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Although first considered as too diluted for the formation of molecules in-situ and too harsh
an environment for their survival, the interstellar medium has turned out to host a rich
palette of molecular species: to date, 256 species, not counting isotopologues, have been
identified. The last decade, and more particularly the last 2 years, have seen an explosion of
new detections, including those of a number of complex organic species, which may be
dubbed as prebiotic. Organic molecules have been discovered not just in interstellar
clouds from the Solar neighbourhood, but also throughout the Milky-Way, as well as in
nearby galaxies, or some of the most distant quasars. These discoveries were made
possible by the completion of large sub-millimetre and radio facilities. Equipped with new
generation receivers, those instruments have provided the orders of magnitude leap in
sensitivity required to detect the vanishingly weak rotational lines that allowed the molecule
identifications. Last 2 years, 30 prebiotic molecules have been detected in TMC-1, a dust-
enshrouded gaseous cloud located at 400 light-years from the Sun in the Taurus
constellation. Ten new molecular species, have been identified in the arm of a spiral
galaxy seven billion light-yr distant, and 12 molecular species observed in a quasar at 11
billion light-yr. We present the latest spectral observations of this outlying quasar and
discuss the implications of those detections in these 3 archetypal sources. The basic
ingredients involved in the Miller-Urey experiment and related experiments (Ho, H,O, CHy,
NHz, CO, H.S, ... ) appeared early after the formation of the first galaxies and are
widespread throughout the Universe. The chemical composition of the gas in distant
galaxies seems not much different from that in the nearby interstellar clouds. It presumably
comprises, like for TMC-1, aromatic rings and complex organic molecules putative
precursors of the RNA nucleobases, except the lines of such complex species are to0o
weak to be detected that far.

Keywords: interstellar matter (ISM), molecules—ISM, galaxies, astrochemistry, radio astronomy, prebiotic
molecules

1 INTRODUCTION

The question of extraterrestrial life arose as soon as Earth was recognized as one amid a myriad of
celestial bodies. At first, alien life was fancied as a mere mirror of the life on Earth, with living
creatures possibly scaled to the size of their home planets [see L'autre Monde by Savinien de Cyrano
de Bergerac, printed in 1657, Cosmotheoros by Huygens (1698), and Micromégas by Voltaire (1752)].
Later, advances in science let writers realize that aliens may not look so friendly (The War of the
Worlds, H.G. Wells). Finally, it was argued that extraterrestrial life could be based on silicium or
germanium, instead of carbon, and take surprising forms. The most imaginative along this line was F.
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Hoyle who published, sharp 300 years after Cyrano’s book, a
novel that invokes an interstellar cloud as a living being: The Black
Cloud (Hoyle, 1957). Sir Fred Hoyle, whose grand reputation
stems from his elucidation of the origin of carbon and heavier
elements (Burbidge et al, 1957), but also from his taste for
unorthodox theories, was a defender of panspermia and a
forceful opponent of Earth-based abiogenesis.

The panspermia hypothesis, first developped in the 19th
century, assumes that life came from outer space in the form
of microscopic organisms present on meteorites or dust particles
that somehow survived their impact on the Earth. In Hoyle’s
view, the great advantage of panspermia was that it immensly
increases the time, hence the probability, for a chance assembly of
atoms into prebiotic molecules within the lifetime of a (in his
view) Steady State Universe.

Subsequent discoveries have shown that such a process has
occured for at least some prebiotic building blocks. The first
interstellar molecules (CH, CN, CH") were discovered in the
optical spectra of nearby stars (Swings and Rosenfeld 1937;
McKellar 1940; Douglas and Herzberg 1941), but it took
30 years until more complex species (e.g., NH; Cheung et al,
1968) could be found in interstellar space. In echo to Hoyle’s
science-fiction novel, water and formaldehyde, the first organic
molecule, were detected in 1969 and found ubiquitous in
interstellar clouds (Cheung et al., 1969; Snyder et al., 1969). The
construction of the large (36-ft diameter) radio-telescope on Kitt
Peak, Arizona, and of the Bell Laboratories first Schottky barrier
diode receiver fitted for millimetre-wave observations, opened the
way to a surge of new discoveries: CO, the most abundant
interstellar molecule after H, (Wilson et al, 1970), hydrogen
sulfide H,S, the first alcohol CH3;OH, ethanol, ... This firework
led Patrick Thaddeus, key actor on this scene, to state the Fisher’s
Scientific Principle: If you can’t find it at the Fisher Chemical store
you will not find it in the interstellar gas (Thaddeus, 2006). This
statement, however, was soon overturned by William Klemperer
and Thaddeus’ own NASA team by the discovery of the first non-
terrestrial molecular species: protonated carbon monoxyde HCO®,
protonated nitrogen N,H*, CCH, C3N, and C,H (Green et al,
1974; Herbst and Klemperer, 1974; Tucker et al., 1974; Guélin and
Thaddeus, 1977; Guélin et al.,, 1978), all five unstable species not
previoulsy observed in the laboratory.

To date, 256 molecular species, not counting isotopologues,
are identified in interstellar clouds and circumstellar shells (see
references hereafter). They are mostly acyclic organic molecules
or radicals with C-chain backbones, as well as half a dozen rings
with 5-10 C-atoms. They include aldehydes, alcohols, acids,
amines and carboxamides, i.e. the main functional groups
needed to initiate the formation of prebiotic molecules
and RNA.

It is worth noting that no amino acid has been found to date in
interstellar space, despite multiple searches for glycine (NH,-CH,-
COOH), the simplest of them (Guélin and Cernicharo, 1989
Snyder et al., 2005; Jimenez-Serra et al, 2020). On the other
hand, four putative precursors of glycine, methylamine
(CH;NH,-Holtom et al., 2005), formamide (CH;CHO - Rubin
et al,, 1971; Ferus et al,, 2018), glycolonitrile (HOCH,CN -Zeng
et al., 2019) and aminoacetonitrile (NH,-CH,-CN—Belloche et al.,
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2008), are detected, as is cyanomethanimine (HNCHCN—Rivilla
et al,, 2019) a HCN dimer and possible precursor of adenine,
Hs5CsNss, one of the four nucleobases of DNA.

The increasing rate of new detections mainly stems from
advances in spectroscopic and astronomical instrumentation.
Progress has been particularly striking in the sub-millimetre
and radio domains. Those wavelenghts cover the lowest
rotational lines of molecules of astrochemical interest and allow
radiation to freely transit through dust-enshrouded clouds. In
Section 2, we describe the state-of-the-art instrumentation used
in current molecule searches. In Section 3 and Section 4, we
present recent results based on extensive spectral surveys of 3
archetypal interstellar sources: first a cold dark cloud, not unlike
Hoyle’s Black Cloud, in the Solar vicinity, then the spiral arm of
a galaxy located 7 billion light-years away, finally a remote
quasar at a time when the Universe was only 2.7 billion light-
years old.

2 DETECTORS AND TELESCOPES AT MM/
SUB-MM WAVELENGTHS

In the last decade, the field of astrochemistry has seen major
advances triggered by the completion of new powerful radio
telescopes, such as the Atacama Large sub-Millimetre Array
(ALMA) and the Northern Extended Millimetre Array
(NOEMA), coupled to impressive gains in sensitivity of
receivers and in bandwidth. We here briefly review the leading
facilities and their new equipment that allowed the latest progress
in searching for new molecules in interstellar space.

The gains in detector sensitivity and bandwidth were linked
to the development of low-noise/wide-band cryogenic
amplifiers, based on HEMTs (High Electron Mobility
Transistors) that operate around 15K, and the development
of mixers equipped with SIS (Superconductor-Insulator-
Superconductor) junctions, based on photon-assisted electron
tunneling at temperatures below 4 K. State of the art heterodyne
receivers equipped with such devices now achieve noise
temperatures of only few times the quantum limit (2hv/k),
hence close to optimal, and ally increasingly wide tuning
ranges and instantaneous bandwidths.

The heterodyne technique is based on the down-conversion of
the incoming Radio Frequency (RF) signal (astronomical or from
laboratory) resulting from its mixing with the narrow signal of a
local oscillator. The lower frequency allows to use lower noise
amplifiers and, mostly, provides a spectral resolution equal to the
local oscillator line width, in practice better than 10™® of the RF
frequency. Whereas high sensitivity is needed for detecting the
vanishingly weak rotational line emission from rare molecular
species, or from very distant sources, high spectral resolution is
crucial to identify with certainty the carriers of detected
astronomical lines. Similarly, high spectral resolution is needed
in the spectroscopic laboratory to accurately measure the
rotational line pattern, hence derive the spectroscopic constants.

On the backend side, the availability of increasingly high-
speed ADCs (Analog-to-Digital Converters) and powerful
FPGAs (Field-programmable Gate Arrays) have allowed the
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FIGURE 1 | The IRAM 30-m diameter milimeter-wave telescope
operating on Pico Veleta in the Sierra Nevada, Spain, at 2,900 m altitude.
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FIGURE 2 | Noise temperature in the lower (green dots) and upper (blue dots)
sidebands of the 2SB SIS mixer receiver on the 30-m telescope— credit: D. Maier,
IRAM.

development of digital correlators that process increasingly wide
bandwidths, while keeping high spectral resolution.

The EMIR SIS junction receivers on the IRAM 30-m diameter
telescope, located at an altitude of 2,900 m on Pico Veleta, near
Granada, Spain (Figure 1), allow to simultaneously observe a
32 GHz-wide band with a spectral resolution of 200 kHz within
the 73-375GHz (A 4 to 0.8 mm) atmospheric windows. Their
intrinsic noise within this band varies between 2.5 and 5 times
the quantum noise limit (Figure 2). The K-band HEMT receivers on
the 100-m Green Bank telescope, which can observe simultaneously
a band of width 6 GHz with a 66kHz resolution, within the
26-40 GHz RF band, have a r.m.s. noise of 7 times the quantum
noise limit. The new Q-band HEMT receiver on the Yebes 40-m
telescope (Figure 3; Tercero et al., 2021) can observe simultaneously
20 GHz, within the 31-50 GHz atmospheric window, with a 38 kHz

FIGURE 3 | (A) The 4-stage Q-band cryogenic amplifier on the 40-m
Yebes telescope (from Tercero et al., 2021). (B) The 40-m Yebes telescope
—credit: Pablo deVicente.

resolution and, at frequencies near 40 GHz, a r.m.s. noise around
4 times the quantum limit.

Obviously, the telescope sensitivity also depends on the
antenna size, the accuracy of its reflecting surfaces (its
aperture efficiency #,) and the atmosphere transparency. Due
to signal absorption by atmospheric water vapour, sensitivity is
degraded at shorter radio wavelengths. This is why telescopes
operating below 2 mm (i.e., above 150 GHz) are built on high
altitude sites. High frequency telescopes must have more accurate
surfaces to keep a high aperture efficiency'. Large size, high
surface accuracy antennas located on high mountain sites are
much more difficult to build and need to be protected against
harsh weather conditions. In practice, this limits their diameter to
about 30 m to operate efficiently at 1 mm wavelength or below.

In order to increase the effective area of a telescope intended
to operate at wavelengths shorter than 2 mm, one chooses,
rather than increasing the size of a single antenna dish, to
build an array of several smaller dishes phased together, i.e., to
build an interferometer. Besides cost, a decisive advantage of a
phased array of mobile antennas is that its angular resolution
can be much better. The latter, which scales with the instrument
largest dimension D as A/D, is a critical parameter in the radio
domain.

Another advantage of interferometers vs single-dish telescopes
is that they yield spectra with much flatter baselines, as they filter
out intensity fluctuations caused by amplifier instabilities and by
the Earth atmosphere. This is particularly valuable for the detection
of the broad (broadened by Doppler effect) and very weak lines,
such as those observed in remote galaxies: As shown in Section 4.2,
this makes it possible to detect, with proper integration time,
molecular lines 10° times weaker than the receiver noise
throughout a 8 GHz-wide spectrum without removing any
baseline. On a spectrum observed with a single dish, one would
typically have to remove a high degree polynomial baseline, an
operation that may affect the detectability of broad lines.

The interferometers used for the line surveys discussed in the
next sections are ATCA, ALMA and NOEMA. ATCA is an array
of 6 x 22-m diameter antennas operating down to 7-mm

! Aperture efficiency, 74, according to Ruze’s equation, scales with the r.m.s. surface
error € as  exp(—(47e/1)?), which means that e must be <50pm to achieve an
efficiency 7, > 0.5 at a wavelength A < 1 mm.
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FIGURE 4 | (A) Night view of the ALMA 12-m antenna array on the Chajnantor Plateau in the Chilean Andes at 5,000 m altitude. The Magellanic Clouds appera as two
white cloudlets in the night sky —credit: ESO.org. (B) The NOEMA interferometer, operating on the Plateau de Bure in the Alps at 2,550 m altitude. Credit: J. Boissier, IRAM.

wavelength (50 GHz) and located at 240 m altitude, —30°
latitude, in New South Wales, Australia. The ALMA 12-m
array consists of an array of 50 high accuracy, 12-m diameter
parabolic antennas, located at 5,000 m altitude, —23° latitude,
in the Atacama desert in Chile. It operates down to 0.3 mm
wavelength (950 GHz) thanks to the low water vapour content
of the atmosphere above the site. This 12-m array is seconded
by a smaller array of twelve 7-m antennas plus four 12-m
antennas, ACA, also known as the Morito-san array
(Figure 4A). Finally, NOEMA was upgraded end of 2021 to

a 12 x 15-m diameter antenna array; it is located on a 2,550 m
altitude plateau in the southern Alps in France and operates
down to 1 mm wavelength with 12 antennas (and currently
0.8 mm, or 375 GHz, with six antennas). NOEMA is the largest
mm-wave array in the Northern Hemisphere (Figure 4B). Its
SIS junction receivers and its wide band XF Fast Fourier
Transform correlator make it particularly well suited for
extragalactic spectral surveys, since it can instantaneously
cover a 32GHz-wide bandwidth with 2MHz-wide
(2.6 kms™" at 230 GHz) spectral channels (see Figure 5).
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integration, are 7 and 3.5 pJy respectively. Adapted from R. Neri.

FIGURE 5 | (A) Fast sampling board of the IRAM Poyfix digital spectrometer. The board is based on a 16- Gsps, 5-bit ADC from the e2v company and a Stratix-IV/

FPGA employed for later filtering and signal processing. Eight such boards allow to simultaneously process the signals from a 32 GHz-wide band detected by 12
antennas (see Garcia et al., 2012). Polyfix was implemented on NOEMA in 2017. In comparison, the continuum correlator from the initial 3 antenna Plateau de Bure array
was only processing 10 x 50 MHz-wide sub-bands with a 4-bit sampler. (B) Time evolution of the sensitivities of PABI-NOEMA (blue squares) and ALMA (red

squares) for the detection at 3-mm wavelength of continuum point sources (and for 3-mm of precipitable water vapour along the line-of-sight). Gains in sensitivity are
relative to the year 1990 when the first 3 antennas of the Plateau de Bure interferometer (PdBI) were open to science observations (Guilloteau et al., 1992). The ALMA
regular science observations started with Cycle 2 in 2014. Sensitivity improvements for PdBI-NOEMA (two orders of magnitude in 30 years) resulted from a) an increase
in effective collecting area (addition of new antennas to the arrays and surface adjustments), b) reduction of receiver noise and c) increase in bandwidths (IF amplifiers and
backend correlator). End of 2021, the r.m.s. noise figures of NOEMA (with 12 x 15-m diameter antennas) and ALMA (43 x 12-m antennas) at 3-mm, after 8 h of

w

EVOLUTION _OF_SENSITIMITY_FOR CONTINUUM SQURCES __|

3 mm
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1990 2000 Y¢9T 2010 2020

3 COMPLEX ORGANIC MOLECULES IN
THE DARK CLOUD TMC-1

Cold dark clouds have turned up to be amazingly rich chemical
laboratories, able to synthesize in situ a great variety of molecules.
Most of the identified species are neutral molecules, although
several cations, essentially protonated forms of abundant closed-
shell species (Agundez et al, 2015a, Marcelino et al., 2020,
Cernicharo et al., 2020a; Cernicharo et al., 2021a; Cernicharo
etal,, 2021b), but also a few hydrocarbon and nitrile anions, have
also been observed (Cernicharo et al., 2020b). Molecular ions
have low abundances, typically below 10™'° relative to H,, due to
their high reactivity.

TMC-1 is a cold pre-stellar core located within Heiles’ Cloud 2
in the Taurus constellation (Cernicharo and Guélin, 1987). Target
of very many studies (Fuente et al., 2019, and references therein)
it was early on recognized as a rich molecular source. Within the
Taurus cloud complex, several dark cores present similar physical
characteristics (Cernicharo et al., 1984), but TMC-1 stands out as
the one where the largest amount of carbon-bearing molecular
species has been detected.

TMC-1 presents an interesting carbon-rich chemistry that
leads to the formation of long carbon-chains, radicals, ions and
neutral closed-shell molecules such as cyanopolyynes
(Cernicharo et al, 2020b; Cernicharo et al, 2020c and
references therein). This cold dark core also hosts a number of
nearly saturated species, such as CH;CHCH,, more typical of hot
star-forming cores (Marcelino et al., 2007). A first polar benzenic
ring, benzonitrile CcHsCN, has been detected in this object
(McGuire et al, 2018), although benzene itself is only
observed in post-AGB star envelopes. In spite of this carbon-
dominated chemistry, a number of carbon chains containing
oxygen have been detected in TMC-1: CCO (Ohishi et al., 1991),
C50 (Matthews et al., 1984), HC;0™" (Cernicharo et al., 2020a),

HC;0 and CsO (Cernicharo et al., 2021k) HC50, and HC,0
(Cordiner et al., 2017; McGuire et al., 2017; Cernicharo et al.,
2021k). The path leading to the formation of HC;O and HC,0O
remains a mystery (Cernicharo et al., 2021k), all the more that the
related chains C4O0, HC,O, and HC,O have not been found
(HC,O is nethertheless observed in other cold dense
clouds—Agtindez et al.,, 2015b). Other O-bearing species, more
typical of hot cores and corinos, such as CH;0H, C,H;CHO,
C,H;0H, HCOOCH; and CH;0CH3;, have also been identified
in TMC-1 mm-wave spectra (Agundez et al,, 2021a).

Since Léger and Puget’s assertion (Léger and Puget, 1984;
Allamandola et al., 1985) that the carriers of the unidentified
infrared bands must be polycyclic aromatic hydrocarbons
(PAHs), efforts have been devoted to understand how those
species may form in space. Cherchneff et al. (1992) proposed
that the envelopes surrounding carbon-rich AGB stars could be
PAH factories. Along this line, the detection of benzene in the
C-rich protoplanetary nebula CRL 618 (Cernicharo et al., 2001)
suggested a bottom-up approach in which the small
hydrocarbons formed during the AGB phase, such as C,H,
and C,H,, interact with the ultraviolet (UV) radiation emitted
by the star when it evolves towards a white dwarf (Woods et al.,
2002; Cernicharo 2004). Alternately, in a top-down approach,
PAHs would result from the stripping of graphite grain surfaces
chemically processed or irradiated by stellar UV (Pilleri et al.,
2015; Martinez et al., 2020). Hence, it is startling to discover that a
cold dark cloud, shielded from UV and devoid of internal energy
sources, hosts not only very long C-chain molecules such as
HGyN, but also C-cycles and aromatic rings.

This exciting result mainly stems from two on-going line
surveys of TMC-1 between 20 and 50 GHz: GOTHAM (GBT
Observations of TMC-1: Hunting Aromatic Molecules; McGuire
et al,, 2018) and QUIJOTE (Q-band Ultrasensitive Inspection
Journey in the obscure TMC-1 Environment; Cernicharo et al.,
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FIGURE 6 | Indene structure (from Cernicharo et al., 2021d).

2021c). Both surveys follow the pioneering work of Kaifu et al.
(2004), who first surveyed the whole 8.8-50 GHz frequency
spectrum in that source with the Nobeyama 45-m telescope.
N. Kaifu, S. Saito and their colleagues identified in the surveyed
band 414 lines pertaining to 38 molecular species. The Nobeyama
survey data were subsequently used by McGuire et al. (2018) to
find, through spectral stacking, a hint of the presence of
benzonitrile, a presence superbly confirmed by the GOTHAM
survey.

The GOTHAM and QUIJOTE surveys represent a major leap
in sensitivity with respect to previous works. They use the 100-m
diameter GBT and the recently completed 40-m Yebes radio
telescope, that benefit from higher effective areas and, mostly,
from lower noise and broader bandwidth receivers. The teams of
both surveys reported the detection of several cyclic molecules.
The GOTHAM team mostly used a spectral stacking technique
(consisting, for a given polar molecule, in a weighted average of
the very many rotational transitions covered by the survey) to
achieve their detections. The QUIJOTE team, owing to the higher
(sub milli-kelvin) sensitivity of its survey, was able to detect
individual lines without the need to rely on blind line stacking
(Figure 7). Among the QUIJOTE detections, we stress those of
indene, the first double-cycle detected in space (Figures 6, 7 and
Cernicharo et al.,, 2021c; see also Burkhardt et al., 2021), of
cyclopentadiene (Cernicharo et al., 2021d), and ortho-benzyne
(Cernicharo et al., 2021c). Detections reported by the GOTHAM
and QUIJOTE teams include ethynyl and cyano derivatives of
cyclopentadiene, benzene, and naphthalene (McCarthy et al,
2021; Lee et al., 2021; Cernicharo et al., 2021f; Cernicharo
et al., 2021j).

It is unlikely that such complex molecules and cycles arose
from a reservoir pre-existing to the formation of the TMC-1 core:
they could have hardly survived in the diffuse gas transparent to
UV radiation. McGuire et al. (2021) propose a reasonable
chemical network starting with the phenyl radical that may
explain the observed abundances of cyanonaphthalene, but the
chemical routes leading to this radical and benzene itself
remain unclear. An in situ formation mechanism for
benzene must involve abundant hydrocarbons containing
from 2 to 4 carbon atoms. Moreover, those hydrocarbons
should react and form C-rings in a mere 2 or 3 steps to be

Organic Molecules in Space

able to form enough benzene or phenyl radicals (Joblin and
Cernicharo, 2018).

The propargyl radical, CH,CCH, has recently been found in
TMC-1 by Agundez et al. (2021b) with an abundance close to
107® relative to H,. In addition, complex hydrocarbons such as
vinyl and allenyl acetylene have also been observed with fairly
large abundances (Cernicharo et al., 2021e; Cernicharo et al.,
2021f). These hydrocarbons may hold the key to form the first
aromatic rings, from which larger PAHs can grow. In two recent
articles reporting the detections of ortho-benzyne and the
ethynyl derivatives of cyclopentadiene (Cernicharo et al,
2021¢; Cernicharo et al, 2021g), the authors reproduce
reasonably well the observed abundances of C-cycles with
reactions between the radicals CH, CCH, C;H, CH,, ... and
the C-chains CH;CCH, H,CCCH, CH,CHCCH, and
H,CCCHCCH (see Figure 8). This requires, however, to
reduce the abundance of oxygen to a level close to that of
carbon: the presence of free oxygen atoms, which efficiently
react with the hydrocarbons, would strongly reduce the yield of
five or six C-atoms rings, hence impede the formation of PAHs.
A similar result was reported for other species by Fuente et al.
(2019).

In addition to hydrocarbons (closed shells and radicals) and
their cyano and ethynyl derivatives, TMC-1 revealed itself as an
efficient sulfur factory, through the identification of a number of
complex sulfur-bearing species in the QUIJOTE survey: HC5S",
HCCS, NCS, H,CCS, H,CCCS, C,S, HCSCN, and HCSCCH
(Cernicharo et al., 2021h; Cernicharo et al., 20211i).

Most remarkably, in just a couple of years, The GOTHAM and
QUIJOTE surveys have increased the number of known
interstellar molecules from 204 to 256 and revealed the great
potential of TMC-1 for further investigations.

4 MOLECULES IN THE DISTANT UNIVERSE

How much can we learn about the interstellar gas in nearby
galaxies and farther out, in the remote parts of the Universe?
Observing increasingly distant sources means travelling back in
time. Because the Universe is expanding, the radiation emitted by
distant sources (and the spectral lines it may contain, e.g., Lya,
CII and MgII lines) appears to us redshifted. Models of the
Universe expansion tell us the relation between redshift and
distance. Except for the 2.7K Cosmic Background, the
remotest sources we can observe are the very first quasars, the
bright radio/infrared quasi-stellar sources that appeared at the
center of the primordial galaxies during the epoch of reionization,
some 700 million years after the Big Bang. The most distant
quasar identified as of today, J0313-1806, has a redshift z =~ 7.64
when the Universe was only 680 million light-years old (Wang
et al,, 2021).

Whereas the lines observed in optical spectra teach us about
these remote quasi-stellar objects’ redshift, age and elemental
composition, they are far too broad to inform us on the
dynamics of the emitting gas (e.g., Wildy and Czerny 2017)
and, mostly, on its molecular and isotopic compositions. Those
latter can only be studied at sub-millimeter and millimeter
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FIGURE 7 | Indene transitions observed towards TMC-1 with the Yebes 40-m radio telescope by Cernicharo et al., 2021d.

cyano cyclopentadiene (from Cernicharo et al., 2020g).
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FIGURE 8 | Calculated abundances of CCH and CN derivatives of c-CsHg and CgHg (B) and of their precursors (A). The horizontal dotted lines correspond to the
abundances observed in TMC-1. The species 1/2-ECP correspond to two isomers of ethynyl cyclopentadiene, while the species 1/2-CCP correspond to two isomers of

wavelengths, preferably in circumstances that compensate for
the extreme line weakness.

The most favourable case is when the line-of-sight to the remote
quasar is intercepted at halfway by a massive galaxy or a cluster of
galaxies (halfway is the optimum distance for a magnification of the
quasar radiation by gravitational lensing). If the quasar is radio-
loud, the gas of the intervening galaxy may absorb the quasar
continuum radiation, causing the rotational line pattern of the
polar molecules to appear in absorption against the magnified
background continuum. The gas disks of galaxies are thin, so that
the absorption lines are fairly narrow and their carriers can be
unambiously identified. On the same mm spectrum, but at longer

wavelengths (i.e., at higher redshift), one may detect in emission,
magnified by the lens, molecular lines arising in the quasar itself.

The Planck/HIFI, Hershell/HerMES, H-ATLAS and South Pole
Telescope far-infrared/sub-millimetre surveys show that a fair fraction
(several percent) of the high-z sub-millimetre-bright galaxies are
magnified by gravitational lensing (Ade et al,, 2016; Spilker et al,
2016, as well as references therein; Hodge and da Cunha, 2020).
Nonetheless, and except for the relatively strong CO and H,O lines
(Yang et al,, 2016; Pensabene et al., 2021), rare are the cases where the
magnification is large enough to allow a clear detection of molecular
lines from the intervening galaxies, or from the background quasar
itself.
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Besides the detections in a handful of lensed quasars (e.g.,
APMO08279+5255) of a few lines of HCN, HNC and HCO™"
(Garcia-Burillo et al.,, 2006; Guélin et al, 2007), one has
essentially to rely on source stacking methods to barely detect
more molecular species (Spilker et al., 2014; Reuter et al., 2020). A
couple of sources, however, are lucky exceptions: a field galaxy on
the line-of-sight to the bright radio-loud quasar PKS1830-211,
and a strongly lensed quasi-stellar object, H1413+117, dubbed the
Cloverleaf. We now focus on those two remarkable objects.

4.1 Molecules Inside an Arm of a Spiral
Galaxy at Redshift z = 0.89

With a continuum flux of 2-3 janskys at 3-mm, the quasar PKS
1830-211 (redshift z = 2.5, Lidman et al,, 1999) is the brightest
lensed source at millimetre wavelengths. Its line-of-sight is
intercepted by two galaxies: the nearest to us is responsible for
HI absorption at redshift z = 0.19; the other, which appears on HST
images as a face-on spiral galaxy, gives rise to HI and molecular line
absorption at z = 0.89 (e.g., Muller et al., 2006; Combes et al., 2021).
The galaxy acts as gravitational lens that splits the quasar image
into two compact radio images, respectively located 0.6"” NE and
0.4"" (= 6 kilo light-years) SW of the galaxy center. The compact
SW radio image lies just behind a spiral arm visible on the I-band
HST image (Figure 9A).

The millimeter wave spectrum observed along both NE and SW
lines-of-sight displays a dense pattern of absorption lines. The SW
one is particularly rich and not unlike those observed in the arms
intercepting the line-of-sight to the HII region SgrB2, close to the
Milky-Way center, or those inside the central starburst of the
nearby Sc spiral galaxy NGC 253 (Martin et al., 2006). A detailed
analysis of the line intensities and profiles, as well as of the
chemistry of their carrier molecules, allows us to estimate the
physical conditions and morphology of the clouds intercepting
both lines-of-sight (Muller and Guélin, 2008; Muller et al., 2014).
The SW line-of-sight crosses a number of mostly cold (<40 K)
relatively dense clouds (nyg,>10* H, molecules per cm?),
surrounded by a diffuse envelope. The NE one encounters only
diffuse clouds (1, < 10* cm™) transparent to stellar UV radiation.

A total of 54 molecular species (not counting isotopologues)
have been identified in the parts of the spectrum surveyed to date:
a 20 GHz-wide band at 7-mm wavelength with the ATCA
interferometer and the Yebes 40-m telescope, a 8 GHz-wide
band at 3-mm with NOEMA, and a 38 GHz-wide band
between 3-mm and 0.6-mm with ALMA (Muller et al., 2011;
Muller et al., 2014; Muller et al., 2016; Muller et al., 2017) and
references therein (Muller et al., 2020; Tercero et al., 2020).

These species are light hydrides (HF, CH, CH", CH3}, ND,
NH,, NH;.. . .), small hydrocarbons (CCH, C3H, C,H, C;H,
H,CN, C3N, ... ), sulfur-bearing species (SH', SO, SO,
NS ... ) but also heavier, more complex organic molecules
with up to seven atoms (see Figure 9): aldehydes (formaldehyde
and thioformaldehyde, acetaldehyde CH;CHO), imines
(CH,NH methanimine), amines (CH;NH, methylamine),
cyanides (CH,CHCN, vinyl cyanide), amides (formamide
NH,CHO, urea (NH;),CO), one alcohol (methanol CH;OH),
and its thioalcohol (CH;SH, methyl mercaptan), and one

Organic Molecules in Space

organic acid (formic acid HCOOH). Their detection suggests
that all the ingredients necessary for a rich prebiotic chemistry
are present in the gas, although the physical conditions (density,
temperature) necessary for starting such a chemistry are ways
from being fulfilled even in the dense and hot prestellar cloud
cores. Nevertheless, the chemical composition of the gas in this
distant object is not very different from that of interstellar
clouds in the Milky-Way.

The basic ingredients of Miller-Urey experiment (H,, H,O,
CH, and NH3) and of closely related experiments (CO, CO,,
H,S, SO,) are all present there (the nonpolar species H,, CH,
and CO, cannot be observed in the radio domain). Also present
are some emblematic intermediate products of these
experiments: ~ hydrogen  cyanide and  isocyanide,
formaldehyde, urea, acetylene, cyanoacetylene, formic acid
and, mostly, formamide the key to the peptide bond. As
shown by the experimental work and ab-initio calculations
reported by Ferus et al. (2018), formamide is a possible
source for the synthesis of amino acids and of the four RNA
nucleobases (uracil, cytosine, adenine and guanine).

4.2 Molecules in a Young Quasar at Redshift
z=26

The Cloverleaf Quasar (H1413+117) is the archetype of
gravitationally lensed quasars and one of the most luminous and
best studied objects in the distant, hence young Universe. The quasar
redshift (z = 2.55786) implies a distance of 11 billion light-years
from the Sun and an age of about 2 Gyr after the appearance of the
very first stars, 700 million years after the Big Bang. Located at the
center of a starburst galaxy, its radiation, viewed from the Earth, is
magnified by a factor as large as 11 (according to models of Kneib
et al, 1998; Venturini and Solomon, 2003) by 2 galaxies, with
redshifts z = 1 and 2, respectively, that intercept the line-of-sight
and split the quasar image into 4 distinct components Figure 10).

The Cloverleaf quasar and its host galaxy have been studied in the
X-ray, optical and radio domains, and more particularly at sub-
millimetre wavelengths in the continuum and the lines of CO and
HCN. The far infrared/sub-millimetre emission appears to arise from
an extended (3 light-year radius) disk of gas and dust rotating around
the active galactic nucleus (or AGN—Alloin et al., 1997; Barvainis
et al,, 1997; Solomon et al,, 2003; Bradford et al., 2009).

The molecular emission is currently the object of high
sensitivity line surveys using NOEMA and ALMA. Thirty four
molecular lines pertaining to fourteen molecular species are
identified within the (still partly) surveyed 200 GHz-wide
frequency band covering the rest frequency ranges: 338-365,
526-626 and 705-786 GHz. (Figures 11, 12). Some of those lines
correspond to different rotational transitions of the same species,
such asthe ] —» J' = 1-0, 4-3, 6-5, 7-6, and 8-7 transitions of HCN
and HCO", the 4-3, 6-5, 8-7 transitions of HNC, the 1-0, 3-2, 4-3,
6-5, 8-7, 9-8 transitions of '*CO, the main isotopologue of CO, as
well as the 5-4 and 7-6 transitions of the rare isotopologues *CO
and C"*0.

The detected lines sample a wide range of energy levels and
opacities for a given molecule, and different excitation
conditions for molecules that are believed to be coeval. From
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FIGURE 9 | (A): The spiral galaxy at z = 0.89 intercepting the line of sight to the quasar PKS 1830-211, as seen by the Hubble satellite in the | band (Winn et al.,
2002). The cross shows the position where the molecular lines are observed in absorption in the SW spiral arm. (B): Profiles of the strongest absorption lines observed by
ALMAinthe SWarm (Muller et al., 2014). Abscissa is the gas velocity in the source frame (i.e., after correction for the redshift of the source z = 0.885 875). Ordinate is the
line to continuum ratio, where the continuum arises from the SW image of the background quasar. (C): Absorption lines observed toward the SW arm with the
Yebes 40-m telescope. The species identified for the first time in an extragalactic source are highlighted in red. The molecules highlighted in blue are those that were
identified for the first time in this source, but observed previously in other extragalactic sources. The y-axis is the normalised intensity to the total (NE + SW) continuum

level (from Tercero et al., 2020).
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1 arcsec

FIGURE 10 | The Cloverleaf Quasar, Chandra Xray image. Credit: NASA.

this, and from the spectral energy distribution of the quasar
continuum emission, it is possible to assess the density,
temperature and radiation field in the emitting region, as
well as the molecular abundances. The constancy of the line
width (half-power width 440 kms™') seems to imply that the
molecules are distributed throughout the same rotating cloud
complex.

Besides the AGN emission, the far infrared radiation field is
mainly thermal emission from tiny dust grains with
temperatures in the range 30-100 K, i.e.,, warm compared to

Organic Molecules in Space

the TMC-1 Galactic cloud, but similar to that in the HII region
SgrB2 (Weiss et al., 2013). Its intensity is however far more
intense than in any Galactic source, implying an exceptionally
strong starburst: the mass of very dense gas is estimated to be at
least 10'° Solar masses and the star formation rate M = 10° Solar
Masses per year (Stacey et al., 2021). This is 200 times larger
than the star forming rate in the entire Milky-Way and
comparable to those of the brightest ultra luminous infrared
galaxies, or ULIRGs. (Solomon et al,, 2003; Robintaille and
Whitney, 2010).

In contrast to the absorption spectra observed toward
PKS1830-211, where the line intensities primarily depend on
the background quasar continuum flux, the lines detected in
emission in a remote radio-quiet object like the Cloverleaf
depend on its distance and are therefore very weak. No
wonder that most of the molecules observed there are di- or
triatomic species. Some are radicals and ions (CH, CCH, H,O")
characteristic of gas irradiated by stellar UV, i.e. of diffuse
clouds. The others (CO, CS, HCN, HNC, HCO" H,O, H,S)
are stable species belonging to UV-shielded clouds. Remarkably,
these stable species are the same as the very first identified in
Galactic clouds 50 years ago, when the sensitivity of mm-wave
radio telescopes precluded to detect more than a dozen of
molecular lines.

As much as we can tell from the line intensities in Figures
11, 12, the abundances of HCN and HCO", relative to the
abundance of CO (the best tracer of the molecular gas), are
similar in the Cloverleaf Quasar (1 — 3 x 107) to those in the
z = 0.89 spiral galaxy and in the nearby Galactic cloud TMC-1
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(Muller et al., 2011), hence in an extremely wide range of
environments and at all Cosmic ages greater than 1 Gyr. We
note that the '>CO/C'®0O isotopic abundance ratio on
Figure 12, 2.5, is typical of nearby star-forming galaxies
and significantly larger than the values = 1 reported by
Zhang et al. (2018) for dust-enshrouded starbursts at
similar redshift.

Water vapour is detected and fairly abundant in all those
objects. It seems ubiquitous in remote quasars (Yang et al., 2016;
Yang et al., 2019; Yang et al.,, 2020), as it is in all Milky-Way
molecular sources, where it is observed in both forms, gaseous
and solid. The H,O submillimetre rotational lines, are typically
the strongest after those of CO. The H,O and CO lines have
similar profiles, which seems to imply both molecular species are
coeval.

5 CONCLUSION AND PROSPECTS

We do know, from the spectral analysis of stellar light and
meteorites, that the elemental composition of matter is similar
throughout the Universe, at least as concerns the most abundant
elements: H, He, O, C, N, Ne, Si, Mg, S, P, and Fe . . . It basically
follows the nuclear binding energies and, in the case of peculiar
stars, depends on their mass, which governs nucleosynthesis.
Things, of course, are less straightforward as concerns the gas
molecular composition, in view of the extraordinary large range
of physical and enviromental conditions prevailing in IS space. It
was thought, for a long time, that the harsh conditions (typically
densities below few hundreds atoms per cubic cm, gas
temperature of few tens of kelvin, stellar and cosmic-ray
induced UV radiation) preclude the survival of any molecule,
but for a few ephemeral diatomic species like the already
identified CH, CH" and CN. That view was overturned at the
end of the 1960s when it was realized that shielding by dust grains
and H atoms, and self-shielding of H,, N, and CO molecules,
considerably reduce the photodestruction of those and very many
other molecular species in IS clouds. And indeed, in the following

years formaldehyde, H,CO and CO were not only detected, but
observed in about every dark or bright IS nebula. In the course of
years, owing to remarkable gains in sensitivity and angular
resolution of the mm-wave and far-IR telescopes, the list of
molecules identified in interstellar and circumstellar clouds has
steadily increased to reach 256 species [see Mc Guire (2018) for a
list of molecules identified until 2018 and The Astrochymist® for a
monthly update of that list.]

Most remarkably, HCN and H,O are found to be ubiquitous in
clouds shielded by dust from stellar UV radiation. As we have
seen, they are observed up to the edges of the Universe. Quite
sensitive to stellar UV and cosmic-ray induced photodestruction,
these species cannot survive for a very long time even in the
densest clouds, hence have to be renewed on relatively short
timescales in a variety of environments. HCN is a prerequisite
brick for the formation of polymers via peptide bonds, whereas
liquid H,O, a solvant of polar molecules, is essential in shaping up
complex molecular structures. Their omnipresence in the gas or
on dust grains opens the way to organic molecules: formaldehyde,
formamide, methanol, ethanol, urea ...

Along this line, the recent gains in sensitivity, allowed by the
new generation radio telescopes, brought an unexpected result: the
identification in the quiescent dark cloud TMC-1 of fairly complex
organic compounds, linear chains or cycles, consisting of six or
more C-atoms. Latest examples are benzyne (c-CgH,), indene (c-
CyHg -Figures 6, 7) and cyanoethyleneallene (H,C,CHC;N;
Shingledecker et al, 2021) that were discovered this year
together ~with a score of new hydrocarbons or
cyanohydrocarbons (the attachment of a CN radical increases
the polarity of hydrocarbons, easing their radio detection). Yet,
TMC-1 would seem to be the last place where complex molecules
would form: its relatively short age (few x 10° years) coupled to a
vanishingly low gas density (few x 10* H, molecules per cm?),
extremely low gas temperature (T; = 10 K), and to a total lack of

*The Astrochymist avalaible at: http://www.astrochymist.org/.
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FIGURE 14 | List of gaseous atomic and molecular species detected by the Rosetta Orbiter Spectrometer (ROSINA) in the comet 67P/Churyumov-Gerasimenko
(Altwegg et al., 2019) here summarised in @ humorous way as a cometary zoo by Kathrin Altwegg, ROSINA principal investigator.
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internal or nearby energy sources, should have made molecule
formation a formidable challenge.

The list of molecules identified in TMC-1 has more than
doubled in the last 2years, even though, due to the very low
temperature, most of the oxygen atoms are frozen on the dust
grains in the form of water and dry ices, or trapped into CO
molecules. For sure, many more will be discovered as low
frequency searches for heavy organic molecules intensify. In
warmer and denser sources, such as star-forming clouds and
Giant Molecular clouds (OrionA-KL, SgrB2-N, ... ), not only
reactions in the gas phase do proceed faster, but also the
molecules formed on the grains may sublimate. Their molecular
content is obviously richer than that of the cold dark clouds,
especially as concerns complex organic compounds. The census

of those, however, becomes more challenging, as the gas is more
turbulent in such sources and the molecular lines are broader, so that
the mm-wave (and far-IR) spectra reach much sooner the confusion
limit (Figure 13). Prospects are more favourable for Protoplanetary
disks, which have narrow lines. These disks, however, are very small
and are barely resolved even with the largest interferometers. Their
lines are very weak and, so far, only a score of molecular species have
been identified there. Those species, of course, include CO, HCN,
HCO", H,0, NH;, H,S, SO (Phuong et al, 2018), but also
formaldehyde, methyl cyanide, cyanoacetylene, formic acid and
methanol. Many more will be detected with more sensitive
searches in the near future.

The bricks essential for the construction of amino acids and
the nucleobases seem therefore widespread across the Universe:
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didn’t Huygens prophetically write in The Cosmotheoros: What’s
true in one part will hold over the whole Universe? Does this mean
they were originally accreted by the Earth from outer space? Not
necessarily: it just shows those bricks form easily about
everywhere and may survive in harsh environmental
conditions. Most likely, they were already present in the pre-
Solar nebula. They may have been destroyed by the Sun’s ignition
and the Earth’s formation, but were quickly re-formed on the
rocky/dusty surfaces of the young Earth and of a number of Solar
System bodies, in particular meteorites and comets. The
“Cometary Zoo” (Figure 14) observed on Comet Churyumov-
Gerasimenko by the Rosetta space mission, seems to corroborate
this view.
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