that its
ancient material harbours a wide range of organic substances important for prebiotic chemistry [253,
254].

2.2.2. Past and Future of Satellite Missions

Since the discovery of the first exoplanet, several satellite missions have been dedicated to or used for
the detection and observation of other exo-worlds. Most notably, the Hubble Space telescope launched
in 1990: Although originally constructed as a multipurpose optical telescope, it recently discovered
water vapour on super Earth K2-18b [255]. Another satellite, the Spitzer Space Telescope, an infrared
telescope launched in 2003, successfully mapped the atmospheric circulation of the gas giant HD
189733b (e.g. [256]). CoRoT (Convection, Rotation et Transits planétaires), launched in 2006, was
designed for sensitive detection of transiting super Earth exoplanets and asteroseismology [257]. In the
course of its operation, the telescope widely broadened the exoplanet classification. The Kepler space
telescope [258], extended as the K2 mission, was originally launched in 2009. It has, by photometric
monitoring of main sequence stars, discovered 2662 exoplanets of which 30 are potentially habitable.
The telescope made its final observation in autumn 2018. Gaia[259], launched 2013 and designed to
map our galaxy, provides, due to its all-sky survey of the stellar position, brightness and motion, a large
dataset to search for exoplanets. TESS [260] (Transiting Exoplanet Survey Satellite launched in 2018 with
the ambition of discovering many Earth-sized planets and has recently discovered its first Earth-size
planet, TOI 700 d orbiting a red dwarf star in a habitable zone. CHEOPS [261] (CHaracterising ExOPlanet
Satellite, launched in 2019, is a precise photometric observatory, which will the characterize mass and
size distributions of exoplanets. The planned James Webb Telescope [262] (JWST), scheduled to launch
in 2021, will observe at least 28 unique exoplanet targets, 9 of them smaller than 2 Earth radii. Another
planned satellite, PLATO [263], is scheduled for 2026. Plato will observe transits and discover and
characterize rocky extrasolar planets around yellow dwarf stars.

The Ariel telescope, currently under construction, will be a powerful tool in the exploration of exo—
worlds. The satellite should launch in 2028 onboard the Ariane 6-2 rocket to the L2 libration centre.
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Ariel’s off—axis 1.1 x 0.7m Cassegrain telescope will observe about 1000 exoplanets using two advanced
infrared spectrometers: NIRSpec (NIR spectrometer), which covers a range from 9090 cm™ (1.95 um) to
5128 cm™ (1.1 um) with a resolving power or R=15 (i.e., resolution from 568 cm™ to 320 cm™), and AIRS
(Ariel infrared spectrometer), which has two channels, AIRSO with operating range from 5128 cm™ (1.95
um) to 2564 cm™ (3.9 um) with R=100 (i.e., resolution from 50 cm™ to 25 cm™), and AIRS1 from 2564
cm™ (3.9 um) to 1282 cm™ (7.8 um) with R=30 (i.e., reaching a resolution of 83 cm™ to 41 cm™). More
specific technical details of the mission have been described in [1] and references therein. The
upcoming large spectral survey of exoplanets by Ariel and other telescopes offers a unique opportunity
to extend our knowledge both on the spatial and temporal evolution of planets.

Several missions are planned beyond the Ariel satellite and the James Webb telescope. For instance,
HabEx [264] (Habitable Exoplanet Observatory) which should be able to detect atmospheric gases that
are possibly indicative of biological activity, such as oxygen and ozone, planned for 2035) or the LUVOIR
telescope concept [265] (Large Ultraviolet Optical Infrared Surveyor, intended to launch in late 2030s).

2.2.3. Remote observations and the origin of life on Earth

Direct geologic records revealing the chemical conditions on Earth and its evolution during the Hadean
eon (>4 Gya) and early bombardment are very sporadic. However, this era probably played a crucial role
in the evolution of Earth and its life. Studies of ancient zircons and supracrustal rocks from the Jack Hills
in Australia indicate an environment “cold enough” to allow for the existence of liquid water oceans by
4.2 Gya and possibly by 4.325 Gya [267]. Concerning chemical conditions, trace—element analysis of
zircons show that the Hadean continental crust was probably more reduced than its modern
counterpart [57], i.e., the atmosphere likely contained a portion of simple molecular gases [57, 177]
such as CHs, NHs, PHs, Hz, HCN, CO, SO,, HCl, H,S, HCOOH, HCHO including reducing substances in
notable amounts. These simple gases have spectral signatures in the wavelength range of Ariel and this
telescope may then provide detailed data on the similarity of young planets to Earth as it observes
around 1000 exoplanets from gas giants to rocky super Earths (and probably the most interesting
terrestrial size planets as well) in the hot to temperate zones around F to M stars[268]. The final target
list is still being updated and revised.

These findings may be connected to the emergence of the first living organisms, whose ages are
estimated via 3C isotope fractionation measurements in carbon inclusions in rocks and minerals 3.8 Gya
[269], 3.95 Gya [270] and 4.1 Gya [271] by claiming that the deficiency might be attributed to organisms.
Putative findings of fossilized microorganisms in ferruginous sedimentary rocks are dated to 3.77 Gya
and possibly 4.28 Gya [270, 272].

Due to the limited rock record and physical evidence on Earth, the mystery surrounding climate and
chemical conditions on the early Earth are lost to us forever. However, hope remains in exoplanet
observations, since given enough data on the early evolutionary state of rocky planets we may be able
to deduce the probable state of the early Earth. Indeed, Ariel observations of rocky planets with
conditions and evolutionary stages similar to early Earth may render the need for geological records,
that are so difficult to come by, less vital, and understanding the chemical and physical conditions of
these planets may ultimately help unravel the mystery of the origin of life on Earth. This leap hinges on
a fundamental question: Why should a hypothetic origin of life on a far-away exoplanet be similar to
what occurred on Earth? And, why should all possible large and complex life forms require oxygen to
breathe? The assumption of Earth-like biochemistry for alien life might be inaccurate but is surely a
useful starting point for observations. Even if the basic premise of an Earth-similar origin of life turns
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out to be wrong, to follow the development of our own biochemistry will certainly lead to knowledge
that is likely applicable in the future [273]. The naive Earth-similarity approach may help unravel the
mystery of our own origin or at least will help understand which features of mineralogy, geochemistry,
radiation environment and atmospheric chemistry/physics were important to allow the origin of life on
early Earth and similar-conditioned exoplanets, which is in the end helpful for the question on the
second Earth, ie. “Earth 2.0,” or eta-Earth value, the mean number per star of rocky planets with
between 1 and 1.5-2 Earth-radii that reside in the optimistic habitable zone (HZ) of their host star [275,
276]. By providing increased knowledge of the history of young planets, we can better understand how
Earth’s own history unfolded; the appearance and physical conditions on young exoplanets can inform
and constrain conditions on Earth that may have been essential to the origins of life [68]. Creating life
in the laboratory with no information about the conditions that may have been available on the early
Earth leaves scientists with an overwhelming set of possibilities. In reality, such an approach would
surely be nearly intractable. Instead, by using the constraints from geochemistry and observations of
processes occurring on young planets, we can narrow down the appropriate avenues of origin-of-line
study and attempt a determination of whether life is common or uncommon [73]. Observational
missions such as Ariel will help assess the likelihood of the necessary life-forming conditions coinciding
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Figure 9: A modelled transit spectrum of a hypothetical Archean Earth under an Archean Sun. The planet
in this model has a 1 bar nitrogen atmosphere with 2% CO, and 0.32% CH,4 causing the formation of a
thin haze. The figure was compiled from data in Arney et al. [168].
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2.2.4. Exploration of early environments by Ariel

The Ariel mission will observe a large number of exoplanetary atmospheres and its main goal is to
provide statistical data on an unprecedented sample of exoplanets. For small and low mass exoplanets,
observations by Ariel will help to understand how fast these planets accreted mass during the lifetime
of their protoplanetary disk, which has implications for the atmospheric composition of the planets.
When planets first form in the disk, they may accrete a primordial atmosphere, containing mainly
H2/He. In the case of Earth, the primordial atmosphere was lost and replaced by a secondary
atmosphere containing gases like N;, CO;, CO, CHa4, together with NHs, PHs, H;, HCN, SO, HCI, H,S,
HCOOH, HCHO etc., as mentioned above. Recent studies show that terrestrial planets that grow beyond
75 % of Earth's mass at the time when their disk dissipates will never get rid of their accumulated
primordial atmosphere [274]. It is found from modelling present-day atmospheric noble gas isotope
ratios of **Ar/*®Ar, 2°Ne/?’Ne and *°Ar/?’Ne, that the proto-Earth most likely had 53 % — 58 % of its
present mass and could lose its tiny captured primordial H,/He-dominated atmosphere during a few
Myr after disk evaporation [274]. This finding indicates that rocky planets need to accrete more than
about 60% of the present Earth mass during their disks lifetime in order to later evolve into potential
Earth-like habitats. With the contribution of Ariel, we will have a much improved statistical picture of
how frequently small or low mass planets retain their primordial atmospheres and therefore would not
be good candidates for Earth-like habitability. This in turn will let us estimate the fraction of rocky
planets that should evolve with secondary CO,- or N,-O,- dominated atmospheres that can be further
investigated [72] as possible habitable targets.

Atmospheric models of exoplanets and early Earth adopt input conditions according to the most recent
findings. Large progress in this field and related to habitable planets can be found in studies published
by Kaltenegger, Glenn, Lunine and Herbst et al. [275, 276] A recent example is the simulated
transmission spectrum of Arney et al. [168] shown in Figure 9. The spectrum shows a transition
spectrum of the Archean Earth irradiated by an Archean Sun. Molecules such as CO,, CO, water,
methane and acetylene are key absorbers, as well as a hydrocarbon haze making the atmosphere
opaque to UV radiation. Ariel observations will be able to observe transit spectra of exoplanets, which
can be used to provide comparisons to models. It is possible that Ariel observations will reveal more
complicated spectra, with features that may be able to provide more information. Will Ariel observe a
spectrum similar to Figure 9? Or perhaps a more complicated spectrum providing more information?
The processes related to observable spectral features are discussed in the following chapters for
molecules related to prebiotic synthesis.

2.2.5. Observation of extreme events and impacts on young worlds

While in most cases atmospheric spectral features are moderately difficult to decode, high-complexity
target chemicals may be distinctly observable during unusual events, some of which are expected to
emerge during the continuous monitoring of 1000 targets. Such events, including impact ejection [277],
asteroid disruption [278], and dust cloud expansion [279], might provide information about these events
where they alter the transit colour depth or present specific absorption features.

So far, extraterrestrial impact events have been directly observed on the Moon [280], Mars [281] and
Jupiter [282], i.e. on Solar system bodies. A prominent example is the July 1994 collision between Jupiter
and the comet P/Shoemaker-Levy 9 [283], leaving two traces in its atmosphere from fragments D and
G [284] that the comet had split into earlier in 1992. A similar event on Jupiter was again captured in
2009 by the Hubble Space telescope [285] indicating that such events might be sufficiently frequent to
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observe multiple events occurring on the same exoplanet. On the other hand, detector sensitivity
remains a major technical issue for exoplanetary observations. For instance, it has been estimated that
an impact the size of the Chicxulub event 65 Mya ago viewed from 10 light-years distance would exhibit
an absolute magnitude of 20.9 and be barely detectable even assuming 100% emissivity [286].

However, an area of attention in a future of increased spectroscopic resolution and instrument
sensitivity, as well as when lock-on telescopes for long-term observation of a single exoplanet are
devised, is the atmospheric-entry and impact of meteors on large to giant exoplanets [287]. This might
constitute a novel area of research that could be applied to all kinds of exoplanets, with or without an
atmosphere. The probability of observing such large impacts or collision events from Solar-type and
Solar-age exosystems is low in an evolved state. On the other hand, explosions, collisions or large impact
events are more likely to be observed in especially young exoplanet systems or those experiencing
orbital instabilities. Mathematic models suggest that the first few hundred million years of terrestrial
planet formation is dominated by giant impacts that collectively influence the growth, composition, and
habitability of any forming planets [288]. In these cases, the detection of extrasolar impacts from
recorded emission spectra would give an idea of whether our solar system is typical, what is the
elemental composition of extrasolar rocky bodies, and the frequency of these impacts. Large-scale
impact events could reveal lower atmospheric layers or produce intense plasma flashes due to the
interaction of the bolide and exoplanet atmosphere or surface (when the atmosphere is thin or absent).
Such an event captured with a high-angular-resolution telescope and ultrasensitive spectrometer might
allow us to infer compositions of both atmosphere and meteor in a combined observation. This process
might even be possible now for non-transiting exoplanets, whose orbits are not obscured by their star.

Although Ariel’s spectrometers do not cover all wavelengths present in plasma emission, it can work in
synergy with other spectrometers, such as the 45 cm telescope of the Twinkle satellite [289], which
covers the visible (0.4-1.0 um) and band (1.3-4.5 um) bands. The wavelength range of Twinkle’s
spectrometer can be increased through modifying its gratings and extended deeper into the UV,
reaching 0.2 um. Similarly, the James Webb Space Telescope NIRSpec (0.6 — 5.3 um) and MIRI (5-30 pum)
could also be candidate instruments for synergy with Ariel. Ariel observations could permit the selection
of the interesting targets for other instruments to focus on and lock on to them.

The events listed in Table 2 might provide an opportunity for indirectly observing material from planet
or impactor interiors, or in related processes, from other than the atmosphere of exoplanets. For
example, the occurrence of crystallized olivine and pyroxene minerals point to high melting
temperatures, while phyllosilicates might indicate liquid water inside disrupting bodies, even small ones,
and is of astrobiological relevance. If these are ejected to the atmosphere, they might be detectable in
a transit.

Page 28 from 62



Confidental Paper Concept — Ariel consortium WG Astrobiology and Prebiotic Chemistry

Experimental Astronomy: Special issue for Ariel Phase B

1 Table 2: Summary of rare but expected extreme events.

Event

Impact driven
ejecta cloud

Super-volcanic
eruption driven
aerosol cloud

Disruption of
asteroid, comet

Disruption of
satellite of the
exoplanet

Asteroid impact

Realisation, consequence

Increased solid dust
occurrence around the
exoplanet with wide grain
size range, for gaseous
planets increased gas
absorption

Increase of atmospheric
dust load

Release of fresh dust/ice
and their gradual
distribution along the orbit
around the star

Release of fresh dust/ice
and their gradual
distribution (ring

formation) around the
exoplanet

Impact ejecta in the
atmosphere, local residual
heat, local chemical
transformation of the
atmosphere

Observational
possibility

Increase of scattering
or intensity of spectral
features, possibly
observable asymmetry
during transit

Increased dust
absorption and
scattering
Increased dust
absorption ad
scattering, not directly
at the target
exoplanet transit

Increased dust
absorption ad
scattering

Formation of
atmospheric markers
— HCN, acetylene,
maybe carbonyl
sulphide, carbon
disulphide and
phosphine

Ideal targets

Young, rocky planets
with unsettled system
configuration and
many impacting
objects

Near-start rocky
planets with intensive
tidal heating

Tidally disrupted or
collided bodies
moderately close to
the star

Exoplanets with
satellites

Planets experiencing
significant impact
bombardment
activity.

o U b~ W

00

10
11
12
13
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We conclude that, despite the current technical difficulties, impact events might not be such a rare
occasion when the candidates are in a chronological phase similar to early Earth during the Late Heavy
Bombardment (LHB). Probing large-diameter exoplanets will also increase the possibility of capturing
such an event even today, because of higher spectral contrast.

2.2.6. Molecular markers of life

In the search for extant life on another planet, exoplanets are classified according to their similarity with
Earth. Twenty-seven of them are listed in Table 3 but all are already older than the Earth at the time its
earliest known living structure. The existence of life on other worlds could be tentatively inferred from
a combination of potential biomarkers. Table 4 contains a list of molecules that are connected to life on
Earth to some extent. A very comprehensive discussion of such molecules has been recently published
by Schwieterman et al. [290] . Many of the listed species can be produced abiotically so the presence of
biosignature molecules in exoplanetary atmospheres does not prove, in most cases, the existence of life
exists. Their detection is therefore a necessary but not sufficient condition for constraining the presence
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of life. Nonetheless, it is valuable to search for biosignature molecules as they provide information
about chemistry on the planet, biotic or not, and further inform our understanding of possible
conditions on the early Earth.

Table 3: A list of selected potentially habitable exoplanets that are more likely to be rocky and maintain
liquid surface water. Listed planetary properties include mass and radius (relative to Earth), orbital
period in days, semimajor axis (in astronomical units, AU), stellar flux (relative to the Solar flux), distance
from the Solar system (in light years), equilibrium temperature (in Kelvin, K) and properties of the host
star, such as spectral type, age (in billions of years, Gyr) and effective temperature (K). The equilibrium
temperature of the planet (Teq) represents the surface temperature assuming the absence of an
atmosphere and albedo of 0.3. Earth Similarity Index (ESI) represents relates to the stellar flux and
planetary mass, and/or radius (Earth = 1.0). Planets more similar to Earth are not necessarily more
habitable, since the ESI does not consider all factors necessary for habitability. *Minimum mass
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Basic information

Planetary characteristic

Stellar characteristic

. . L. . Star Eff.
Mass Radius Flux Period Semimajor Distance Spectral ~ Age
Name Year Method Te [K . ESI[291 Temperature
Ml Ry asd o aayg wastau) gy PP Tepe oy TR
:tzf%ardenrs 2019 RV | 1.05[292] — 1.15[292] 267[291] 4.9(292]  0.025[292]  12[291] 0.93 M7.0
Tocanrden’ Vpoy S22 2904292)
St‘:r’gcar NS 12019 RV | 1.11p292) — 0.37(292] 202[291] 11.4[292] 0.044292]  12[291] 0.69
dTRAPPIST'] 2016 T | 04112931 0.77[293] 1.14[293] 267[291] 4.0[293] 0.021[293] 41[291]  0.89
TRAPPIST-T 10016 T | 0.62203]  0.92[203] 0.661203] 233[291] 6.1[293]  0.028[293] 41[291]  0.87
TRAPPIST - 1 Vl\g984 7:6(295]  25590293]
; 2016 T | 0.68[203] 1.041293] 0.38[293] 203[291] 9.2[293] 0.037[203]  41[291]  0.70 [294]
gRAPPIST'] 2016 T | 134[203] 1.13[(293] 0.25[203] 184[291] 12.4[203] 0.045[293] 41[291]  0.59
GJ 1061 2019 RV | 1751201 —1357201] 275[291] 6772911  0.035[291] 12291 0.88
c [291] [291] [291] [291] [291] [291] M55 0006 2953(296)

GJ 1061 d 2019 RV 1.68[291] — 0.57[291] 221[291] 13[291]  0.052[291]  12[291] 0.80 V[296]
GJ667Cc 2011 RV | 3.81[297] —133[201] 274[291] 28.1[297] 0.125[1297] 22[291]  0.78
GJ 667 C e 2013 RV | 2.541207] —046[207] 210[291] 622[297] 0213(207] 22[291]  0.71 \1/\/[[2193] S2[207]  3350[297]
GJ 667 Cf 2013 RV | 2.54297] —0.85[207] 245[291] 39.00297] 0.156[297] 22[291]  0.87
Kepler 186 f |2014 T - 1.17[298]  0.30[298] 182[291] 129.9[298] 0.432[298] 561[291]  0.58 Vl[gg] 4.0[298]  3755[298]
Wolf1061 ¢ | 2015 RV | 3.41[299] —130[209] 275[291] 17.9(299] 0.089[299]  14[291]  0.79 \1/\/[[239'; - 3342[299]
Tau Ceti e 2017 RV | 3.93[300] - 1.61[291] 285[291] 162.9[300] 0.538(300]  12[291]  0.74 | G8 V[301] 5.8[302]  5375[303]
Proxima Centb [ 2016 RV | 127(304]  —  0.65304] 227[291] 11.2(304] 0.049(304] 42[291]  0.87 \1/\/[[356451] 48[305]  3050[304]
Kepler-62f |2013 T - 1.41[306]  0.46[307] 205[291] 267.3[306] 0.718[306] 1200[291]  0.69 | K2 V[306] 2.3[308]  4967[308]
Kepler-442b | 2015 T — 1.340298]  0.66[298] 235[291] 112.3[208] 0.409[298] 1115[291]  0.85 1[43((’)9\]’ 29[298]  4402[298]
Kepler- 1229b | 2016 T - 1.34[310] 1.20[311] 213[291] 86.8(310] 0.300[310] 769[291]  0.73 |M?V[312] 3.7[308]  3784[308]
K2-72¢ 2016 T - 129(313]  1.11[313] 261[291] 24.2[(313] 0.106[313] 217[291] 090 |M?V[314] - 3360[313]
GJ273b 2017 RV | 2.89[299] - 1.06[299] 266[291] 18.6[299] 0.091[299]  12[291]  0.84 |M3.5299] - 3382[299]
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GJ 3323 b 2017 RV | 2.02[299] — 2.58[299] 265[291] 5.4[299]  0.033[299]  17[291] 0.90 M4[299] - 3159[299]
Kepler 1410b | 2016 T — 1.78[308] 1.06[310] 274[291] 60.8[310] 0.254[310] 1196[291] 0.78 | K7[315] 4.1[308]  4092[308]
Kepler 1512b | 2016 T — 1.18[308] 1.60[310] 322[310] 20.3[308] 0.131[308] 528[316] — K5[316] 1.8[308]  4372[308]
Kepler 560b | 2016 T — 1.47[310] 1.18[310] 298[310] 18.4[310] 0.089[310] 286[310] — M3[317] 4.1[298]  3556[298]
TOI-700 d 2020 T |1.25%318] 1.037[318] —  417[318] 10.0[318] 0.068[318] 101[318] — ngg] 1.5[318]  3461[318]
Kepler296e | 2014 T — 1.53[319] 1.41[319] 337[320] 34.1[319] 0.169[319] 737[291]  0.80 V?gl] 42[319]  3572[319]
Kepler438b | 2015 T — 1.12[298] 1.40[298]  —  35.2[298] 0.166[298] 472[322] — MI[322] 4.4[298] 3748[298]
G2
Earth ; ; 1 1 1 255[291]  365.3 1 - 100 | sy 4.54 5772
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Table 4: An example list of molecules potentially indicating existence of life on exoplanets. It is clear that
any ‘marker’ alone cannot serve as direct evidence of life on particular exoplanet and very careful

assessment will be needed in context of planet type, its chemistry and history [324], [290].

Molecule Connection to life

Controversy

Created by photosynthesis in plants
and algae.

Oxygen (O3)

Ozone layer protects planetary
surface from UV radiation, thus
shielding life.

Ozone (03)

On Earth, N0, 64% of N,O is
thought to be produced naturally
and 36% by human activity[327].

One possible mechanism of

denitrification is performed by

Paracoccus denitrificans. The
reaction route is shown in Eq. 3.
——>NO-N20-N2(g)

—-NO
No, (Eq. 3)

NOjs is reduced to NO, by means of
a membrane NOs; reductase
enzyme. Reduction of NO; is
mediated by cytochrome cd1

soluble periplasmic nitrite
reductase. Then, NO is reduced to

N.O by a membrane NO reductase.

It is interesting that this reductase
bears structural resemblance to
oxidases, from which some
hypothesize that NO could have

been a metabolic predecessor of O,

in some bacteria. Last, N,O can be

reduced by an N,O reductase to N,.

This reductase is a soluble
periplasmic enzyme [328].

Nitrous oxide
(N20)

One possible route of production of
NO is as for N,O above [329]. It
should be noted that NO is an

intermediate, not product.

Nitric oxide
(NO)

Waste product from fish
metabolism and from
decomposition of organic matter
[332].

Ammonia
(NH3s)

Created by photolysis of H,0 [325].

Ozone can be formed by the abiotic
Chapman mechanism [326] from oxygen,
which can be created by photosynthesis
(see above); harmful for life as we know it

on Earth.

Abiotic routes of N,O formation have
been proposed, for example on Pluto and
Triton [329],. It should be noted that N,O
is @ major ozone-depleting substance and
counters the formation of an ozone layer

[330].

Can be formed by lightning [331].

Ammonia is found aplenty in the solar
system [333], where it must have been
created abiotically.
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In combination with oxygen

Can be produced abiotically, e.g. by

M(eé:a)ne considered a biomarker. Produced methanogenesis [68] or serpentinization
N by livestock. [334].
Carbon Produced in photorespiration, Product of volcanism, almost

dioxide (CO>)

burning of organic matter, etc.

omnipresent in the universe.

Carbon Produced by non-ideal burning of Abundant in the universe, volcanic gas,
monoxide organic matter, in low quantities by  produced by photochemical reactions in
(CO) organisms. the troposphere [335].

Methanethiol

Partly released from the
decomposition of organic matter.
Some bacteria decompose

Not a viable biomarker. Present in natural

(CHsSH) methionine and produce gas.
methanethiol [336].
Can be a biomarker in terrestrial
Methvl planets around M type stars
chloriéle [337]. Most abundant chlorine Viability as biomarker around other types
compound in Earth’s atmosphere, of stars has not been explored.
(CHsCI) .
produced by bacteria and trees
(mangroves)[338]
Water (H,0) Necessary for terrestrial life. Present at the time of the accretion of
Earth.
Convenient source of phosphorus Not all atmospheric sources
Phosphane L . . - .
(PH3) for abiotic chemistry. Produced by characterised, abiotic routes possible
3

bacteria [339].

[340].

2.2.7. Species related to prebiotic chemistry

The Ariel mission will select a number of molecules as its prime observational focus. If these molecules
are observed in the atmospheres of young terrestrial planets, they may help uncover the mechanisms
of prebiotic synthesis and give hints towards a preferred scenario of prebiotic synthesis on early Earth.
Namely, molecules such as acetylene, carbon disulphide or hydrogen cyanide are expected to be
common atmospheric constituents and therefore observable directly in Ariel transmission spectra.
Based on astrochemical studies and analyses of interplanetary matter, it is expected that simple
molecules sError! Bookmark not defined.uch as H,, CO, CH4, and NHs; [56] or CO,, H,0, HCN, H,CO,
CHsOH, and maybe also HCONH; [341], together with more complex species such as polymers (tholins
[342]), various organic compounds and also biomolecules themselves [34, 47,133, 343] can be observed
on young exoplanets. Experimental results[24, 138, 189, 344] as well as theoretical predictions [34]
show that reducing, relatively reactive atmospheres are probably more efficient for the synthesis of
biomolecules [47]. However, it should be noted that several papers report the formation of biologically
important molecules under neutral (N;, CO;, H,0) conditions [65, 177, 345]. If possible, reflectance
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spectra may even reveal the accumulation of species on the surface, such as glyceraldehyde or
glycolaldehyde, products of Fischer-Tropsch synthesis and intermediates in several of the proposed
reaction mechanisms mentioned above. Although it is not the primary objective of Ariel to measure
reflectance spectra, nor is it certain that any of these products, apart from acetylene and HCN, will be
produced in sufficient amounts to be observable it is certainly worthwhile to search for their spectral
imprints.

Spectral data for some relatively-complex molecules that are important for interpreting Ariel
observations are missing from spectroscopy databases, e.g., ExoMol [346]. It will be an important task
to record high resolution laboratory spectra of species related to prebiotic chemistry in the wavelength
range of Ariel and provide their molecular parameters for spectral simulation of their fingerprints as
gas-phase atmospheric species, as atmospheric aerosols, or in surface deposits etc., as indicated in Table
5. An example laboratory spectrum is shown in Figure 10 with the operational range of Ariel telescope
indicated by grey rectangles. The upper trace (a) shows a high-resolution spectrum of isocyanic acid
(HNCO) [90], which is both a precursor and decomposition product of the crucial prebiotic molecule
formamide. Any organic material undergoing, for instance, thermal decomposition typically produces
similar products. Trace (b) in Figure 10 is the spectrum of a gas mixture produced by burning organic
matter. The most important of Ariel’s spectrometers for biomarker analysis will be AIRS channel 0, with
most molecular bands in the range of AIRS1 coinciding strong water absorption, while NIRspec operates
in the overtone range where bands are very weak. Another an important region for molecular
fingerprinting lies longwards of 7.8 um and is outside Ariel’s spectral range.

Table 5: A list of species that are potential reactants, intermediates or products of prebiotic processes
and which could be found either on planetary surfaces or in planetary atmospheres.

Importance
L State .
Compound for prebiotic Expected detection
. (at 298 K)
chemistry
Reactant,
Formamide ) ) Liquid Surface accumulation maybe hazes
intermediate
Starting .
Cyanopolyynes Volatile Aerosols
compounds
Formaldehyde Reactant Solid volatile Deposits, solutions, gas phase

Glycolaldehyde
Glyceraldehyde
Cyanamide

Acetaldehyde
Cyanoacetylene
Formic Acid

Tholins
Methanol
Ethanol
Acetone

Intermediate
Intermediate
Intermediate

Intermediate

Intermediate
Starting
compound
Side products
Intermediate
Intermediate
Intermediate

Solid
Solid
Solid
Liquid, close to boiling
point
Liquid
Liquid, volatile

Varied, mostly liquid
Liquid
Liquid
Liquid
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Surface accumulation
Surface accumulation
Surface accumulation

Surface accumulation, gas phase

Surface accumulation, gas phase
Surface or atmospheric presence

Aerosols, icy bodies in space
Surface accumulation, gas phase
Surface accumulation, gas phase
Surface accumulation, gas phase
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Intermediate,
Urea
product
Diaminomaleonitrile Intermediate
Carbodiimide

Cyanoacetaldehyde Intermediate

Intermediate

Iminoacetoitrile Intermediate

G Reactant
-CH Reactant
-CN Reactant
Cco Reactant
HCN Reactant
CoH; Reactant
HNCO Reactant
NHs Reactant
-CHs Reactant

Cyanamide (NH,CN) Reactant

Intermediate,

CHa product
Ethylene glycol Intermediate
Product,
Glycine simplest
amino acid
Feedstock
Ferrocyanides deposits
release HCN

Solid

Solid
Varied
Solid

Close to boiling point

Gas phase
Gas phase
Gas phase
Gas phase
Gas phase
Gas phase

Liquid, close to boiling

point
Gas phase
Gas phase

Solid

Gas phase
Liquid

Solid

Solid

Surface accumulation

Surface accumulation
Surface accumulation, gas phase
Surface accumulation
Surface accumulation, gas phase
Plasma
Plasma
Plasma
Plasma, Gas phase
Gas phase
Gas phase

Gas phase, surface accumulation

Gas phase
Plasma
Surface accumulation

Gas phase

Surface accumulation

Surface accumulation

Surface accumulation
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Figure 10. Spectra measured in the laboratory using a high-resolution Fourier-transform spectrometer
in comparison with the operational ranges of Ariel spectrometers NIR Spec and AIRS 0 and 1. Spectrum
(a) shows an example of the prebiotically important compound HNCO. The spectrum also contains
traces of water and CO,. Spectrum (b) is a mixture produced by thermal decomposition of organic
matter (a sample of dried leaves). The main dominant spectral bands belong to CHs, CO,, CO, C;H,, C;H4
(around 1000 cm™, not assigned in the picture for clarity) and CHsOH (around 1033 cm™, not assigned
in the picture for clarity). The absorbance of the spectrum in the interval 9000 — 11500 cm™ is multiplied
by a factor of 20 due to very low intensity of the overtones appearing in this spectral range.

3. Conclusion

The era of detailed exoplanet observations is arriving. Telescopes under construction (such as Ariel) will
observe the markers of chemical activity on exo-worlds and a surge of information about exoplanetary
chemistry can be expected. Some intriguing prospects are the potential discovery of an Earth analogue
or even life beyond the solar system. However, that turns out, detailed observations of exoplanetary
chemistry will give us new insight into the history of planet Earth and the origin of its life. For
information on the latter we are currently limited to the post-Hadean rock record and indirect evidence
of atmospheric processes, but with the upcoming exoplanet spectroscopes we hope to observe early
Earth analogues as they evolve in real time. Figure 11 summaries the prebiotically-relevant processes
we may observe on exoplanets and are discussed in this paper. Understanding the characteristics of
these phenomena is paramount for charting the origin of life on Earth and its potential elsewhere.

How best to gather the necessary detailed information about life-supporting processes from
exoplanetary spectra? The strategy outlined here is to look for exotic chemical markers of dynamic
processes and trace these to their source of energy, whether impactors, lightning, a strong UV flux, or
something else. We provide a chemical and observational overview of molecular species that have a
bearing on dynamic processes, prebiotic atmospheric chemistry or emergence of life, and may be
detected by Ariel.

Space- and ground-based observatories have already answered many fundamental questions
concerning the physical and chemical conditions of star and planet formation. Detailed insights have
also followed from the sampling of meteorites, exploration of comets and asteroids, and sparse
discoveries of very-old Earth minerals and rocks. However, it is complicated to unite this diverse but
incomplete data set into a simple picture of how the hostile early Hadean world evolved through the
Moon-forming event, later veneer, late heavy bombardment and transitioned into a warm Archean
ocean planet harbouring life. The upcoming large spectral survey of exoplanets will extend our
knowledge not only on the spatial, but also in temporal evolution of planets. We believe that Ariel will
be a powerful tool aiding this endeavour.
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Figure 11. An overview of the main driving forces of prebiotic chemistry and their indicators in
planetary spectra.
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