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Detection of two interstellar polycyclic aromatic
hydrocarbons via spectral matched filtering
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Unidentified infrared emission bands are ubiquitous in many astronomical sources. These bands are
widely, if not unanimously, attributed to collective emissions from polycyclic aromatic hydrocarbon
(PAH) molecules, yet no single species of this class has been identified in space. Using spectral matched
filtering of radio data from the Green Bank Telescope, we detected two nitrile-group–functionalized
PAHs, 1- and 2-cyanonaphthalene, in the interstellar medium. Both bicyclic ring molecules were observed
in the TMC-1 molecular cloud. In this paper, we discuss potential in situ gas-phase PAH formation
pathways from smaller organic precursor molecules.

A
romaticmolecules are a ubiquitous struc-
tural motif in organic chemistry and the
chemical evolution of the Universe. Of
all interstellar carbon, 10 to 25% is thought
to be incorporated into polycyclic aromatic

hydrocarbons (PAHs), which are expected to
form primarily (if not exclusively) in the cir-
cumstellar envelopes of evolved stars (1). The
aromatic molecule benzonitrile (BN; c-C6H5CN)
has been detected in TMC-1, located within
the interstellar Taurus Molecular Cloud (2),
far from any evolved star. Motivated by the
detection of BN, we have performed a spectral
line survey of TMC-1 to investigate its inven-
tory of aromatic molecules.
Most interstellar molecules (>80%) have

been discovered using pure rotational spec-
troscopy at radio frequencies (3). We there-
fore searched for PAHs using observations of
TMC-1 in the range of 8 to 33.5 GHz, where
rotational emission lines of many aromatic
molecules are predicted to be strongest, given
the 5 to 10 K temperature of this cloud (4).

Using the 100-m Robert C. Byrd Green Bank
Telescope (GBT), we initiated an observing
project entitled GOTHAM (GBT Observations
of TMC-1: Hunting AromaticMolecules) to per-
form a spectral line survey of TMC-1. The first
reduction of the GOTHAM data, comprising
observations obtained between February 2018
andMay 2019 (hereafter data release 1, or DR1),
has near-continuous frequency coverage in
the ranges of 8 to 11.6 GHz and 18 to 29.5 GHz,
with a few small gaps. Details of these obser-
vations have been presented elsewhere (4, 5).
Further observationswere obtained until June
2020 (hereafter DR2), which allowed us to ex-
tend the coverage to higher frequencies and
improved the sensitivity in some regions al-
ready covered by DR1 (fig. S1) (4, 5). Both
datasets have a spectral resolution of 1.4 kHz,
equivalent to a velocity resolution of 0.05 to
0.02 km s−1 (varying with frequency).
Given the previous detection of BN (2), a

single benzene ring with an attached CN
group, we searched for derivatives of naph-

thalene (two fused benzene rings; C10H8). Like
benzene, naphthalene lacks a permanent di-
pole moment and therefore has no pure rota-
tional spectrum. However, its CN-substituted
derivatives, 1- and 2-cyanonaphthalene (1-CNN
and 2-CNN; collectively CNNs), have large per-
manent dipole moments (Fig. 1) and laboratory-
measured rotational spectra (6) that peak in
the frequency region covered by our observa-
tions (fig. S3).
Similarly to BN (2), initial searches for the

CNNs in our DR1 data showed no individual
rotational lines above the noise level of the
observations. We therefore calculated a spectral
stack by combining the positions of all lines
predicted in the dataset. Because the average
excitation temperature of molecules (Tex ~ 7 K)
and the velocity (5.8 km s−1) of TMC-1 are
known from other species (4, 7, 8), we aver-
aged the signal from all rotational transi-
tions covered by our observations weighted
by their predicted intensities and by the local
noise level of the observations (5). The two
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Fig. 1. Molecular structures and spectral stacks of 1-CNN and 2-CNN in
the GOTHAM DR1 data. These molecules are derivatives of naphthalene,
substituting a nitrile (–CN) group for a hydrogen atom. This substitution
produces two distinct isomers, both of which are highly polar, with dipole

moments (m) along the a and b principal axes: (A) 1-CNN: ma = 3.6 debye,
mb = 3.0 debye and (B) 2-CNN: ma = 5.1 debye, mb = 1.0 debye (6). The spectral
stacks are shown relative to the TMC-1 systemic velocity of 5.8 km s−1. The
weighting process assumed an excitation temperature of Tex = 7 K.
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stacks for 1-CNN and 2-CNN derived from the
DR1 data are shown in Fig. 1 and indicate the
presence of both molecules.
We used the higher-quality DR2 dataset to

determine the physical parameters [Tex, col-
umn density (NT), linewidth (DV), source size
(q), and velocity in the local standard of rest
(vlsr)] that best reproduce the observations. A
Markov chain Monte Carlo (MCMC) analysis
was used to derive the physical parameters that
best reproduce the stacked emission, including
radiative transfer corrections for optical depth
(9), which provides more robust uncertainty
estimates than a least-squares fit. For this more
detailed analysis, we assumed four partially
overlapping Doppler velocity components
with vlsr between 5.5 and 6.1 km s−1, as seen
in observations of other species (10, 11), each
with their own column density and source
size (the latter is poorly constrained in our
single-dish observations). A single excitation
temperature Tex and linewidth DV (4, 12, 13)
are assumed to apply to all four velocity com-
ponents. We used the physical parameters
from the more strongly detected BN (table S4
and fig. S15) as Gaussian priors in this analysis.

The results from the MCMC analysis for
1-CNN (table S5 and fig. S16) and 2-CNN (table
S6 and fig. S17) yield total column densities
(the sum of all four velocity components) of
7:35þ3:33

�4:63 � 1011 cm�2 and7:05þ3:23
�4:50 � 1011 cm�2,

respectively. At those column densities, we
predict that roughly a dozen lines of 1-CNN,
and none of 2-CNN, should be above the
local noise level in parts of the DR2 data.
Figure 2 shows the DR2 data along with sim-
ulated profiles of those lines; all others are
predicted to be below the noise. There is evi-
dence for at least five lines with peak signal-to-
noise ratios (SNRs) >4s and tentative evidence
for several others. Although these individual
lines are weak, they provide us with additional
confidence in the results of the stacking process.
The information content of the entire spec-

trum can also be used to assess the presence or
absence of each molecule, which has many
weak transitions at or below the root mean
square (RMS) noise level of the observations.
We performed this test using spectral stack-
ing combined with matched filtering (5, 13).
Although care must be taken with respect to
interloping signals and the noise character-

istics of the data, this approach increases the
SNR, with the averaged spectrum encapsu-
lating the total information content of all
observed lines, rather than examining each
(lower-significance) line individually.
The details of this methodology, including

analysis of the robustness, are presented else-
where (5, 13). Briefly, we extracted a small
portion of the observations centered on the
predicted frequency of each spectral line, dis-
carding any windows with a spectral feature
>5s to avoid interloping signals from other
species. A signal-to-noise weighted average
of the spectra was then calculated on the basis
of the expected intensity of the line (derived
from the MCMC parameters) and the RMS
noise of the observations, verified to contain
no red-noise contamination (fig. S11). The re-
sults are shown in Fig. 3, A and C. Calculating
the overall significance of any detections re-
quired us to consider the peak SNR in the
central channel as well as the SNR of all chan-
nels that contain molecular emission. To do
this, the model spectra were stacked using the
same weights as those used for the observa-
tions, and the stacked model was then used as
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Fig. 2. GOTHAM DR2 spectra in the vicinity of the strongest predicted 1-CNN
transitions. (A to D) Observations are shown in black, with simulated spectra
of 1-CNN using the parameters derived from our MCMC analysis (table S5) overlaid in
blue. The y axis is the atmosphere-corrected antenna temperature scale (TA*). The
observations have not been adjusted for the systemic velocity of TMC-1 (5.8 km s−1).

The spectra have been smoothed with a Hanning window to a resolution of 14 kHz
for display. The quantum numbers of the transitions, ignoring hyperfine structure, are
labeled at the predicted position of each line (arrows). Multiple closely spaced
K-components of each transition contribute to each line and are denoted by asterisks.
Transitions with SNRs ≥4s are labeled in parentheses beneath the spectra.
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amatched filter that was cross-correlated with
the stacked observations. The resulting im-
pulse response spectrum provides a lower
limit on the statistical significance (Fig. 3,
B and D): 13.5s for 1-CNN and 17.1s for
2-CNN. We performed additional tests (5),
including jack-knife tests (fig. S4) and checks
for spurious detections (figs. S5 to S8 and
S10), to evaluate the robustness of this
methodology.
We conclude that both CNNs are detected in

TMC-1. The presence of these PAH molecules
in the interstellar medium (ISM) supports the
hypothesis that PAHs are responsible for the
unidentified infrared (UIR) emission bands
(1). The UIR bands are composed of features
at mid-infrared wavelengths characteristic
of C–C and C–H stretching and bending mo-
tions of aromatic molecules, consistent
with PAHs. Although the infrared spectra of
different PAH molecules are readily distin-
guishable in the laboratory at high spectral
resolution (14), the assignment of individual
PAHs as carriers of the UIR features has not
been possible because the differences in fre-
quency are smaller than the width of the
observed interstellar band profiles. It is
therefore likely that many different PAHs
contribute to the UIR emission bands (1).
Although the carriers of the UIRs must have

substantial aromatic character and PAHs are
likely responsible for a sizable fraction of the
overall emission, the specific structures and
elemental compositions of the carriers remain
a subject of debate (15). This uncertainty has
limited the detailed analysis of sources that
emit UIR bands (16).
We now consider the interstellar forma-

tion and destruction chemistry of 1-CNN and
2-CNN as individual molecules rather than
PAHs in aggregate. Two scenarios have been
proposed to explain the formation of PAHs:
“top-down” and “bottom-up” formation chem-
istry. In the top-down scenario, small inter-
stellar carbon clusters, or carbon soot particles
in the envelopes of evolved stars, are broken
down by ultraviolet (UV) radiation to form a
variety of PAHs (17). PAHsmay also be formed
on the surfaces of interstellar dust grains in
the envelopes of evolved stars (18). These PAHs
are then distributed into the ISM, including
molecular clouds. In the bottom-up scenario,
PAHs are built in situ in molecular clouds from
smaller precursors through chemical evolution-
ary pathways suchas gas-phase ion-molecule and
neutral-neutral reactions or reactions occurring
on grain surfaces (19, 20).
Any population of PAHs inherited by TMC-1

from prior top-down formation must have
survived in the diffuse ISM. However, PAHs

composed of less than ~20 to 30 atoms cannot
radiatively stabilize upon absorption of a
UV photon and are therefore destroyed in
the diffuse ISM (21). The presence of small
PAHs (CNNs) in TMC-1 suggests that at
least some in situ bottom-up formation has
occurred.
Existing astrochemical reaction networks

do not include detailed PAH formation and
destruction chemistry (22, 23). We have ex-
tended a gas-grain chemical network (24) to
include reactions relevant to naphthalene,
1-CNN, and 2-CNN, along with reactions rele-
vant to other detections from the GOTHAM
survey (4, 12, 13, 25).
We included two major formation routes for

naphthalene. The first is formation of C10H8,
directly from the reaction of a phenyl radical
with vinylacetylene

C6H5 + CH2CHC2H → C10H8 + H (R1)
This barrierless gas-phase reaction is viable
under TMC-1–like conditions (26). The second
route involves a dihydronaphthalene (C10H10)
precursor that forms via the reaction between
a phenyl radical and 1,3-butadiene

C6H5 + CH2CHCHCH2 → C10H10 + H (R2)

This reaction is also expected to occur in the
ISM (27). Successive abstraction of two hy-
drogen atoms from C10H10, both of which
have no energy barrier (28), yields C10H8. For
all species added to our network, we assume
gas-phase depletion via both destructive reac-
tion with ions (with rate coefficients calculated
using the Langevin formula) and adsorption
onto grains.
For 1-CNN and 2-CNN, we added the for-

mation routes

C10H8 + CN → 1-CNN + H (R3)

C10H8 + CN → 2-CNN + H (R4)

assuming equal branching fractions. We as-
sume that reactions R3 and R4 occur on every
collision, because analogous reactions between
CN radicals and unsaturated hydrocarbons
such as benzene are known to be both barrier-
less and exothermic (29). We included a pro-
cess for 1-CNN that is analogous to the one for
naphthalene (26): This process involves the
reaction of phenyl radicals (C6H5) with cyano-
vinylacetylene (HC2CHCHCN), which presum-
ably occurs at the collisional rate. However,
we find that the contribution of this reaction
to the 1-CNN abundance is small. Our reaction
network operates with the assumption that
the chemistry of PAHs in molecular clouds
such as TMC-1 is predominantly in the gas
phase, because the rate of thermal desorption
of CNN from dust grains at ~10 K is negligi-
ble. Nonthermal desorption mechanisms may
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Fig. 3. Stacked spectra and impulse responses for the matched filtering analyses of 1-CNN and
2-CNN. The stacked spectra of (A) 1-CNN and (C) 2-CNN from the GOTHAM DR2 data are shown in black,
overlaid with the line profile in red from the MCMC analysis of the DR2 data. The SNR is shown on a
per-channel basis. Impulse response functions of the stacked spectra of (B) 1-CNN and (D) 2-CNN
are shown, using the simulated line profiles as matched filters. The peak of the impulse response functions
provides a minimum significance for the detections of 13.5s and 17.1s, respectively.
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allow for the introduction of aromatic mole-
cules into the gas from icy surfaces (30) but
are not included in our calculations.
The results of our simulations are shown in

Fig. 4. In the fiducial model, the abundances
of both 1- and 2-CNN are underpredicted by
≳6orders ofmagnitude. CN is abundant in the
model, so naphthalene is the limiting reagent.
The large disparity between observations and
predictions suggests that (i) additional produc-
tion pathways for naphthalene may be miss-
ing, (ii) the efficiency of existing pathways is
substantially underestimated, or (iii) a non-
trivial initial abundance of naphthalene is
inherited from prior top-down chemistry. To
test scenario (iii), we performed a second cal-
culation to ascertain howPAHs inherited from
earlier stages of cloud evolution affect the abun-
dances of 1- and 2-CNN under TMC-1 condi-
tions. For this model, we added an initial
abundance of naphthalene (representing an
inherited population) tuned to reproduce the
observational data. We found agreement with
the observations for a naphthalene abundance
of n(C10H8)/n(H2) = 1.0 × 10−7 at early times,
where n refers to the volume density. This
would correspond to ~1% of the total carbon.
However, the calculated abundances of 1-CNN
and 2-CNN again deviate from the observa-
tional values at times >105 years, the typical
lifetime of sources such as TMC-1.
Our calculations neglect grain-surface for-

mation pathways (5). Nevertheless, we regard
the required initial abundance of naphthalene
as unrealistically large, which in turn implies
that a purely top-down formation pathway is
also disfavored. Conversely, the pathways we
have considered for in situ bottom-up forma-
tion are also insufficient to reproduce obser-
vations. Other pathways are required, such as
ion-neutral reactions. Such processes are gen-
erally efficient under interstellar conditions

and can lead to C10H9
+ (31), which may form

naphthalene as a product of its dissociative
recombination with electrons in a manner
analogous to the benzene formation route
from C6H7

+ (32).
We conclude that two PAHs—1-CNN and

2-CNN—are present in the molecular cloud
TMC-1. We are unable to explain the derived
abundances with either top-down or bottom-
up formation scenarios, indicating that other
routes may be required or that existing routes
may be more efficient than previously thought.
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Fig. 4. Results of the astro-
chemical models. Calculated
abundances of naphthalene
(orange), 1-CNN (purple), and
2-CNN (teal) under TMC-1
conditions. Data for 1-CNN and
2-CNN overlap. Results are
shown for our fiducial model
(solid lines) and a model that
assumes an initial naphthalene
abundance of n(C10H8)/n(H2) =
1.0 × 10−7 [where n(x) is the
volume density of molecule x]
(dashed lines). The right y axis
shows equivalent column den-
sities, assuming n(H2) = 10

22 cm−2.
The circles indicate the values for these species derived from our DR2 observations, with 1s error bars, at
arbitrary times. The dotted horizontal lines show these values extended over the range of the x axis for display.
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