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Abstract

We report the first detection of the neutral methyl radical CHj; in a highly evolved C-rich object, SMPLMC 011,
using the Mid-Infrared Instrument (MIRI) Medium-Resolution Spectrometer (MRS) on JWST. CHj3 is well fitted by
an excitation temperature of 7., ~ 190 K and a column density of N, (CH3) >~ 5.6 x 107 cm 2. We also report the
nondetection of ethane (C,Hg), consistent with CH; reacting preferentially with unsaturated radicals rather than self-
recombination, which may be inefficient in SMP LMC 011. Combined with the exceptionally large benzene column
density of SMP LMC 011, this supports a methyl-addition route from benzene toward alkyl-substituted aromatics.
We propose that the high CH3 abundance is driven by the erosion of hydrogenated amorphous carbon (HAC) dust
grains in the dense warm torus by UV photons from the central star and/or by shocks, which release CH; directly
into the gas phase. These results establish CH; as a key reactive intermediate in the formation of complex
hydrocarbons in C-rich circumstellar environments. Chemical models that incorporate methyl-addition reactions are
needed for a better understanding of polycyclic aromatic hydrocarbon (PAH) formation pathways in evolved stars.
The potential detection of alkyl-substituted aromatics such as toluene (C;Hg) and ethylbenzene (CgH;q) in C-rich
evolved stars would provide direct confirmation of CH3-driven aromatic growth in circumstellar environments.

Unified Astronomy Thesaurus concepts: Small molecules (2267); Circumstellar gas (238); Astrochemistry (75);
Interstellar medium (847); Planetary nebulae (1249)

1. Introduction J. Cernicharo et al. 2001a, 2001b; J. Cernicharo 2004). Revealing
the reactive intermediates that drive the molecular chemistry is
central to understanding the formation and growth of the complex
C-rich molecules (e.g., PAHs) observed from Galactic objects to
very distant galaxies.

Carbon-rich pre-planetary nebulaec (PPNe) and young plane-
tary nebulae (PNe) are extraordinary chemical laboratories. As
C-rich stars evolve from the asymptotic giant branch (AGB)
towarq the PN phase, the increasing UV .radiation field frorp the A key species in this chemistry is the methyl radical, CHs.
warming central star transforms the circumstellar chemistry. As a highly reactive open-shell intermediate in interstellar ion—
Photochemical reactions in the neutral layers of the photodisso- molecule reaction networks, CH; is believed to be formed via
ciation region (PDR) are expected to produce high abundances of hydrogen abstraction reactions starting from C* and H, (e.g.,
polyynes (Cy,H,), cyanopolyynes (HCy,.1N), methylpolyynes E. Herbst & W. Klemperer 1973) and through photodissocia-
(CH3C,,H), and crucially benzene (CgHg), the basic building tion of methane (e.g., H. Feuchtgruber et al. 2000).%° Thus, it

block of polycyclic aromatic hydrocarbons (PAHs; e.g., may play a dual role. Its reactions with C* represent one of the
Original content from this work may be used under the terms 20 The jon—molecule initiation is endothermic and requires high temperatures

57 of the Creative Commons Attribution 4.0 licence. Any further or vibrationally excited H, to proceed; in the UV-irradiated torus of SMP
distribution of this work must maintain attribution to the author(s) and the title LMC 011, gas-phase CHj is therefore expected to be produced mainly by
of the work, journal citation and DOL methane photodissociation (see text).
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most important steps in the buildup of complex hydrocarbons,
while its addition to aromatic radicals such as ortho-benzyne
(0-C¢Hy) provides a bottom-up pathway to five-membered
rings (J. Bouwman et al. 2023) and alkyl-substituted aromatics
(B. Shukla & M. Koshi 2010; G. Santoro et al. 2020). The CHj3
radical is also expected to play a key role in HCN formation in
PDRs (e.g., A. Sternberg & A. Dalgarno 1995).

Despite this central role, CH; is notoriously difficult to
detect. Being planar (D3, symmetry), it has no permanent
electric dipole moment and no accessible pure rotational
spectrum. Its detection has mainly relied on the v, out-of-plane
bending mode near 16.5 yum, a spectral window blocked by the
Earth’s atmosphere. The first detection of CH; was made with
the Infrared Space Observatory (ISO) toward Sagittarius A™ in
the Galactic center (H. Feuchtgruber et al. 2000). In the JWST
era, CH; has been identified in the protoplanetary disk around
the very low-mass star ISO-Chal 147 (A. M. Arabhavi et al.
2024) and the extragalactic buried nucleus of IRAS 07251
—0248 (I. Garcia-Bernete et al. 2026). Beyond the neutral
radical, the methyl cation CHY has now been detected in
several UV-irradiated environments, including a protoplane-
tary disk in the Orion star-forming region (O. Berné et al.
2023; P. B. Changala et al. 2023), the Orion Bar PDR
(M. Zannese et al. 2026), the transition disks TW Hya
(T. Henning et al. 2024) and GM Aur (M. Volz et al. 2026), as
well as the O-rich PN NGC 6302 (C. Bhatt et al. 2025).
However, a detection of the neutral methyl radical CH; in a
C-rich evolved stellar environment has remained elusive
until now.

SMPLMCO11 is uniquely suited for this search. It has been
classified as a young PN in the Large Magellanic Cloud (LMC;
N. Sanduleak et al. 1978; J. Bernard-Salas et al. 2006). Its Spitzer
Infrared Spectrograph (IRS; J. R. Houck et al. 2004) spectrum
reveals an exceptionally rich molecular absorption spectrum,
including C,H,, C4H,, CHy, C,H4, HC3N, propyne (CH;C,H),
and most remarkably benzene (C¢Hg; J. Bernard-Salas et al. 2006;
S. E. Malek et al. 2012). SMP LMC 011 is one of only two highly
evolved C-rich objects in which benzene has been detected (the
other being the Galactic PPN AFGL 618, the Westbrook Nebula;
J. Cernicharo et al. 2001b), and it harbors by far the largest known
benzene column density (N(CeHg) =~ 63 x 107 cm™>
S. E. Malek et al. 2012), with a benzene-to-acetylene ratio
roughly 20 times higher than in AFGL 618 (S. E. Malek
et al. 2012).

These anomalous abundances, inconsistent with current
photochemical models of C-rich PPN outflows, point to
unusual chemistry operating within a dense, warm, edge-on
torus (J. Cernicharo 2004; S. E. Malek et al. 2012). Hubble
Space Telescope imaging by R. A. Shaw et al. (2006) revealed
a compact bipolar morphology analogous to AFGL 618, and
the central star (or possibly a binary system; see G. C. Sloan
et al. 2026, hereafter Paper I) is entirely obscured by the
optically thick dusty torus, with the total mid-IR flux
dominated by warm dust emission (S. E. Malek et al. 2012).

The presence of methyl-bearing species such as CH3C,H,
combined with the high column density of benzene, makes
SMP LMC 011 the most compelling environment in which to
search for CHj; as the key reactive intermediate linking small
hydrocarbons to the aromatic chemistry. Here we report the
first detection of the methyl radical CH; in SMPLMC 011
using JWST Mid-Infrared Instrument (MIRI) Medium-Reso-
lution Spectrometer (MRS) observations, which represents the
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first secure detection and quantitative characterization of this
species in an evolved stellar object.

2. JWST Observations and Data Reduction

SMP LMC 011 was observed on 2025 May 27 under JWST
GO Cycle 3 program 4678, using the MRS (I. Argyriou et al.
2023) of MIRI (G. S. Wright et al. 2023). All three grating
settings were employed to achieve continuous spectral cover-
age from 4.9 to 28.7 um, and a four-point dither pattern
optimized for point sources was used. The program was
designed to reach a signal-to-noise ratio of 100 or better over
the 4.9-20 um range. Full details of the observing strategy are
given in Paper I.

SMP LMC 011 is unresolved in the integral field unit data,
and the spectra were reduced using a development version of
the JWST calibration pipeline (v1.20.2dev) together with the
point fixed-pattern correction (PFPC; K. D. Gordon &
D. R. Law 2026).>' The PFPC extracts spectra from each of
the four dither positions independently and calibrates them
against JWST standard-star observations.”> This approach
effectively removes residual fringing and flat-field errors from
the extracted spectra (see Paper I for details). Discontinuities
between the 12 spectral subbands were corrected by applying
scalar multiplicative factors in the overlap regions between
adjacent segments, propagating outward in both directions
from Band 3A (12.57 pm); these stitching corrections were
generally smaller than 1%.

We constructed a continuum-normalized MIRI/MRS spec-
trum over 5-20 pm for the molecular analysis presented
below. The continuum was estimated with a smooth spline
interpolation through selected continuum windows outside the
strongest molecular absorption bands. Specifically, the broad
absorption complexes at 6.65-8.35 and 12.0-17.5 um were
excluded from the continuum fit, together with the narrower
absorption region at 10.25-10.85 um. The observed spectrum
was then divided by the fitted continuum, and the resulting
normalized flux and propagated uncertainties were used for the
molecular identification and spectral modeling described in
Section 3.

3. Molecular Identification and Spectral Modeling
3.1. Model Construction

We adopted the spectroscopic parameters for CHz and C,Hg
from the HITRAN database (L. S. Rothman 2021) and
modeled their molecular absorption bands using the fore-
ground-slab model, which is commonly used for mid-IR
absorption spectra. We neglect the source-function contrib-
ution from the slab itself and assess the impact of this
approximation in Section 3.2. For an isothermal slab covering
a fraction f. of the background continuum, the observed
intensity is

L =1L[1-f0—e™], ey

where 1. is the continuum intensity and 7, is the optical depth
of the absorbing gas. For a given excitation temperature 7y,
total column density N, Doppler parameter b, and velocity
shift (263.5 km s7! for the LMC; D. H. Morgan &

2! https://github.com/STScI-MIRI/MRS-PFPC

22 All SMP LMC 011 spectra presented here were calibrated using standard
stars from the CALSPEC database (K. D. Gordon et al. 2022).


http://github.com/STScI-MIRI/MRS-PFPC

THE ASTROPHYSICAL JOURNAL LETTERS, 1009:L47 (9pp), 2026 October 1

1.100 T T T

Li et al.

CH3

W (YWY

Q(w(‘ I”“J |

1.075

g
o
a
o

1.025

1.000 pbrihr

0.975

Normalized intensity

0.950

0.925 ) 1 1

Unidentified

0.05 T T T

0.00

Residual

—0.05

WWWMWMMWWWWMMWMW/VWWMW

local =30

1 1 1
16.5 17.0 17.5

1
18.0

1 1 1
18.5 19.0 19.5

Wavelength (um)

Figure 1. Top panel: continuum-normalized 16.2-20 pm JWST/MIRI MRS spectrum of SMP LMC 011 (black), compared with the adopted CH; model (red shaded
region). The offset purple spectrum shows the CH3 model separately. The orange markers indicate the C4H, absorption after subtracting the broad C,H, plateau (see
Figure Al in the Appendix A ), the blue marker marks [Fe 1] identified in Paper I, and the green markers denote unidentified absorption features. Bottom panel:
residual after subtracting the CH; model from the normalized spectrum. The gray band indicates the local £30 uncertainty, estimated as 3 times the median-

normalized MRS uncertainty over the 17-20 pum region.

Q. A. Parker 1998), we computed the lower-state column
density, N;, of each transition, assuming LTE:
—=—exp

O(Tw) ( )

where g; and E; are the lower-state statistical weight and
energy, (Q(T.) is the partition function, and kg is the
Boltzmann constant.

The optical-depth profile of each transition was calculated
from

k B 7:3)(

8,
N = Nt !

@)

T, = T[)d)y = ﬁez/(mec)MfZ.u (A/b)d)’/’ &

where e is the electron charge, m, is the electron mass, c is the
speed of light, f;, is the oscillator strength, and b is the Doppler
parameter in velocity space (A. Tielens 2021). 7, is the peak
optical depth, and the profile function ¢, is a Voigt profile
normalized to unity at line center, ¢V0 =1, and consists of a
Doppler core and a negligible Lorentzian damping wing (J. Li
et al. 2024). The model spectrum was then calculated using
Equation (1) and convolved to the wavelength-dependent
MIRI/MRS resolving power. We adopted the linear resolving-
power relations R(\) = A + B given by K. M. Pontoppidan
et al. (2024, their Table 3) using the appropriate coefficients
for Channels 3C and 4A over the corresponding wavelength
intervals. The convolution was performed locally with a
Gaussian line-spread function whose width varies with
wavelength according to the adopted R()).

3.2. Line Identification and Physical Constraints

The 16.2-20 pum region provides the clearest window for
identifying CHj3 in the MIRI/MRS spectrum, although CHj
has predicted absorption features throughout the broader
12-20 pm range. Compared with the more complex
12-16 pm region (Paper I; D. Das et al. 2026, in preparation),
the 16.2-20 pm spectrum contains several groups of
recognizable CH; absorption features extending from ~16.3
to 20 um, together with a broad C4H, plateau below 17 pm

(previously identified in SMP LMC 011; J. Bernard-Salas
et al. 2006; S. E. Malek et al. 2012), and several absorption
features still unidentified here. Figure 1 compares our
representative CH3 model with the continuum-normalized
MRS spectrum.

CH;. The line identification and model comparison were
carried out iteratively. We first used the predicted CHj line
positions and relative strengths to identify wavelength
intervals in which CHj is expected to contribute. The adopted
intervals are 16.3-16.9, 17.6-17.65, 18.2-18.32, 18.8-19.05,
and 19.55-19.85 pm. These intervals avoid the short-
wavelength region most strongly affected by the C4H, plateau
and exclude near-continuum regions that contain little
molecular signal and are more sensitive to continuum
uncertainties.

Within these intervals, we selected a fixed set of
diagnostically important absorption features and compared
the observed and modeled fluxes in narrow windows centered
on their local minima. We then performed a grid search over
T., =50-350 K, log[N(CHz)/cm %] = 16.0-19.5, b
5-15 km s~ ', and f, = 0.1-0.25, using a feature-based y*-like
statistic that measures how well each model reproduces the
relative depths of the selected CHj; features. Appendix A
describes the empirical motivation for the adopted » and f,
ranges, together with the details of the statistic, uncertainty
treatment, and parameter degeneracies. Because the fit quality
changes only modestly along these degeneracies, we adopt the
global minimum of the feature-based statistic as a representa-
tive solution rather than as a unique physical model.

This solution has T, = 19073 K, log[Ny(CHz)/cm~2] =
17.757093 b =10 km s ™', and £, = 0.1 (Appendix A). The quoted
uncertainties are the projections of the joint 68.3% T, and logN;
region for this fixed (b, f;) pair. They therefore represent only the
formal uncertainties within this adopted model and do not include
the broader systematic uncertainty associated with the poorly
constrained b, f,, continuum placement, and model assumptions.
For the representative solution adopted here, the omitted source-
function term changes the continuum-normalized intensity by at
most ~1% in the optically thick limit, and by less for unsaturated
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Figure 2. The 11.6-12.5 ym JWST/MIRI MRS spectrum of SMP LMC 011
(solid black), with the gray band indicating the local +3¢ uncertainty. Green
vertical markers show the predicted positions of the C;Hg Q-branch absorption
features, while magenta markers show the observed quasi-regular narrow
absorption pattern. The thicker markers indicate the predicted central
Q-branch minimum near 12.172 pm (green) and the nearest observed feature
at 12.170 pm (magenta). Although this central observed feature lies close to
the expected Q-branch center, the spacing of the observed pattern does not
match the predicted C,Hg Q-branch structure, supporting the nondetection
of C2H5.

lines. For this solution, the strongest individual CH; transition in
the fitted wavelength range has a peak optical depth of 7, ~ 11.5
at 16.513 pum. We note that this fitted 7, characterizes the
rotational population sampled by the 1, absorption band rather
than providing a direct measurement of the gas Kinetic
temperature. Both collisional redistribution and radiative pumping
by the mid-IR continuum can contribute to setting the CHj
rotational populations, so 7., cannot be identified uniquely with
Txin Without a full non-LTE treatment, which is beyond the scope
of this Letter.

The present constraints on b and f, are not independent of
the adopted CH3; model. A future simultaneous analysis of
multiple molecular species or spectral bands in this dataset
may provide tighter and more physically motivated constraints
on these parameters and reduce the associated degeneracies
(e.g., D. Das et al. 2026, in preparation).

C,Hg. Cy,Hg has several bands from the near- to the mid-IR.
However, the C—H stretching bands near 3.3 pm fall within the
NIRSpec spectral range analyzed by D. Das et al. (2026, in
preparation). On the other hand, the CHj;-deformation band
near 6.8 um is heavily blended with C¢Hg and HCN absorption
(S. E. Malek et al. 2012; D. Das et al. 2026, in preparation).
We therefore focus on the v band near 12.2 pm, which
provides the cleanest constraint on C,Hg.

An absorption feature at 12.170 pm with a depth of ~1.14%
is present near the predicted central Q branch of the C,Hgro
band at 12.172 pm, but the local pattern is inconsistent with
C,Hg (Figure 2). A search of the relevant spectroscopic
databases and literature did not yield a convincing identifica-
tion. If the quasi-regular spacing of 4.41 =+ 0.57cm ™'
corresponds to consecutive P- or R-branch lines of a near-
rigid linear molecule, it would imply a rotational constant of
approximately B ~ 2.2cm™'. A more extensive investigation
of this unidentified carrier will be presented by D. Das et al.
(2026, in preparation).

We place a conservative upper limit on the C,Hg column
density using the local 30 uncertainty of the continuum-
normalized MRS spectrum in a region free of absorption features
near the central Q branch of the 19 band, where the model
predicts the strongest C,Hg absorption. The local 30 level is
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0.56% in normalized intensity. Adopting the same b, f., and
lo T, range for CH; (b = 10 km s, f. = 0.10, and
T.. = 190733 K), we obtain log[Nyo(CoHg) /em 2] < 17.641052,
or Ntot(CZH())/ Nio(CH3) < 0.8.

4. Discussion

4.1. Implications for the Hydrocarbon Chemistry of
SMP LMCO011

The detection of CH; in SMPLMCO011 has significant
implications for our understanding of the formation of small
hydrocarbons in C-rich circumstellar environments. The
methyl radical occupies a uniquely central position in the
reaction network of the PDR associated with the dense torus.
CH; is simultaneously a product of photodissociation, a
building block for more complex molecules, and a reactive
intermediate that bridges aliphatic and aromatic chemistry. A
more complete analysis of the molecular inventory of
SMPLMC 011 based on the JWST MIRI/MRS data, includ-
ing detailed spectral modeling of all detected species, is
presented by D. Das et al. (2026, in preparation). Here we
focus on the specific chemical implications of the CHj
detection.

4.2. The Origin of the CH; Reservoir: Grain Erosion in a
Warm, Irradiated Torus?

The detection of CH; in SMPLMCO011 provides the first
secure, quantitative measurement of gas-phase CHj in highly
evolved C-rich stars. Whether CHj; is comparably abundant in the
prototypical C-rich AGB star IRC +10216 and the PPN
AFGL 618 (the two sources with comparable molecular richness)
cannot presently be established. The diagnostic ~16.5 yym CHj; v,
band region is compromised in the archival SWSISO Short-Wave
Spectrometer (SWS) spectra of both sources by strong fringing or
by its location at the edge of two segments, so these data can
neither confirm nor exclude CHjz at column densities comparable
to, or below, that derived here. In IRC 410216, the circumstellar
chemistry is dominated by C;H,, HCN, and carbon-chain radicals
(C,H), while in AFGL 618, the UV field from the central star
drives the photopolymerization of acetylene into polyynes,
cyanopolyynes, and methylpolyynes; the available carbon is
channeled exclusively through unsaturated, progressively dehy-
drogenated species (J. Cernicharo 2004). In both cases, current
photochemical models of these environments predict a negligible
steady-state CH3 abundance (see below).

The CHj; column density derived here, Ny (CHjz) =~
5.6 x 10" cm_z, establishes CH3 as an abundant reactive
intermediate in the hydrocarbon chemistry within the torus. Pure
gas-phase photodissociation of CH,, a minor but established
constituent of C-rich AGB envelopes (e.g., J. J. Keady &
S. T. Ridgway 1993), cannot alone account for the observed
CH; abundance. In the photochemical models of J. Cernicharo
(2004), CHj is rapidly photodissociated and the neutral
reactions that could replenish it have low rates at the standard
300K reference temperature used in those models, implying
a negligible steady-state abundance. This suggests that an
additional source of CH; may be required in the torus.
Independently, SMP LMC 011 shows C-H absorption asso-
ciated with aliphatic material (i.e., hydrogenated amorphous
carbon, HAC-like), while laboratory experiments demonstrate
that energetic processing of such material can release CHz and
other small hydrocarbons (see below). We therefore suggest that
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erosion of HAC-like dust grains by UV photons from the central
star (or binary system; Paper I) and/or by shocks driven by the fast
(~122kms™ ") bipolar outflow (S. E. Malek et al. 2012) provides a
physically motivated additional source of CHs. The dense, warm
torus of SMP LMC 011, directly irradiated by a hot central star
(>35 kK; J. Bernard-Salas et al. 2006; R. A. Shaw et al. 2000;
Paper I), may provide the favorable conditions for efficient grain
surface erosion and release of radicals into the gas phase.

Our suggested interpretation is consistent with the detection
of aliphatic (HAC-like) C—H stretching modes in absorption at
3.4-3.5 pum toward SMP LMC 011, together with the lack of
any PAH-related emission (Paper I). Moreover, recent
laboratory simulations of dust formation under AGB star
conditions demonstrate that HAC-like grains with C—H bonds
in aliphatic CH,/CHj3 groups are the expected dust product of
C-rich AGB envelopes (G. Tajuelo-Castilla et al. 2026), thus
providing the carbonaceous precursor material for UV and/or
shock-driven CHj release in the subsequent PPN phase. As
mentioned above, laboratory experiments show that UV
irradiation and sputtering of HAC grains efficiently release
aliphatic CH groups and small radical fragments, primarily
CH; and CHy, into the gas phase (e.g., 1. Alata et al.
2015; W. W. Duley et al. 2015; E. Dartois et al. 2017) as the
C-C bonds are preferentially photocleaved over the C-H
bonds (G. Tajuelo-Castilla et al. 2024).

Interestingly, the molecular inventory of SMPLMC 011
shows a striking resemblance to that of the ultraluminous IR
galaxy IRAS 07251—-0248, in which I. Garcia-Bernete et al.
(2026) recently detected the same set of hydrocarbons at
similar excitation temperatures, attributing their high abun-
dances to erosion of HAC grains or PAHs by cosmic rays. In
SMP LMC 011, grain erosion would instead be driven by UV
photons and/or shocks. The nondetection of C,Hg in both
sources could suggest that CHj; is preferentially channeled into
reactions with unsaturated radicals rather than predominantly
undergoing self-recombination (see below). This may point to
similar methyl radical chemistry in grain-erosion environments
despite different physical drivers.

4.3. CHj; as the Key Intermediate: From Grain Erosion to
Benzene and Alkyl-substituted Aromatics

From the nondetection of C,Hgs, we derive a conservative
upper limit of N, (CoHg)/Nioi(CH;3) < 0.8. This limit alone does
not fix the branching of CHs, since the CH; + CH; — C,Hg
stoichiometry caps the C,Hg yield at half the CH; consumed
and any C,Hg formed may itself be photodissociated. In the
dense torus, CH; produced by grain erosion and CH, photolysis
may find two possible fates (the full network is summarized
in Figure Bl): self-recombination (CH; + CH; — C,Hg)
and reaction with the unsaturated radicals (C,,H). However,
self-recombination seems to be disfavored on physical
grounds. It has no exothermic bimolecular exit channel
(CH; + CH3 — C,Hs + H is strongly endothermic and opens
only at temperatures of ~1000-2500 K; P. Stewart et al. 1989),
so the C,Hg adduct must be stabilized by a collision or by
photon emission. The density of the torus (n(H) ~ 10" cm ™ in
the analogous AFGL 618 torus; J. Cernicharo et al. 2001a;
J. Cernicharo 2004) is far below that at which three-body
stabilization becomes competitive for such neutral-neutral
associations (e.g., E. Herbst 1980, 2021), so only the pressure-
independent radiative channel remains. Radiative association
becomes efficient at low pressure only for sufficiently large
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adducts (e.g., those with roughly four or more carbon atoms;
V. Vuitton et al. 2012) and has a strong inverse temperature
dependence (e.g., J. Tennis et al. 2021); for an adduct as
small as C,Hg at the dust temperature (~425 K; S. E. Malek
et al. 2012) of the torus, it is therefore expected to be
inefficient. Reactions of CH; with unsaturated radicals, by
contrast, access exothermic, largely barrierless bimolecular
channels and are not so bottlenecked. Indeed, CH5 additions
to radicals such as phenyl are estimated to be much faster
than CHj3 self-recombination (e.g., V. Vuitton et al. 2012).
Although reaction-specific rate coefficients for CH; + C,,H
are not yet available, the same rapid behavior is measured
experimentally for the analogous unsaturated radical C,Hj
(e.g., A. Fahr et al. 1991). We thus suggest that reactions
with unsaturated radicals dominate the fate of CHj3, placing it
at the root of a rich and branching chemical network
(Figure B1).

The first branch of this network is the methylpolyyne
pathway. The reaction of CH; with C,,H radicals is expected
to produce the methylpolyynes CH3C,,H, of which propyne
(CH3C,H, n = 1) is detected in SMP LMC 011 (S. E. Malek
et al. 2012; D. Das et al. 2026, in preparation). Its significantly
higher abundance compared to AFGL 618 (S. E. Malek et al.
2012) may be a direct consequence of a large CHj3 reservoir in
SMPLMC 011, i.e., at every step of the polyacetylenic ladder,
CH; competes with C,H, for the available C,,H radicals,
redirecting carbon from the pure polyyne chain into the
methylpolyyne branch.

The second and chemically more significant branch is the
aromatic pathway. SMPLMC 011 harbors an exceptionally
large benzene column density, with a CgHg/CoH, ratio ~20
times higher than in AFGL 618 (S. E. Malek et al. 2012). The
origin of the anomalously high C¢Hg/C,H, ratio remains an
open question;>> we note however that benzene destruction via
CN could be inhibited in SMP LMC 011 by the marginal HCN
abundance (the parent species of CN, as suggested by
S. E. Malek et al. 2012), which may contribute to benzene
accumulation independent of the formation route.

Once benzene is formed, the abundant CHj drives its growth
toward alkyl-substituted aromatics through a hydrogen
abstraction (here driven by UV photodissociation rather than
thermally) followed by barrierless methyl addition (see
G. Santoro et al. 2020, and references therein). For example,
vacuum ultraviolet (VUV) photodissociation of benzene yields
the phenyl radical (C¢Hs) as its dominant channel (e.g.,
V. V. Kislov et al. 2004), which then reacts with CH3 in a
barrierless step to form toluene (C;Hg); further methyl
additions to larger photochemically generated aromatic
radicals propagate the growth of alkyl-substituted PAHs (see
Figure 11 in G. Santoro et al. 2020). Similarly, ortho-benzyne
(0-C¢Hy) can form via several channels: the barrierless,
exoergic C,H + C4H, reaction (provided vinylacetylene is
available; F. Zhang et al. 2011), H loss from phenyl, or (to a
minor extent) H, loss from benzene, and then reacts with CH;
in a barrierless addition step to form the benzyl radical (C;H),
with subsequent H-atom loss yielding five-membered ring
species (J. Bouwman et al. 2023).

2 Such a discrepancy remains a puzzle that neither the neutral acetylenic
polymerization route of J. Cernicharo (2004) nor the ionic benzene formation
route (e.g., P. M. Woods et al. 2002, 2003) has been able to fully explain (see
S. E. Malek et al. 2012).
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Both CHj-driven pathways simultaneously consume ben-
zene, producing more complex aromatic species and creating a
self-amplifying cycle in which the large benzene reservoir is
continuously processed toward higher molecular complexity.
SMP LMC 011 is therefore a unique target for the detection of
the simplest alkyl-substituted aromatics such as toluene (C;Hg)
and ethylbenzene (CgH;g) in an evolved star. However, their
detection with JWST/MIRI is currently hampered by the
absence of gas-phase rovibrational line lists at astrophysically
relevant temperatures. New laboratory spectroscopic measure-
ments or theoretical line-list computations for these species are
therefore urgently needed.

5. Summary and Conclusions

We report the first secure detection of the methyl radical
CHj3 in a C-rich evolved star, SMP LMC011. CH; is well
fitted by an excitation temperature of 7., ~ 190K and a
column density of Ny (CH3) ~ 5.6 X 10" cm 2. We also
report the nondetection of ethane (C,Hg), consistent with CHj
reacting preferentially with unsaturated radicals rather than
recombining with itself. The high CH; abundance may require
an additional source, which we tentatively attribute to the
erosion of carbonaceous (HAC-like) dust grains by UV
photons and/or shocks in the dense, warm, directly irradiated
torus, i.e., with grain erosion acting as a direct driver of
aromatic chemistry in evolved stars. Once benzene is formed
through the acetylenic and/or ionic routes, the abundant CH;
would drive its growth toward alkyl-substituted aromatics
(e.g., through hydrogen abstraction and methyl addition) and/
or five-membered ring species, with profound implications for
PAH formation. SMP LMC 011 is therefore a unique target for
searching for alkyl-substituted aromatics and five-membered
ring species in evolved stars, which would provide direct
confirmation of CHj-driven aromatic growth, provided that
gas-phase rovibrational line lists for these species become
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available. Our results thus call for updated chemical models
incorporating CHj-addition reactions to understand PAH
formation in C-rich circumstellar environments.
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Appendix A
CH; Fitting Constraints and Parameter Uncertainties

Figure Al shows the region covering the C4H, plateau
subtracted in Figure 1.
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Figure A1. Empirical removal of the broad C4H, plateau from the 16.2-20 zm spectrum. Top panel: original continuum-normalized JWST/MIRI MRS spectrum of
SMP LMC 011, with the smooth empirical baseline adopted for the C4H, plateau shown in orange. This baseline was obtained by fitting a smooth spline to the
binned broad short-wavelength residual after subtracting the representative CH; model and is not intended as a physical C4H, model. Bottom panel: plateau-

corrected normalized spectrum used for the CH; model comparison in Figure 1.
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the minimum within each fixed (b, f,) slice. The contour color indicates the reduced feature-based statistic at the slice minimum, with lower values corresponding

to better fits. The open circle marks the global minimum over the full grid.

For the spectral fitting of CH3, a unique best-fitting model is
difficult to identify using a conventional channel-by-channel
X fitting alone. Strong or broad features dominate the fitting
process (e.g., see Figure Al), but they are affected by
saturation, blending, and parameter degeneracies. Their
absorption depths no longer increase linearly with column
density, while they may still exhibit apparently Gaussian-like
profiles at the MIRI resolving power. In contrast, weaker and
more optically thin features contribute relatively little to the
total statistic (J. Li et al. 2024), even though they provide more
direct constraints on the column density. Robust constraints on
the intrinsic line width, b, and covering fraction, f., would
ideally come from a simultaneous analysis of multiple
molecular species or spectral bands, but such an analysis will
be presented in D. Das et al. (2026, in preparation). We
therefore focus on characterizing the degeneracies among the
model parameters and identifying the parameter ranges that
remain consistent with the observed CH; spectrum.

To do so, we evaluate the CH; models using a fixed set of
diagnostically important feature windows, each centered on an
individual absorption minimum identified in the observed
spectrum. Each window spans 1.5 instrumental resolution
elements at the local wavelength-dependent resolving power
R()) adopted in Section 3, which is broad enough to sample
the local absorption feature over multiple spectral channels
while remaining narrow enough to limit contamination from
neighboring spectral structure. We then calculate a feature-
based statistic for the selected windows. This statistic has the

form of a x?, but is used primarily as an empirical measure of
how well each model reproduces the relative depths of the
observed features.

Figure A2 presents the resulting constraints in the
Tex—10gNo; plane for fixed values of b and f.. Although all
four parameters could formally be fitted simultaneously, the
lack of constraints on » and f. as well as the continuum
uncertainties make the resulting posterior sensitive to the
adopted priors and error model. We therefore use a grid-based
analysis to display the parameter degeneracies directly.
Specifically, our exploration shows that models outside
b=5-15km s~ ' or f. > 0.25 provide poor matches to the
observed spectral profiles: Larger values of b excessively
broaden and blend the CH; features, smoothing out the
observed local minima. In addition, larger values of f, require
column densities that are too low to reproduce the weaker
absorption features and their relative depths. We note that the
covering fraction also has a direct lower limit of approximately
f. =0.075 within the adopted partial-coverage model, as set by
the depth of the strongest observed CH; absorption. Even for a
fully saturated line, the maximum absorption depth cannot
exceed f.. We therefore examine the joint constraints on
Tex and logN, for fixed (b, f.) pairs.

Figure A2 reveals several trends in the model parameters.
(1) f. and N, are strongly degenerate. As f,. increases, a
smaller column density is required to reproduce the same
absorption depth, as expected from the approximate scaling of
optically thin absorption with f.N. (2) The preferred column



THE ASTROPHYSICAL JOURNAL LETTERS, 1009:L47 (9pp), 2026 October 1

density does not decrease without limit at large f., because a
sufficiently large column is still required to reproduce the
weaker features and the relative depths among features with
different optical depths. (3) Larger values of b generally
produce poorer fits, indicating that excessively broad profiles
smooth out the observed feature structure and increase
blending among neighboring transitions. (4) Temperature is
less tightly constrained than the other parameters. Most of the
competitive solutions remain near T, ~ 200 K, while modest
changes in T.x can be compensated by corresponding
adjustments in N.

Since several combinations of Ty, Ny, b, and f,. produce
comparably good fits, the global minimum should not be
interpreted as a unique physical solution. We nevertheless
adopt it as a representative best-fitting model and quote the
corresponding joint T,,—logN,, constraints for the fixed
(b, f,) pair. The minimum feature-based statistic is obtained for
T., = 190 K, log[N,o(CHs)/cm 2] = 17.75, b = 10kms ™",
and f. = 0.1. For this fixed (b, f,) pair, the nominal joint 68.3%
region gives T, = 19073 K and log[N(CHs)/cm 2]
= 17.757093. These ranges are the projections of the joint
two-dimensional  T.,—logN,,, contour corresponding to
Ax? = 2.3. We note that since the selected features are not
guaranteed to be statistically independent and their uncertain-
ties include an empirical continuum removal, we tested the
nominal Ay? = 2.3 threshold with slice-by-slice parametric
Monte Carlo simulations and verified that the calibrated 68.3%
thresholds were close to the nominal two-parameter value.
These confidence regions should therefore not be interpreted as
the full uncertainty on the physical parameters, but rather as
conditional constraints within each adopted (b, f.) model.

C,Hg ethane
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Appendix B
CH; Chemical Network in the Warm, UV-irradiated Torus
of SMP LMC 011

Figure B1 displays a simplified schematic of the CHj
chemical network in the warm, UV-irradiated torus of
SMPLMC 011. Species are color-coded: blue = detected in
this source (or, for the methylpolyynes, detected via CH3C,H);
gray dashed = searched for but not detected; purple
dashed = predicted but not yet detected; cream = transient
reactive intermediates or reactants. CHj is supplied by erosion
of HAC grains (UV photons and/or shocks) and, more
minorly, by CH,; photodissociation. It then follows three
competing routes: (i) self-recombination to C,Hg (disfavored
at the low density of the torus; see Section 4.3); (ii) addition to
unsaturated carbon-chain radicals C,,H to form methylpo-
lyynes (CH3C,,H; e.g., propyne, CH3C,H), in competition
with C,H,; and (iii) an aromatic-growth branch. In the latter,
VUV photodissociation of benzene generates the phenyl
radical (CgHs) by H-atom loss, to which CH; adds
barrierlessly to form toluene (C,Hg); successive H abstrac-
tion/photolysis and CHj additions then build ethylbenzene
(CgHjp) and larger alkyl-substituted aromatics. In parallel,
ortho-benzyne (0-C¢H,) may form via (i) the barrierless
C,H + C4H, reaction, (ii) H loss from phenyl, or (iii) direct H,
loss from benzene (a minor channel). The barrierless reaction
0-CcH4 + CHj; then yields the transient benzyl radical (C;H5),
which by ring contraction and H-atom loss produces five-
membered-ring species (e.g., fulvenallene and ethynylcyclo-
pentadienes; J. Bouwman et al. 2023). Note that benzene itself
is supplied by acetylenic/ionic routes rather than by CHj; (see
Section 4.3).
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HAC grains (grain erosion)
+ CopH
/(competes w/ CoHz)
CHs [______
/ o S%p‘y\ =
CHa v
CgHg benzene
acetylenic / (iii) hv, —H (minor)

ionic routes

(i) hv, —H

C7Hg toluene

CgHjo ethylbenzene |
(predicted)

N, +CH; (predicted)

/(barrierless) | L |
CeHs phenyl - - """ === -7-—--=
hv, —Hy l hu(=H) + CH;
(chain growth)

I larger alkyl-substituted |
aromatics (predicted)

]

+ CH3 ring contraction

\ (barrierless) C;H; benzyl !
0-CgH4 0-benzyne —_— l (Er;nsient)
\I

+ H-loss

/‘i)
[ CoH + CqHg ]

| | predicted

not detected

D detected

I 5-membered-ring |
species (predicted)

]

C] transient intermediate / reactant

Figure B1. Simplified schematic of the CH; chemical network in the warm, UV-irradiated torus of SMP LMC 011 (see text).

8



THE ASTROPHYSICAL JOURNAL LETTERS, 1009:L47 (9pp), 2026 October 1

ORCID iDs

https: //orcid.org /0000-0003-0665-6505
https: //orcid.org,/0000-0002-

Jialu Li
D. A. Garcfa-Herndndez
1693-2721

A. Manchado ® https: //orcid.org/0000-0002-3011-686X
Debayan Das @ https: //orcid.org/0009-0001-4100-9218

J. Cami @ https: //orcid.org/0000-0002-2666-9234

Els Peeters ® https: //orcid.org/0000-0002-2541-1602

G. C. Sloan ® https: j/orcid.org/0000-0003-4520-1044

B. Aringer © https: //orcid.org/0000-0001-9848-5410

J. Bernard-Salas @ https: //orcid.org/0000-0002-8452-8675
C. Bhatt @ https: /orcid.org/0009-0000-0191-6756
Nicholas Clark © https: //orcid.org/0009-0009-4643-2734
Harriet L. Dinerstein © https: //orcid.org/0000-0002-

4017-5572

M. A. Gémez-Muiioz ® https: //orcid.org/0000-0002-
3938-4211

Kathleen E. Kraemer @ https: //orcid.org/0000-0002-
2626-7155

M. Matsuura @ https: //orcid.org/0000-0002-5529-5593
R. Sahai @ https: //orcid.org/0000-0002-6858-5063

N. C. Sterling © https: //orcid.org/0000-0002-9604-1434
Kevin Volk @ https: //orcid.org/0000-0002-3824-8832

G. M. Wahlgren ® https: //orcid.org/0000-0002-6570-4776
A. A. Zijlstra ® https: //orcid.org/0000-0002-3171-5469

References

Alata, 1., Jallat, A., Gavilan, L., et al. 2015, A&A, 584, A123

Arabhavi, A. M., Kamp, 1., Henning, T., et al. 2024, Sci, 384, 1086

Argyriou, L., Glasse, A., Law, D. R,, et al. 2023, A&A, 675, Al11

Bernard-Salas, J., Peeters, E., Sloan, G. C., et al. 2006, ApJL, 652, L29

Berné, O., Habart, E., Peeters, E., et al. 2023, Sci, 383, 988

Bhatt, C., Cami, J., Peeters, E., et al. 2025, ApJ, 995, 67

Bouwman, J., McCabe, M. N., Shingledecker, C. N., et al. 2023, NatAs, 7,
423

Cernicharo, J. 2004, ApJL, 608, L41

Cernicharo, J., Heras, A. M., Pardo, J. R., et al. 2001a, ApJL, 546, L127

Cernicharo, J., Heras, A. M., Tielens, A. G. G. M., et al. 2001b, ApJL,
546, 1123

Li et al.

Changala, P. B, Chen, N. L., Le, H. L., et al. 2023, A&A, 680, A19

Dartois, E., Chabot, M., Pino, T., et al. 2017, A&A, 599, A130

Duley, W. W., Zaidi, A., Wesolowski, M. J., & Kuzmin, S. 2015, MNRAS,
447, 1242

Fahr, A., Laufer, A., Klein, R., & Braun, W. 1991, JPhCh, 95, 3218

Feuchtgruber, H., Helmich, F. P., van Dishoeck, E. F., & Wright, C. M. 2000,
AplL, 535, L111

Garcia-Bernete, 1., Pereira-Santaella, M., Gonzalez-Alfonso, E., et al. 2026,
NatAs, 10, 420

Gordon, K. D., & Law, D. R. 2026, AJ, 172, 204

Gordon, K. D., Bohlin, R., Sloan, G. C., et al. 2022, AJ, 163, 267

Henning, T., Kamp, 1., Samland, M., et al. 2024, PASP, 136, 054302

Herbst, E. 1980, Apl, 237, 462

Herbst, E. 2021, FrASS, 8, 207

Herbst, E., & Klemperer, W. 1973, AplJ, 185, 505

Houck, J. R., Roellig, T. L., van Cleve, J., et al. 2004, ApJS, 154, 18

Keady, J. J., & Ridgway, S. T. 1993, ApJ, 406, 199

Kislov, V. V., Nguyen, T. L., Mebel, A. M., Lin, S. H., & Smith, S. C. 2004,
JChPh, 120, 7008

Li, J., Boogert, A., & Tielens, A. G. G. M. 2024, ApJS, 273, 32

Malek, S. E., Cami, J., & Bernard-Salas, J. 2012, ApJ, 744, 16

Morgan, D. H., & Parker, Q. A. 1998, MNRAS, 296, 921

Pontoppidan, K. M., Salyk, C., Banzatti, A., et al. 2024, ApJ, 963, 158

Rothman, L. S. 2021, NatRP, 3, 302

Sanduleak, N., MacConnell, D. J., & Philip, A. G. D. 1978, PASP, 90, 621

Santoro, G., Martinez, L., Tanarro, 1., et al. 2020, ApJ, 895, 97

Shaw, R. A., Stanghellini, L., Villaver, E., & Mutchler, M. 2006, ApJS,
167, 201

Shukla, B., & Koshi, M. 2010, PCCP, 12, 2427

Sloan, G. C., Volk, K., Cami, J., et al. 2026, ApJ, submitted

Sternberg, A., & Dalgarno, A. 1995, ApJS, 99, 565

Stewart, P., Larson, C., & Golden, D. 1989, CoFl, 75, 25

Tajuelo-Castilla, G., Mendieta-Moreno, J. 1., Accolla, M., et al. 2024, ApJ,
965, 184

Tajuelo-Castilla, G., Santoro, G., Martinez, L., et al. 2026, NatAs, 10, 1157

Tennis, J., Loison, J.-C., & Herbst, E. 2021, ApJ, 922, 133

Tielens, A. 2021, Molecular Astrophysics (Cambridge Univ. Press)

Volz, M., Espaillat, C. C., Pittman, C. V., et al. 2026, AJ, 171, 39

Vuitton, V., Yelle, R. V., Lavvas, P., & Klippenstein, S. J. 2012, ApJ, 744, 11

Woods, P. M., Millar, T. J., Herbst, E., & Zijlstra, A. A. 2003, A&A, 402,
189

Woods, P. M., Millar, T. J., Zijlstra, A. A., & Herbst, E. 2002, ApJL,
574, L167

Wright, G. S., Rieke, G. H., Glasse, A., et al. 2023, PASP, 135, 048003

Zannese, M., Le Bourlot, J., Roueff, E., et al. 2026, A&A, 705, A128

Zhang, F., Parker, D., Kim, Y. S., Kaiser, R. L., & Mebel, A. M. 2011, ApJ,
728, 141


https://orcid.org/0000-0003-0665-6505
https://orcid.org/0000-0002-1693-2721
https://orcid.org/0000-0002-1693-2721
https://orcid.org/0000-0002-3011-686X
https://orcid.org/0009-0001-4100-9218
https://orcid.org/0000-0002-2666-9234
https://orcid.org/0000-0002-2541-1602
https://orcid.org/0000-0003-4520-1044
https://orcid.org/0000-0001-9848-5410
https://orcid.org/0000-0002-8452-8675
https://orcid.org/0009-0000-0191-6756
https://orcid.org/0009-0009-4643-2734
https://orcid.org/0000-0002-4017-5572
https://orcid.org/0000-0002-4017-5572
https://orcid.org/0000-0002-3938-4211
https://orcid.org/0000-0002-3938-4211
https://orcid.org/0000-0002-2626-7155
https://orcid.org/0000-0002-2626-7155
https://orcid.org/0000-0002-5529-5593
https://orcid.org/0000-0002-6858-5063
https://orcid.org/0000-0002-9604-1434
https://orcid.org/0000-0002-3824-8832
https://orcid.org/0000-0002-6570-4776
https://orcid.org/0000-0002-3171-5469
https://doi.org/10.1051/0004-6361/201526368
https://ui.adsabs.harvard.edu/abs/2015A&A...584A.123A/abstract
https://doi.org/10.1126/science.adi8147
https://ui.adsabs.harvard.edu/abs/2024Sci...384.1086A/abstract
https://doi.org/10.1051/0004-6361/202346489
https://ui.adsabs.harvard.edu/abs/2023A&A...675A.111A/abstract
https://doi.org/10.1086/509767
https://ui.adsabs.harvard.edu/abs/2006ApJ...652L..29B/abstract
https://doi.org/10.1126/science.adg7042
https://ui.adsabs.harvard.edu/abs/2024Sci...383..988B/abstract
https://doi.org/10.3847/1538-4357/ae1020
https://ui.adsabs.harvard.edu/abs/2025ApJ...995...67B/abstract
https://doi.org/10.1038/s41550-023-01893-2
https://ui.adsabs.harvard.edu/abs/2023NatAs...7..423B/abstract
https://ui.adsabs.harvard.edu/abs/2023NatAs...7..423B/abstract
https://doi.org/10.1086/422170
https://ui.adsabs.harvard.edu/abs/2004ApJ...608L..41C/abstract
https://doi.org/10.1086/318872
https://ui.adsabs.harvard.edu/abs/2001ApJ...546L.127C/abstract
https://doi.org/10.1086/318871
https://ui.adsabs.harvard.edu/abs/2001ApJ...546L.123C/abstract
https://ui.adsabs.harvard.edu/abs/2001ApJ...546L.123C/abstract
https://doi.org/10.1051/0004-6361/202347765
https://ui.adsabs.harvard.edu/abs/2023A&A...680A..19C/abstract
https://doi.org/10.1051/0004-6361/201629646
https://ui.adsabs.harvard.edu/abs/2017A&A...599A.130D/abstract
https://doi.org/10.1093/mnras/stu2508
https://ui.adsabs.harvard.edu/abs/2015MNRAS.447.1242D/abstract
https://ui.adsabs.harvard.edu/abs/2015MNRAS.447.1242D/abstract
https://doi.org/10.1021/j100161a047
https://ui.adsabs.harvard.edu/abs/1991JPhCh..95.3218F/abstract
https://doi.org/10.1086/312714
https://ui.adsabs.harvard.edu/abs/2000ApJ...535L.111F/abstract
https://doi.org/10.1038/s41550-025-02750-0
https://ui.adsabs.harvard.edu/abs/2026NatAs..10..420G/abstract
https://doi.org/10.3847/1538-3881/ae9a99
https://ui.adsabs.harvard.edu/abs/2026AJ....172..204G/abstract
https://doi.org/10.3847/1538-3881/ac66dc
https://ui.adsabs.harvard.edu/abs/2022AJ....163..267G/abstract
https://doi.org/10.1088/1538-3873/ad3455
https://ui.adsabs.harvard.edu/abs/2024PASP..136e4302H/abstract
https://doi.org/10.1086/157889
https://ui.adsabs.harvard.edu/abs/1980ApJ...237..462H/abstract
https://doi.org/10.3389/fspas.2021.776942
https://ui.adsabs.harvard.edu/abs/2021FrASS...8..207H/abstract
https://doi.org/10.1086/152436
https://ui.adsabs.harvard.edu/abs/1973ApJ...185..505H/abstract
https://doi.org/10.1086/423134
https://ui.adsabs.harvard.edu/abs/2004ApJS..154...18H/abstract
https://doi.org/10.1086/172431
https://ui.adsabs.harvard.edu/abs/1993ApJ...406..199K/abstract
https://doi.org/10.1063/1.1676275
https://ui.adsabs.harvard.edu/abs/2004JChPh.120.7008K/abstract
https://doi.org/10.3847/1538-4365/ad571a
https://ui.adsabs.harvard.edu/abs/2024ApJS..273...32L/abstract
https://doi.org/10.1088/0004-637X/744/1/16
https://ui.adsabs.harvard.edu/abs/2012ApJ...744...16M/abstract
https://doi.org/10.1046/j.1365-8711.1998.01450.x
https://ui.adsabs.harvard.edu/abs/1998MNRAS.296..921M/abstract
https://doi.org/10.3847/1538-4357/ad20f0
https://ui.adsabs.harvard.edu/abs/2024ApJ...963..158P/abstract
https://doi.org/10.1038/s42254-021-00309-2
https://ui.adsabs.harvard.edu/abs/2021NatRP...3..302R/abstract
https://doi.org/10.1086/130397
https://ui.adsabs.harvard.edu/abs/1978PASP...90..621S/abstract
https://doi.org/10.3847/1538-4357/ab9086
https://ui.adsabs.harvard.edu/abs/2020ApJ...895...97S/abstract
https://doi.org/10.1086/508469
https://ui.adsabs.harvard.edu/abs/2006ApJS..167..201S/abstract
https://ui.adsabs.harvard.edu/abs/2006ApJS..167..201S/abstract
https://doi.org/10.1039/b919644g
https://ui.adsabs.harvard.edu/abs/2010PCCP...12.2427S/abstract
https://doi.org/10.1086/192198
https://ui.adsabs.harvard.edu/abs/1995ApJS...99..565S/abstract
https://doi.org/10.1016/0010-2180(89)90084-9
https://ui.adsabs.harvard.edu/abs/1989CoFl...75...25S/abstract
https://doi.org/10.3847/1538-4357/ad33c4
https://ui.adsabs.harvard.edu/abs/2024ApJ...965..184T/abstract
https://ui.adsabs.harvard.edu/abs/2024ApJ...965..184T/abstract
https://doi.org/10.1038/s41550-026-02854-1
https://doi.org/10.3847/1538-4357/ac3239
https://ui.adsabs.harvard.edu/abs/2021ApJ...922..133T/abstract
https://doi.org/10.3847/1538-3881/ae1f16
https://ui.adsabs.harvard.edu/abs/2026AJ....171...39V/abstract
https://doi.org/10.1088/0004-637X/744/1/11
https://ui.adsabs.harvard.edu/abs/2012ApJ...744...11V/abstract
https://doi.org/10.1051/0004-6361:20030215
https://ui.adsabs.harvard.edu/abs/2003A&A...402..189W/abstract
https://ui.adsabs.harvard.edu/abs/2003A&A...402..189W/abstract
https://doi.org/10.1086/342503
https://ui.adsabs.harvard.edu/abs/2002ApJ...574L.167W/abstract
https://ui.adsabs.harvard.edu/abs/2002ApJ...574L.167W/abstract
https://doi.org/10.1088/1538-3873/acbe66
https://ui.adsabs.harvard.edu/abs/2023PASP..135d8003W/abstract
https://doi.org/10.1051/0004-6361/202557445
https://ui.adsabs.harvard.edu/abs/2026A&A...705A.128Z/abstract
https://doi.org/10.1088/0004-637X/728/2/141
https://ui.adsabs.harvard.edu/abs/2011ApJ...728..141Z/abstract
https://ui.adsabs.harvard.edu/abs/2011ApJ...728..141Z/abstract

	1. Introduction
	2. JWST Observations and Data Reduction
	3. Molecular Identification and Spectral Modeling
	3.1. Model Construction
	3.2. Line Identification and Physical Constraints

	4. Discussion
	4.1. Implications for the Hydrocarbon Chemistry of SMP LMC 011
	4.2. The Origin of the CH3 Reservoir: Grain Erosion in a Warm, Irradiated Torus?
	4.3. CH3 as the Key Intermediate: From Grain Erosion to Benzene and Alkyl-substituted Aromatics

	5. Summary and Conclusions
	Appendix A. CH3 Fitting Constraints and Parameter Uncertainties
	Appendix B. CH3 Chemical Network in the Warm, UV-irradiated Torus of SMP LMC 011
	References



