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Ubiquitous aromatic carbon chemistry at the
earliest stages of star formation

Andrew M. Burkhardt©'®, Ryan A. Loomis?, Christopher N. Shingledecker®*4>, Kin Long Kelvin Lee's,
Anthony J. Remijan?, Michael C. McCarthy ®' and Brett A. McGuire ® 126X

Benzonitrile (c-C,H,CN, where ‘c’ indicates a cyclic structure), a polar proxy for benzene (c-C,H,), has the potential to serve
as a highly convenient radio probe for aromatic chemistry, provided that this ring can be found in other astronomical sources
beyond the molecule-rich prestellar cloud TMC-1. Here we present radio astronomical evidence of benzonitrile in four other
prestellar, and possibly protostellar, sources: Serpens 1A, Serpens 1B, Serpens 2 and MC27/L1521F. These detections establish
that benzonitrile is not unique to TMC-1; rather, aromatic chemistry appears to be widespread throughout the earliest stages of
star formation, probably persisting at least until the initial formation of a protostar. The abundance of benzonitrile far exceeds
predictions from models that well reproduce the abundances of carbon chains such as HC;N, a cyanpolyyne with the same
heavy atoms, indicating that the chemistry responsible for planar carbon structures (as opposed to linear ones) in primordial
sources is favourable but not well understood. The abundance of benzonitrile relative to carbon chain molecules displays sizable
variations between sources within the Taurus and Serpens clouds, implying the importance of physical conditions and initial

elemental reservoirs of the clouds themselves.

of astrochemistry. The unidentified infrared bands, a set

of emission features observed at mid-infrared wavelengths
(roughly from 3 to 13 pm), are thought to originate from the vibra-
tional relaxation of polycyclic aromatic hydrocarbons (PAHs)'~* fol-
lowing electronic excitation. These bands have been observed in an
astonishing range of astrophysical environments, from the expand-
ing atmospheres of asymptotic giant branch stars or supernovae* to
the latest stages of star formation®, to the gas in external galaxies®. On
the basis of these observations, it has been estimated that as much
as 10-25% of interstellar carbon may be locked up in aromatic mol-
ecules’, making these species important in the chemistry of nearly
all regions. In addition, the nucleation and accretion of the largest of
these molecules may be a key driver for the growth of carbonaceous
interstellar dust grains in the atmosphere of certain evolved stars.
Among the more than 200 molecules definitively detected in the
interstellar medium so far’, however, only a very small fraction are
aromatic either in a strictly chemical sense or otherwise: cyclopro-
penylidene (c-C;H,, where ¢’ indicates a cyclic structure), benzene
(C4Hy), three fullerenes (Cyy, Cq," and C,,)*'* and the simplest aro-
matic nitrile, benzonitrile (C;H,CN), which was recently identified
in the molecule-rich, prestellar Taurus Molecular Cloud (TMC-1)
by radio astronomy'’. Despite these discoveries, very little is known
about how these specific aromatic molecules fit within the broader
context of interstellar chemistry.

Extensive laboratory and theoretical work has established
that the formation of benzonitrile from benzene and a source of
chemically active nitrogen, commonly the CN radical, is efficient
under interstellar conditions'*""”. The presence of benzonitrile is
thus a direct and meaningful indicator of radio-invisible benzene.
Although the column densities of many carbon chains in cold cores
such as TMC-1 are well reproduced by astrochemical models based

Q romaticity has long been believed to be an integral aspect

on reactions starting with small hydrocarbon precursors**-*, that of
benzonitrile is in excess of predictions from the same model, sug-
gesting other routes to form aromatic species may be operative in
this source'.

In this context, two consequential lines of inquiry in dark cloud
chemistry follow: the extent to which the unusually rich chemistry
in TMC-1 is broadly representative of dark clouds, and how dif-
ferences in cloud properties affect this chemistry. TMC-1 is known
to harbour unsaturated carbon chains in remarkably high abun-
dance even relative to other dark clouds®**. Many such chains were
first or only detected in the interstellar medium toward this source
(see ref.” and references therein). However, whether the chemical
inventories of dark clouds commonly extend to aromatic molecules
has been a topic largely confined to conjecture until very recently.
The newfound ability to infer the population of benzene by radio
astronomy now affords one the opportunity to assess cloud chemis-
try from a distinctly different viewpoint. This fundamental organic
ring, owing to its much higher degree of saturation, may be formed
by pathways unlike those invoked for highly unsaturated carbon
chains, and is thought to be the key building block in the synthe-
sis of far more complex organic molecules®*. To substantively
advance this discussion, however, it is first necessary to establish
whether benzonitrile (and thus benzene, by inference) is present
beyond TMC-1 and, if so, to what degree this ring is widespread in
molecular clouds.

Long-carbon-chain molecules, such as the well-known cyanop-
olyynes (HC,N, where # is odd), are readily observed throughout
the various stages of star formation, and are particularly common
at the earliest stages, before the desorption of saturated molecules
from ice, which occurs when the protostellar object warms up the
surrounding material”. And, in particular, high column densi-
ties of large cyanopolyynes, such as HC,N and HC,N, can provide
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evidence for sources rich in complex hydrocarbons. Given that
HC,N, a highly unsaturated (H<C) chain, has the same heavy
atoms as benzonitrile, we searched for radio lines of benzonitrile
towards sources with high column densities of this species as an indi-
cator of a rich gas-phase carbon chemistry with many of the essen-
tial building blocks to produce benzene. We discuss four sources
with Ngc,n > 102 cm ™2 (refs.***!) that were first targeted: Serpens
la (S1a), Serpens 1b (S1b), Serpens 2 (S2) and MC27/L1521F, along
with TMC-1, where benzonitrile was originally discovered.

The five sources reside in two distinct parent clouds and probe
different stages of prestellar environments. The Serpens sources are
all part of the same greater filament studied by Friesen et al.’’. Based
on its molecular line widths, lack of embedded protostars and small
continuum-derived mass, S2 is thought to be a very young starless
core, with a maximum estimated age of 10°years (ref.’'). Sla and
S1b are two cores straddling a central protocluster where infall is
occurring and have estimated ages of several 10°years (ref.’!). Both
TMC-1 and MC27/L1521F are associated with the larger Taurus
Molecular Cloud Structure. TMC-1 is a well-studied prestellar
molecular cloud with minimal infall motion, whose age has been
estimated to be ~2-5 X 10°years (refs.'>**-**). MC27/L1521F is con-
sidered a very-low-luminosity object, where the embedded proto-
star is just beginning to heat up®.

Our observations were performed with the 100 m Robert C. Byrd
Green Bank Telescope (GBT) as part of a large ongoing observing
campaign: A Rigorous K/Ka-Band Hunt for Aromatic Molecules
(ARKHAM), which is slated to survey more than dozen sources
when it is complete. An updated analysis of C;H;CN in TMC-1
(ref.*) has also been possible with additional observations from
our companion survey, GOTHAM (GBT Observations of TMC-
1: Hunting for Aromatic Molecules; ref.?”). For each source, four
strong benzonitrile transitions were targeted between 22 and
26.5GHz with the K-band Focal Plane Array*® and VEGAS spec-
trometer” (Supplementary Tables 1 and 2). For S2 and MC27/
L1521F, additional observations were performed with the Ka-band
receiver and target four other transitions between 28 and 30.5 GHz.
MC27/L1521F also has several lower frequencies across the K band
between 22 and 26 GHz. The GOTHAM observations towards
TMC-1 cover transitions in the X, K and Ka bands, and are dis-
cussed in detail elsewhere'>".

Three transitions of benzonitrile were ultimately detected in
each of our new four target sources (Supplementary Figs. 2, 4, 6
and 8). The same analysis procedure for the GOTHAM data® was
employed here, in which a Markov chain Monte Carlo (MCMC) fit
is used to determine the total column density across all energy states
(Ny), excitation temperature (T,,), linewidth (AV) and source veloc-
ity (v,) or velocities that best reproduce the observations; details
of this procedure are given in the ‘Spectral stacking routine’ sec-
tion of the Methods, with a complete description provided in ref. **.
Transition frequencies, line strengths and the partition function for
CH;CN were taken from previous laboratory measurements'>*.
The velocity-stacked spectra from transitions towards each of the
five sources (Fig. 1) show that benzonitrile is detected at least 50 in
both the velocity-stacked spectra and peak impulse response of the
stack. The relative ease with which this polar ring has been observed
in all five sources suggests that aromatics can survive through the
formation of a protostar and perhaps beyond.

Although spectra from all five sources were fitted with one or
more velocity components, the present single-dish data provide
little meaningful spatial information. As such, we first examined
the total abundance of C;H;CN in each source across all velocity
components. For all but TMC-1, the primary uncertainty in the
derived column densities arises from the degeneracy between this
quantity and the excitation temperature, which can be mitigated by
observing transitions over a still wider range of upper state energies.
Towards TMC-1, the largest uncertainty is due to the unconstrained

source sizes of the velocity components. Ultimately, high-sensitivity
mapping with the Very Large Array in a compact configuration or
ARGUS mapping with GBT is needed to better constrain the spatial
extent of the emission features. Nevertheless, as indicated in Fig. 2,
the C;H,CN abundance relative to H, ranges between approxi-
mately 107! and 107", with the highest values towards TMC-1. The
Supplementary Information provides considerable additional infor-
mation on the uncertainties, source sizes, derived column densities
and so on for each source studied here.

Overlaid on Fig. 2 are abundance predictions of C;H;CN and
CH, from a gas-grain kinetic chemical model, NAUTILUS",
which has been extended beyond that reported in ref. ** and ref.?
to account for new molecular identifications in the GOTHAM and
ARKHAM surveys (see the Astrochemical modelling’ section of
the Methods, refs. **>** and B.A.M. et al. (manuscript in prepara-
tion)). It is clear from Fig. 2 that the derived abundances of benzo-
nitrile are consistently at least an order of magnitude higher than
those predicted from our most up-to-date models, implying that
aromaticity is more important in prestellar chemistry than previ-
ously thought. In contrast, the same model well reproduces the
abundance of HC,N and even HC)N (ref.*). Taken together, we
conclude that the formation of aromatic molecules is quite favour-
able, but notably less constrained than that of highly unsaturated
carbon chains.

With respect to TMC-1 specifically, we note the observation-
ally derived and model-predicted abundances of benzonitrile
differ from those reported earlier””. In terms of the derived abun-
dance, the more accurate methods adopted here and in the
GOTHAM survey™ result in a value that is four times higher.
Regarding the chemical models, the predicted abundances are lower
by about an order of magnitude primarily for two reasons. First, the
use of slightly different initial elemental abundances in our latest
model®™ produces cyanopolyynes in higher abundance, but is less
efficient for cyclic species. And second, the addition of new reac-
tions (Supplementary Information, see also ref. *> and B.A.M. et al.
(manuscript in preparation)) in our network to produce other newly
discovered aromatic molecules reduces the abundance of benzene
and, by extension, benzonitrile.

The underproduction of cyclic molecules in our models is not
limited to benzonitrile but extends to three other ring species
detected with GOTHAM: 1- and 2-cyanonaphthalene (B.A.M.
et al., manuscript in preparation), a pair of CN-functionalized
PAHs (C,,H,CN), and cyano-cyclopentadiene®’, a highly polar
five-membered ring (c-C;H,CN). For both rings, deviations
between derived and predicted abundances are even more disparate
than for benzonitrile. Nevertheless, this same model well reproduces
the abundance of two newly discovered nitrile-terminated chains,
propargyl cyanide (HCCCH,CN)*” and HC,,N (ref.**), which are
described in accompanying GOTHAM papers. This finding again
suggests that our present understanding of interstellar aromatic
chemistry is demonstratively incomplete.

To determine the extent of aromatic chemistry outside of the
carbon-chain-rich source of TMC-1, we compared the relative
abundance ratios between HC,N, HC,N and C;H.CN in each source
(Fig. 3). For S1b and S2, the column densities of HC,N were adopted
from ref.”!, whose observations were also done with the K-band
Focal Plane Array on the GBT. Although the inverse relation of
cyanopolyyne abundances with chain length*"* is fairly consistent
between all five sources, the abundance ratios involving C;H,CN
vary considerably between the Taurus and Serpens sources. In each
of the three Serpens sources, the HC,N/HC,N ratio is comparable to
the chain/ring ratio using the HC,N/C,H,CN and HC,N/C;H,CN
ratios as metrics. In contrast, in TMC-1 and to a lesser extent MC27,
the HC,N/C(H,CN ratio is considerably higher, indicating that aro-
matic chemistry is less prevalent relative to carbon chain chemis-
try among sources in Taurus. We note that the derived excitation
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Fig. 1| Velocity-stacked spectra of C;H.CN and the impulse response function of the stacked spectra in the five sources observed here.

Left: velocity-stacked spectra are in black, with the corresponding stack of the simulation using the best-fit parameters to the individual lines in red.

The data have been uniformly sampled to a resolution of 0.02kms™". The intensity scale is the signal-to-noise ratio (SNR) of the spectrum at any given
velocity. Right: the impulse response function of the stacked spectrum generated using the simulated line profile as a matched filter. The intensity scale
is the SNR of the response function when centred at a given velocity. The peak of the impulse response function provides a minimum significance for the
detection noted in each plot. See ref. *° for details.
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Fig. 2 | Simulated abundances with respect to hydrogen from NAUTILUS chemical models for C;H, and C,H.CN in comparison to that derived for
C,H:CN from observations in the five sources studied here. Uncertainties (as described in Supplementary Tables 4-8) are shown by the depth of the bars
for each source in the same colours as Fig. 3. Left: zoom-in at the time frame relevant for ARKHAM sources, highlighting that the observed abundances
are far greater than predicted by existing models (solid orange and blue lines). Right: Modelled and observed abundances, in addition to a simulation with
an initial C,H, abundance of 10-° (dotted lines). The initial elemental carbon abundance, or the model's total reactive carbon budget, is shown in red with
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Fig. 3 | Derived abundance ratios between HC,N, HC;N and C;H.CN

for each of the five sources studied here. The colours and markers are
based on the parent cloud in which they reside: blue crosses for Serpens
and red dashes for Taurus. The HC,N abundances for S2 and S1b are

from a previous GBT Survey by Friesen et al.*’. Uncertainties are described
in Supplementary Tables 4-8 (the last of which is adapted from table
2inref.?’).

temperatures are also similar among sources from the same parent
cloud, T, ~ 11.1-11.5 K for the Serpens sources and 4.9-6.1 K for the
two sources in Taurus (MC27/L1521F and TMC-1), notwithstand-
ing the small sample size and aforementioned degeneracy between
the excitation temperatures and the derived column densities.
Similarities among related sources may indicate the impor-
tance of the parent cloud in determining the abundances of
interstellar molecules, including aromatics. For example, if aro-
matic molecules are simply relics that have survived the diffuse
cloud stage, their abundances should be largely uncorrelated with
those of cyanopolyynes that are readily formed in dark clouds.
If correct, large variations in the HC,N/C(H,CN ratio might
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be expected. Alternatively, although no correlation was found
between evolutionary stage and the benzonitrile abundance, if
aromatics are produced in dark clouds but with different effi-
ciencies compared with carbon chains, the HC,N/C,H,CN ratio
may be considerably more sensitive to the physical conditions
and initial elemental reservoirs of the clouds themselves, particu-
larly the C/O ratio, as seen in Fig. 4. Regardless, the presence of
C¢H;CN towards the very-low-luminosity object MC27/L1521F,
which displays evidence for an incipient protostar, at any signifi-
cant level implies that aromatic species survive at least the initial
phase of star formation.

It should be emphasized that there is considerable evidence
casting doubt on the importance of inheritance by simple aromat-
ics, but the same may not be true for larger species. Several studies
conclude that small PAHs (<20-30 atoms) are readily dissociated
by starlight in high yield when transiting the diffuse gas*~*" because
they are unable to efficiently radiatively relax following absorption
of an ultraviolet photon. If C;H; is present at the beginning of the
dark cloud phase, for example, our models (Fig. 2) require an abun-
dance of ~107°, or nearly 60% of the model’s reactive carbon budget
(accounting for the six carbons in benzene), to reproduce the ben-
zonitrile abundance on the timescale of prestellar sources. A simi-
lar large initial seed of cyclic species is also required to reproduce
the abundance of the cyanonaphthalenes (B.A.M. et al., manuscript
in preparation) and cyano-cyclopentadiene®. Placing such a large
fraction of all carbon in a single molecule seems highly unrealis-
tic given that the estimated fraction of carbon locked up in PAHs
overall is estimated to be 10-25% (ref.*), and because one might
expect the initial aromatic reservoir to be dominated by larger,
more stable cyclic species. However, the dissociation of large cyclic
species in the diffuse clouds may produce modest-sized molecu-
lar fragments that could conceivably be important precursors for
small aromatic species, but are not considered here. Previous stud-
ies suggest that PAHs undergoing Coulomb explosion primarily
produce hydrogen, acetylene (C,H,) and carbon chains containing
10-15 (+3) carbon atoms, depending the internal energy and the
size of the PAH**. More generally, our modelling highlights the
existence of a previously unknown and non-negligible reservoir of
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Fig. 4 | Simulated abundances and abundance ratios from NAUTILUS chemical models over a range of gas and grain temperatures, gas densities and
initial elemental oxygen abundances. Left: C.H.CN abundances. Right: C;H;CN/HC;N abundance ratios.

complex carbon that should be considered in chemical models of
protostellar evolution.

In summary, the detection of benzonitrile towards the starless
cloud core TMC-1 expanded our view of aromatic chemistry beyond
the initial factories of carbon-rich stars. The ease with which the same
aromatic species has been subsequently detected in other molecular
clouds points to the generality of this chemistry in early star forma-
tion, rather than an anomaly specific to the rich carbon chain chem-
istry of TMC-1. The high abundances of this aromatic molecule are
far greater than those predicted by present chemical models, and
exhibit sizable variations between clouds of roughly similar ages.
For these reasons, the present observations should serve as a strong
impetus for new laboratory and theoretical studies to investigate the
formation pathways of small aromatics in greater detail, and moti-
vate additional observations towards objects over a variety of initial
conditions or further along the pathway to star formation.
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Methods

Spectral stacking routine. Full details of the methodology used to detect and
quantify molecules in our spectra are provided in ref. *°. Briefly, we first perform
a standard steepest descent fit to the molecules in our data using model spectra
generated with the formalisms outlined in Turner*, which include corrections for
optical depth, and adjust for the effects of beam dilution. The specific transition
parameters for each species are obtained from spectral line catalogues primarily
pulled from publicly accessible databases (https://spec.jpl.nasa.gov and https://
cdms.astro.uni-koeln.de/) or generated from spectroscopic parameters provided
in their respective publications. Full details for each catalogue are provided in
the Harvard Dataverse repositories described below. The substantial number
of transitions used in the analysis makes in impractical to provide a table of
parameters in the text. Instead, the interested reader is referred to the catalogue
files in the online supplementary data, which contain all of the required
information in a machine-readable format. For each source, we fit either one
or two distinct velocity components (v,,), and simultaneously fit for column
densities (Ny), source sizes (6,), excitation temperatures (T,,) and linewidth (AV).
In the case of benzonitrile, there are many transitions covered by our
spectra that are not visible above the local root mean squared noise level of the
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observations. We therefore extract a small portion of the observations centred
around each spectral line. An SNR weighted average of these spectra is then
performed based on the expected intensity of the line (derived from the MCMC
parameters) and the local root mean squared noise of the observations. For the
purposes of this analysis, largely due to hyperfine splitting, we treat the signals
on a per-line basis rather than a per-transition basis. The result is that the stacked
feature is broadened, as the hyperfine components and velocity components are
not collapsed, but there is no overcounting of flux. This results in a substantial
increase to the overall SNR, with the spectrum now encapsulating the total
information content of all observed lines, rather than only that from the brightest
lines. Finally, the model spectra are stacked using identical weights, and that
stacked model is used as a matched filter that is cross-correlated with the stacked
observations. The resulting impulse response spectrum provides a lower-limit
statistical significance to the detection. As the filter contains the same broadened
hyperfine and velocity structure as the stack, there is no loss in significance.
Supplementary Table 2 shows the total number of transitions (including
hyperfine components) of the molecules analysed in this paper that were covered
by GOTHAM and ARKHAM observations at the time of analysis and were above
our predicted flux threshold of 5%, as discussed in ref. . Also included are the
number of transitions, if any, that were coincident with interfering transitions
of other species, and the total number of lines used after excluding interlopers.
Observational data windowed around these transitions, spectroscopic properties
of each transition and the partition functions used in the MCMC analysis are
provided in Harvard Dataverse repositories™™’.

Astrochemical modelling. A modified gas—grain kinetic chemical model,
NAUTILUS", with adaptations beyond ref. '° and ref. ”’, was used to model the
formation of aromatic species. We note that the model described here uses an
identical chemical network and initial parameter set (Supplementary Tables 9 and
10) to the GOTHAM-related works in refs. ***”#>** and B.A.M. et al. (manuscript in
preparation) unless specifically stated otherwise.

For this work, we have added the reactions summarized in Supplementary
Tables 11 and 12, which expand on those presented in ref. ©°. In our models, the
dominant formation pathway to benzene is through the following dissociative
recombination process proposed by McEwan et al.’':

CeH, " + e —H + CsHg (1)

The fact that our model underproduces benzonitrile is indicative of some
deficiency in the included aromatic chemistry, such as missing formation routes
or incorrect reaction rates. For example, the cyclization of linear-carbon-chain
species, either in the gas or on grains, represents an attractive possible formation
pathway that is not included in our network. Moreover, only ~1% of C;H;CN is
frozen on grains in our model; however, this value could plausibly be much greater
in astrophysical environments, especially if there exists a viable grain-surface
formation pathway. If so, additional low-temperature desorption mechanisms, such
as sputtering by cosmic ray bombardment or accelerated gas-phase particles®>*
will need to be considered in dark cloud chemistry models. Another possibility
is that some of the as-yet-undetected species that have been proposed™ to be
important precursors to benzene—such as C;H,*, 1,3-butadiene and propene—
may be likewise underpredicted in our model, thereby resulting in low calculated
abundances of CHy. Interstellar observations of these potential precursors would
substantially help to constrain the proposed pathways leading to benzene.

Destruction routes that lead to other aromatic or cyclic molecules, such as
cyanonaphthalene and cyano-cyclopentadiene, have also been included in our
latest model. However, expanding the network to include additional reactions with
potential precursors to benzene, such as C;H,*, 1,3-butadiene (CH,CHCHCH,)
and the propargyl (CH,CHCH,) and phenyl (CH,) radicals™, did little to increase
the abundance of benzonitrile.

Although our models do not reproduce the derived abundances of benzonitrile,
we have explored their sensitivity to certain key parameters in our simulations to
study the importance of the parent cloud to the production of benzonitrile and,
by proxy, other aromatics. In Fig. 4, the calculated abundances of C;H;CN and
the abundance ratios of C;H;CN/HC,N are shown over a range of temperatures,
densities and initial oxygen abundances. From the top-left panel of Fig. 4, it can
be seen that there is an optimal temperature (10K) and density (~10*cm=°) that
maximize the C;H,CN abundance, which is in agreement with our model’s initial
parameters (Supplementary Table 9). Thus, the observed aromatic chemistry
is much richer than that predicted by our models over a wide range of physical
conditions (left column of Fig. 4). As expected, the formation of both long carbon
chains and cyclic species is strongly correlated with the C/O ratio, as an increase
in available C enhances the abundance of many carbon-bearing species. When
the initial oxygen abundance with respect to hydrogen is ~2-3.5x 107, resulting
in a carbon-poor ratio (C/O ~0.5-0.85), the production of C;H;CN relative to
HC,N becomes more efficient. This is perhaps because the C/O ratio becomes
increasingly more important as one considers the formation of longer carbon
chains. Meanwhile, the dominant benzene pathway in this model does not require
the presence of chains larger than five carbons. Similar to the C/O ratio, relative
C¢H,CN production seems to be favoured over HC,N in denser (~5 % 10°cm™?) gas,

probably due to higher collision rates increasing the efficiency of the ion-neutral
reactions in the benzene pathway and the destruction of the longest, and thus least
stable, carbon chains. These scenarios underscore that it is feasible to produce
significant variations between the abundance of cyanopolyynes and cyclic species
simply by changing the initial conditions, which could explain the different HC,N/
C¢H,CN ratios seen towards Taurus and Serpens.

Data availability

The datasets analysed during the current study are available in the Green Bank
Telescope archive (https://archive.nrao.edu/archive/advquery.jsp). A user manual
for their reduction and analysis is also available (https://go.nature.com/3npRxW5).
For the ARKHAM survey, the complete, reduced survey data are available in the
Harvard Dataverse Archive™. For the GOTHAM survey, the complete, reduced
survey data in the X band are available as supplementary information in ref. . The
individual portions of the reduced spectra used in the analysis of the individual
species presented here are available in the Harvard Dataverse Archive®.

Code availability

All codes used in the MCMC fitting and stacking analysis presented in this
paper are open source and publicly available at https://github.com/ryanaloomis/
TMC1_mecmc_fitting.

Received: 16 March 2020; Accepted: 14 October 2020;
Published online: 11 January 2021

References

1. Leger, A. & Puget, J. L. Identification of the ‘unidentified’ IR emission features
of interstellar dust? Astron. Astrophys. 137, L5-18 (1984).

2. Allamandola, L. ], Tielens, A. G. G. M. & Barker, J. R. Polycyclic aromatic
hydrocarbons and the unidentified infrared emission bands: auto exhaust
along the Milky Way! Astrophys. J. 290, L25-128 (1985).

3. Tielens, A. G. G. M. Interstellar polycyclic aromatic hydrocarbon molecules.
Annu. Rev. Astron. Astrophys. 46, 289-337 (2008).

4. Gauba, G. & Parthasarathy, M. Circumstellar dust shells of hot post-AGB
stars. Astron. Astrophys. 417, 201-215 (2004).

5. Bregman, J. D. & Temi, P. Gas-phase polycyclic aromatic hydrocarbons in
absorption toward protostellar sources? Astrophys. J. 554, 126-131 (2001).

6. Smith, J. D. T. et al. The mid-infrared spectrum of star-forming galaxies:
global properties of polycyclic aromatic hydrocarbon emission. Astrophys. J.
656, 770-791 (2007).

7. McGuire, B. A. 2018 census of interstellar, circumstellar, extragalactic,
protoplanetary disk, and exoplanetary molecules. Astrophys. J. Suppl. Ser. 239,
17 (2018).

8. Thaddeus, P, Vrtilek, J. M. & Gottlieb, C. A. Laboratory and astronomical
identification of cyclopropenylidene, C;H,. Astrophys. J. 299, L63-L66 (1985).

9. Vrtilek, J. M., Gottlieb, C. A. & Thaddeus, P. Laboratory and astronomical
spectroscopy of C;H,, the first interstellar organic ring. Astrophys. J. 314,
716-725 (1987).

10. Foing, B. H. & Ehrenfreund, P. Detection of two interstellar absorption bands
coincident with spectral features of C,*. Nature 369, 296-298 (1994).

11. Foing, B. H. & Ehrenfreund, P. New evidences for interstellar Cy,*. Astron.
Astrophys. 317, L59-L62 (1997).

12. Cernicharo, J. et al. Infrared Space Observatory’s discovery of C,H,, C;H,,
and benzene in CRL 618. Astrophys. J. 546, L123-L126 (2001).

13. Cami, J., Bernard-Salas, J., Peeters, E. & Malek, S. E. Detection of Cg, and C,,
in a young planetary nebula. Science 329, 1180-1182 (2010).

14. Berné, O., Mulas, G. & Joblin, C. Interstellar C,*. Astron. Astrophys. 550, L4
(2013).

15. McGuire, B. A. et al. Detection of the aromatic molecule benzonitrile
(c-C{H;CN) in the interstellar medium. Science 359, 202-205 (2018).

16. Balucani, N. et al. Crossed beam reaction of cyano radicals with hydrocarbon
molecules. I. Chemical dynamics of cyanobenzene (C;H;CN; X'A,) and
perdeutero cyanobenzene (C,D;CN; X'A,) formation from reaction of CN
(X*2*) with benzene C;H, (X'A,), and d-benzene C,D, (X'A,)). J. Chem.
Phys. 111, 7457-7471 (1999).

17. Trevitt, A., Goulay, E, Taatjes, C., Osborn, D. & Leone, S. Reactions of the
CN radical with benzene and toluene: product detection and low-temperature
kinetics. J. Phys. Chem. A 114, 1749-55 (2010).

18. Lee, K. L. K., McGuire, B. A. & McCarthy, M. C. Gas-phase synthetic
pathways to benzene and benzonitrile: a combined microwave and
thermochemical investigation. Phys. Chem. Chem. Phys. 21, 2946-2956
(2019).

19. Cooke, L. R, Gupta, D., Messinger, J. P. & Sims, L. R. Benzonitrile as a proxy
for benzene in the cold ISM: low temperature rate coefficients for CN +
CeHy. Astrophys. ]. Lett. 891, L41 (2020).

20. Cordiner, M. A. & Charnley, S. B. Gas-grain models for interstellar anion
chemistry. Astrophys. J. 749, 120 (2012).

186 NATURE ASTRONOMY | VOL 5 | FEBRUARY 2021 181-187 | www.nature.com/natureastronomy


https://archive.nrao.edu/archive/advquery.jsp
https://go.nature.com/3npRxW5
https://github.com/ryanaloomis/TMC1_mcmc_fitting
https://github.com/ryanaloomis/TMC1_mcmc_fitting
http://www.nature.com/natureastronomy

NATURE ASTRONOMY

ARTICLES

21. Loomis, R. A. et al. Non-detection of HC,;N towards TMC-1: constraining
the chemistry of large carbon-chain molecules. Mon. Not. R. Astron. Soc. 463,
4175-4183 (2016).

22. Burkhardt, A. M. et al. Detection of HC;N and HC,N Isotopologues in
TMC-1 with the Green Bank Telescope. Mon. Not. R. Astron. Soc. 474,
5068-5075 (2018).

23. Shingledecker, C. N., Tennis, J., Le Gal, R. & Herbst, E. On cosmic-ray-driven
grain chemistry in cold core models. Astrophys. J. 861, 20 (2018).

24. Kaifu, N. et al. A 8.8-50 GHz complete spectral line survey toward TMC-1 L.
Survey data. Publ. Astron. Soc. Jpn 56, 69-173 (2004).

25. Gratier, P. et al. A new reference chemical composition for TMC-1. Astrophys.
J. Suppl. Ser. 225, 25 (2016).

26. Cherchneff, 1., Barker, J. R. & Tielens, Ae. G. G. M. Polycyclic Aromatic
Hydrocarbon Formation in Carbon-rich Stellar Envelopes. Astrophys. J. 401,
269 (1992).

27. Phillips, D. H. Polycyclic aromatic hydrocarbons in the diet. Mutat. Res. 443,
139-147 (1999).

28. Kim, K.-H., Jahan, S. A. & Kabir, E. A review of diseases associated with
household air pollution due to the use of biomass fuels. J. Hazard. Mater.
192, 425-431 (2011).

29. Garrod, R. T. A three-phase chemical model of hot cores: the formation of
glycine. Astrophys. J. 765, 60 (2013).

30. Sakai, N., Shiino, T., Hirota, T., Sakai, T. & Yamamoto, S. Long carbon-chain
molecules and their anions in the starless core. Lupus-1A. Astrophys. J. 718,
L49-152 (2010).

. Friesen, R. K. et al. Abundant cyanopolyynes as a probe of infall in the
Serpens South cluster-forming region. Mon. Not. R. Astron. Soc. 436,
1513-1529 (2013).

32. Hincelin, U. et al. Oxygen depletion in dense molecular clouds: a clue to a

low O, abundance? Astron. Astrophys. 530, A61 (2011).

33. Majumdar, L. et al. Chemistry of TMC-1 with multiply deuterated species
and spin chemistry of H,, H,+, H;+ and their isotopologues. Mon. Not. R.
Astron. Soc. 466, 4470-4479 (2016).

34, McGuire, B. A. et al. Detection of interstellar HC,O in TMC-1 with the
Green Bank Telescope. Astrophys. J. Lett. 843, 128 (2017).

35. Loomis, R. A. et al. An investigation of spectral line stacking techniques and
application to the detection of HC,,N. Nat. Astron. https://doi.org/10.1038/
$41550-020-01261-4 (2020).

36. Bourke, T. L. et al. The Spitzer c2d survey of nearby dense cores. II. Discovery
of a low-luminosity object in the “evolved starless core” L1521F. Astrophys. J.
649, L37-140 (2006).

37. McGuire, B. A. et al. Early science from GOTHAM: project overview,
methods, and the detection of interstellar propargyl cyanide (HCCCH,CN) in
TMC-1. Astrophys. J. Lett. 900, L10 (2020).

38. Morgan, M. et al. A K-band spectroscopic focal plane array for the Robert C.
Byrd Green Bank radio telescope. In Union Radio Scientifique Internationale
XXIX General Assembly J02p1 (URSI, 2008).

39. Roshi, D. A. et al. Advanced multi-beam spectrometer for the Green Bank
Telescope. In XXXth URSI General Assembly and Scientific Symposium 1-4
(URSL, 2011).

40. Wohlfart, K., Schnell, M., Grabow, J.-U. & Kiipper, J. Precise dipole moment
and quadrupole coupling constants of benzonitrile. J. Mol. Spectrosc. 247,
119-121 (2008).

. Ruaud, M., Wakelam, V. & Hersant, F. Gas and grain chemical composition
in cold cores as predicted by the Nautilus three-phase model. Mon. Not. R.
Astron. Soc. 459, 3756-3767 (2016).

42. McCarthy, M. C. et al. Interstellar detection of the highly polar
five-membered ring cyanocyclopentadiene. Nat. Astron. https://doi.
org/10.1038/541550-020-01213-y (2020).

43. Xue, C. et al. Detection of interstellar HC,NC and an investigation of
isocyanopolyyne chemistry in TMC-1 conditions. Astrophys. J. Lett. 900,

L9 (2020).

44. Remijan, A. ], Hollis, J. M., Snyder, L. E., Jewell, P. R. & Lovas, E. J.
Methyltriacetylene (CH,C;H) toward TMC-1: the largest detected symmetric
top. Astrophys. ]. 643, L37-1L40 (2006).

3

—_

4

—

45. Chabot, M., Béroff, K., Dartois, E., Pino, T. & Godard, M. Coulomb explosion
of polycyclic aromatic hydrocarbons induced by heavy cosmic rays: carbon
chains production rates. Astrophys. J. 888, 17 (2019).

46. Rapacioli, M. et al. Formation and destruction of polycyclic aromatic
hydrocarbon clusters in the interstellar medium. Astron. Astrophys. 460,
519-531 (2006).

47. Montillaud, J., Joblin, C. & Toublanc, D. Evolution of polycyclic aromatic
hydrocarbons in photodissociation regions: hydrogenation and charge states.
Astron. Astrophys. 552, A15 (2013).

48. Turner, B. E. A molecular line survey of Sagittarius B2 and Orion-KL
from 70 to 115 GHz. II: analysis of the data. Astrophys. J. Suppl. Ser. 76,
617-686 (1991).

49. GOTHAM Collaboration. Spectral Stacking Data for Phase 1 Science Release
of GOTHAM. Harvard Dataverse https://doi.org/10.7910/DVN/PG7BHO
(2020).

50. ARKHAM Collaboration. Spectral Stacking Data for Phase 1 Science Release
of ARKHAM. Harvard Dataverse https://doi.org/10.7910/DVN/E7MMCA
(2020).

. McEwan, M. J. et al. New H and H, reactions with small hydrocarbon ions
and their roles in benzene synthesis in dense interstellar clouds. Astrophys. J.
513, 287-293 (1999).

52. Burkhardt, A. M. et al. Modeling C-shock chemistry in isolated molecular

outflows. Astrophys. J. 881, 32 (2019).

53. Jones, B. M. et al. Formation of benzene in the interstellar medium.

Proc. Natl Acad. Sci. USA 108, 452-457 (2011).

5

—

Acknowledgements

A.M.B. acknowledges support from the Smithsonian Institution as a Submillimeter
Array Fellow. C.N.S. thanks the Alexander von Humboldt Stiftung/Foundation for
their support. A.M.B. and C.N.S. also thank V. Wakelam for the use of the NAUTILUS
v1.1 code. M.C.M and K.L.K.L. acknowledge financial support from NSF grant
numbers AST-1908576 and AST-1615847, and NASA grant number 8ONSSC18K0396.
Support for B.A.M. was provided by NASA through Hubble Fellowship grant number
HST-HF2-51396 awarded by the Space Telescope Science Institute, which is operated
by the Association of Universities for Research in Astronomy, Inc., for NASA, under
contract number NAS5-26555. The National Radio Astronomy Observatory is a facility
of the National Science Foundation operated under cooperative agreement by Associated
Universities, Inc. The Green Bank Observatory is a facility of the National Science
Foundation operated under cooperative agreement by Associated Universities, Inc.

Author contributions

All authors contributed to the design of the GOTHAM and ARKHAM survey and
helped to revise the manuscript. A.M.B and B.A.M. performed the astronomical
observations and subsequent analysis. R.A.L., K.L.K.L. and B.A.M. performed the
spectral fitting analyses. A.M.B. and C.N.S. contributed to or undertook the astronomical
modelling and simulations. A.M.B., M.C.M. and B.A.M. wrote the manuscript with

the help of C.N.S.

Competing interests

The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/
s41550-020-01253-4.

Correspondence and requests for materials should be addressed to A.M.B. or B.A.M.

Peer review information Nature Astronomy thanks Bernard Foing and the other,
anonymous, reviewer(s) for their contribution to the peer review of this work.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

© The Author(s), under exclusive licence to Springer Nature Limited 2021

NATURE ASTRONOMY | VOL 5 | FEBRUARY 2021 181-187 | www.nature.com/natureastronomy 187


https://doi.org/10.1038/s41550-020-01261-4
https://doi.org/10.1038/s41550-020-01261-4
https://doi.org/10.1038/s41550-020-01213-y
https://doi.org/10.1038/s41550-020-01213-y
https://doi.org/10.7910/DVN/PG7BHO
https://doi.org/10.7910/DVN/E7MMCA
https://doi.org/10.1038/s41550-020-01253-4
https://doi.org/10.1038/s41550-020-01253-4
http://www.nature.com/reprints
http://www.nature.com/natureastronomy

	Ubiquitous aromatic carbon chemistry at the earliest stages of star formation

	Methods

	Spectral stacking routine
	Astrochemical modelling

	Acknowledgements

	Fig. 1 Velocity-stacked spectra of C6H5CN and the impulse response function of the stacked spectra in the five sources observed here.
	Fig. 2 Simulated abundances with respect to hydrogen from NAUTILUS chemical models for C6H6 and C6H5CN in comparison to that derived for C6H5CN from observations in the five sources studied here.
	Fig. 3 Derived abundance ratios between HC7N, HC9N and C6H5CN for each of the five sources studied here.
	Fig. 4 Simulated abundances and abundance ratios from NAUTILUS chemical models over a range of gas and grain temperatures, gas densities and initial elemental oxygen abundances.




