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ABSTRACT

Context. Many complex organic molecules (COMs) in star-forming regions are believed to form on dust grains. We thus expect both
the reduced metallicity and dust-to-gas ratio in the outer Galaxy to have an impact on the chemical composition of these regions.
Aims. We investigate if certain COMs are more sensitive than others to metallicity by measuring the chemical composition of hot
cores in the outer Galaxy.

Methods. We used the interferometer NOEMA to perform an imaging spectral line survey of G135.27+2.79, a hot core candidate
located at a galactocentric distance of 13.1 kpc. We derived the rotational temperatures and column densities of the detected molecules
while assuming local thermodynamic equilibrium and compared the chemical composition of G135.27+2.79 to other sources and to
the predictions of the three-phase astrochemical code MAGICKAL.

Results. G135.27+2.79 hosts three continuum cores, labeled MM1, MM2, and MM3. Toward MM1, we detected 28 molecules,
including 12 COMs, and several of their less abundant isotopologs. Most species trace a hot, compact region, confirming MMI1 as
a hot core (the third one identified in the outer Galaxy). MM1 drives a bipolar CO outflow. COMs show a velocity gradient along
the outflow axis but opposite to that of CO, which may be related to a wide-angle disk wind. The chemical composition of MM1
correlates rather well with that of the inner and outer Galaxy hot cores G31.41+0.31 and WB89-789 SMMI, but its molecular
abundances relative to methanol lie in between, which may reflect the influence of metallicity on COM formation. The model results
agree reasonably well, though with a few notable exceptions, with the COM abundances of MM1 relative to methanol and with
the abundance ratios between MM1 and G31.41+0.31. Sensitivity to the reduced metallicity and dust-to-gas ratio varies between
molecules, with carbon chains and nitriles most negatively affected. The lower dust-to-gas ratio leads to slower adsorption under
low-metallicity conditions so that more carbon is locked up into CO in the gas. Slow adsorption means that CO is hydrogenated more
efficiently on grains, enhancing CO-related COM abundances above expectations.

Conclusions. These results demonstrate that metallicity has a significant impact on the formation of COMs. A larger source sample

is needed to investigate the robustness of the deviations noted between the model and the observations for a few species.
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1. Introduction

Complex organic molecules (COMs) are defined as
carbon-bearing molecules containing six or more atoms
(Herbst & van Dishoeck 2009). These molecules are impor-
tant tracers of the chemical complexity in the interstellar
medium (ISM). COMs have been detected in a wide variety
of astrophysical environments, ranging from warm inner
envelopes surrounding protostars (e.g., Jgrgensen et al. 2016;
Belloche et al. 2020; Chen et al. 2023) to protoplanetary disks
(e.g., Walshetal. 2013; Leeetal. 2019; Fadul etal. 2025)
and even to extragalactic environments, such as the center
of the nearby starburst galaxy NGC 253 (Martin et al. 2021;
Bouvier et al. 2025; Huang et al. 2025). How these species
are formed has been the focus of much attention and debate
(e.g., Jorgensen et al. 2020). COMs are generally thought to
form and evolve in both the gas phase and the solid phase,
the latter consisting of the surfaces and ice mantles of dust
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grains (e.g., Hasegawa et al. 1992; van Dishoeck & Blake 1998;
Garrod et al. 2008). Observations over the past decade, particu-
larly the detection of gas-phase COMs at low temperatures in
prestellar cores and protostellar envelopes (e.g., Bacmann et al.
2012; Vastel etal. 2014; Bouscasse et al. 2024), and more
recently the identification of several COMs in interstellar
ices using the James Webb Space Telescope (JWST; e.g.,
Rachid et al. 2022; Yang et al. 2022; Rocha et al. 2024) suggest
that the solid phase plays a major role in the production of
COMs.

Hot molecular cores associated with high-mass star-forming
regions (M >8 Mg; (Walmsley 1995)) and their low-mass coun-
terparts, known as hot corinos (Ceccarelli 2004), serve as ex-
cellent laboratories for investigating the chemical complexity of
the ISM. Hot cores are compact (< 0.1 pc), dense (n > 100
cm™>) regions that form around nascent high-mass protostars.
They represent a transient yet chemically rich phase during
the early stages of high-mass star formation (e.g., Kurtz et al.
2000; Cesaroni 2005). As a protostar forms, it begins to heat
its surrounding envelope. When the temperature rises above
~100 K, thermal desorption of the ice mantles coating inter-
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stellar dust grains occurs, releasing a wide variety of COMs
into the gas phase (Jérgensen et al. 2020). The advent of broad-
band instrumentation, especially in interferometers over the past
decade, has significantly enhanced the feasibility of conduct-
ing unbiased spectral line surveys of hot cores and hot cori-
nos, thereby advancing our understanding of COM formation.
Notable examples include the Exploring molecular complex-
ity with ALMA (EMoCA)/Re-exploring Molecular Complex-
ity with ALMA (ReMoCA) project, which targeted hot cores
in Sgr B2(N) in the Galactic center region (e.g., Belloche et al.
2016, 2019, 2025; Bonfand et al. 2017; Busch et al. 2024); the
G31.41+0.31 Unbiased ALMA sPectral Observational Survey
(GUAPOS) project, focused on the hot core G31.41+0.31 in the
inner Galaxy (e.g., Mininni et al. 2020, 2023); and the ALMA
Protostellar Interferometric Line Survey (PILS) project, which
studied the low-mass protostellar system IRAS 16293-2422 in
the solar neighborhood (e.g., Jgrgensen et al. 2016; Calcutt et al.
2018; Jgrgensen et al. 2018). These surveys have enhanced our
understanding of chemical complexity in the inner Galaxy and,
surprisingly, revealed that the chemical compositions of Sgr
B2(N2), G31.41+0.31, and IRAS 16293-2422B are remark-
ably similar when oxygen- and nitrogen-bearing COMs are nor-
malized separately (Jgrgensen et al. 2020; Belloche et al. 2025).
This raises the question whether this similarity still holds be-
yond the solar circle, where the metallicity is reduced. Our goal
is to investigate if metallicity has an impact on the prevalence of
COMs in star-forming regions of our Galaxy.

The outer Galaxy refers to regions beyond the solar cir-
cle, with Galactocentric distances, Dy, greater than 8.15 kpc
(Reid et al. 2019). The disk of our Galaxy has a metallicity
gradient between 5 and 17 kpc, as measured in various ele-
ments (e.g., C, N, O, Fe) that exhibit different radial trends (e.g.,
Luck & Lambert 2011). For instance, at distances of 12-17 kpc
from the center, the metallicity traced by Fe is about 1.7 to
3.4 times lower than at the solar circle. Several studies of star-
forming regions in the outer Galaxy have investigated the im-
pact of metallicity on molecular abundances (Bernal et al. 2021;
Fontani et al. 2022a,b; Koelemay & Ziurys 2025). These studies
generally report that the abundances of simple molecules and
(cold) CH30H, when normalized to H,, remain comparable to
those in the inner Galaxy. However, these abundances depend
critically on the adopted H, column density, which is typically
inferred from dust continuum emission and therefore sensitive to
assumptions about the gas-to-dust ratio (a value of 100 was used
in these papers). However, the gas-to-dust ratio is expected to
increase with galactocentric distance (Giannetti et al. 2017). In-
deed, when accounting for this effect, Fontani et al. (2024) and
Gigli et al. (2025) reported decreasing molecular abundances to-
ward larger galactocentric radii. Reporting abundances relative
to another molecule, such as CH3;OH, allows us to avoid the un-
certainties related to the derivation of H, column densities.

Given that many COMs form on dust grains and contain mul-
tiple heavy atoms (Garrod & Herbst 2006), their formation is
likely influenced by the metallicity and dust-to-gas ratio. Con-
sequently, the chemical composition of the ice mantles of dust
grains (and the gas phase, after desorption) in the outer Galaxy
may differ from that in the inner Galaxy. In other words, the
outer Galaxy serves as an ideal laboratory to study the im-
pact of metallicity and the dust-to-gas ratio on the formation
of COMs (Shimonishi 2024). Moreover, studies in the outer
Galaxy are critical for bridging our understanding between the
normal-metallicity environment in the inner Galaxy and the
low-metallicity environment observed in nearby dwarf galaxies
such as the Large Magellanic Cloud (LMC) and Small Mag-
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ellanic Cloud (SMC). Recently, six hot cores have been iden-
tified in the LMC (Shimonishi et al. 2016, 2020; Sewito et al.
2018, 2022; Hamedani Golshan et al. 2024) and two in the SMC
(Shimonishi et al. 2023). However, only two hot cores, WB89-
789 SMM1 and Sh 2-283-1a SMM1, have been detected in the
outer Galaxy so far (Shimonishi et al. 2021; Ikeda et al. 2026).
To better understand the impact of metallicity on the formation
of COMs, two actions are essential: building a larger sample of
hot cores in the outer Galaxy observed through unbiased spectral
line surveys and comparing their chemical composition with the
predictions of astrochemical models.

This study focuses on the search for hot cores embedded in
the outer Galaxy, and we investigate the impact of metallicity on
the formation of COMs. To this end, we first conducted single-
dish telescope observations to identify promising hot core can-
didates. These candidates were then followed up at high angu-
lar resolution with an unbiased spectral line imaging survey us-
ing the Northern Extended Millimeter Array (NOEMA) with the
goal of characterizing their physical structure and chemical com-
position. In this work, we present and analyze NOEMA obser-
vations of G135.27+2.79, the hot core candidate of our sample
that was observed first. The source selection, the observational
setup, and the data reduction are described in Sect. 2. Section 3
presents an analysis of the observations and a comparison to
other sources. Section 4 compares the chemical composition de-
rived for G135.27+2.79 to the predictions of the chemical model
MAGICKAL. The results are discussed in Sect. 5, and Sect. 6
presents our conclusions.

2. Observations and data reduction
2.1. Source selection

Our sample was constructed by identifying candidate high-
mass star-forming regions in the outer Galaxy based on the
presence of water or Class II methanol masers, which are in-
dicators of young stellar objects (YSOs; Kurtz et al. 2000).
Class II methanol masers, in particular, are known to trace ex-
clusively high-mass YSOs (e.g., Minier et al. 2003; Ellingsen
2006). We focused on sources located in the second and third
Galactic quadrants with heliocentric distances of less than 10
kpc, enabling comparison with well-studied regions in the in-
ner Galaxy. We selected all sources fulfilling these criteria be-
yond a galactic radius, Dgc, of 12 kpc from the Effelsberg
water maser surveys of IRAS sources (Wouterloot et al. 1988,
1993), the Parkes/ATCA/MERLIN methanol multi-beam sur-
vey (Greenetal. 2017), the 6.7 GHz methanol maser cata-
log (Pestalozzi et al. 2005), and the Bar and Spiral Structure
Legacy (BeSSeL) Very Long Baseline Interferometry survey
(Reid et al. 2019, and reference therein). Moreover, we kept only
sources with a maser position that was known sufficiently accu-
rately compared to the beams of the IRAM 30m telescope at
3 mm /1.3 mm and the Atacama Pathfinder Experiment (APEX)
telescope at 1.3 mm, either from interferometric observations or
from cross-scans in the case of Effelsberg. We also included
an IRAS source at Dge = 15.8 kpc with no maser detection
but detected in H,CO (Blair et al. 2008). Our final sample com-
prises 19 sources spanning D,. from 12 to 17 kpc. The seven
targets in the second quadrant were observed with the IRAM
30m telescope and the twelve sources in the third quadrant with
the APEX telescope. These observations achieved deep integra-
tions, with rms sensitivities at a spectral resolution of ~1 km g1
of about 5 mK for the APEX observations, and ranging from 5.9
to 7.1 mK and from 8.1 to 18.2 mK for the IRAM 30 m observa-



tions at 3 mm and 1.3 mm, respectively. This enabled a sensitive
search for high-temperature rotational emission of COMs. Cold
methanol emission was detected in all sources, but hints of the
presence of a hot core were found in only four targets (weak
emission of CH3CN or torsionally excited CH;OH).

The first of our hot core candidates that we subsequently ob-
served at higher angular resolution, G135.27+2.79 (also known
as WB89-437, IRAS 02395+6244), is a luminous far-infrared
source detected with IRAS (Wouterloot & Brand 1989). The dis-
tance to G135.27+2.79 was determined through trigonometric
parallax measurements of its associated H,O maser, yielding a
heliocentric distance of 6.0 + 0.2 kpc (Hachisuka et al. 2009),
and a Galactocentric distance of 13.1 kpc (assuming a Galacto-
centric distance of the Sun of 8.15 kpc, Reid et al. 2019). The
trigonometric distance is shorter than the kinematic distance as-
sumed earlier by Wouterloot & Brand (1989). Adjusted to the
new distance, the IRAS luminosity of 7.1x10* L, reported by
Wouterloot & Brand (1989) becomes 3.1x10* Lo, which cor-
responds to a BO star if it is a single object (Panagia 1973).
At this distance, the expected metallicity for G135.27+2.79 is
[Fe/H] =~ —0.3 dex, based on the Galactic radial abundance

gradient 4T¢M = —0.061 dex kpe™' (Luck & Lambert 2011).
gc

This corresponds to a metallicity Z ~ 0.5Z; (see Sect. 4 for
the corresponding elemental abundances). The source is asso-
ciated with several H,O maser spots (Wouterloot et al. 1993;
Hachisuka et al. 2009), strong CO wing emission tracing an out-
flow (Wouterloot & Brand 1996), but no radio continuum emis-
sion was detected, suggesting that it is extremely young or
that it consists of a cluster of lower mass stars (Rudolph et al.
1996). Additionally, several simple C-bearing species (e.g.,
HCN, C4H, and c-CsH>) and the cold (T < 20 K) emission of
two COMs (CH3CCH and CH3;0H) were detected toward this
source (Bernal et al. 2021; Fontani et al. 2022a,b; Gigli et al.
2025; Koelemay & Ziurys 2025).

2.2. NOEMA observations

We conducted a spectral line survey toward G135.27+2.79
using the NOEMA interferometer! in the frequency range
215.1-246.4 GHz. The observations were carried out in the
C configuration with nine antennas on 2023 October 5, De-
cember 3, and December 5. The phase center was (@,6)(2000)
= 0274328557, +62°57°08’4, which is the water maser posi-
tion from the BeSSeL survey (Hachisuka et al. 2009; Reid et al.
2019). The half-power beam width (HPBW) of the primary beam
of the 15 m antennas is about 23" at 1.3 mm.

The spectral line survey was divided into two spectral se-
tups, S1 and S2. Each setup was observed in two polarizations
and delivered four spectral windows of bandwidth 3.9 GHz each,
two per sideband (LO, LI, UI, UO). The on-source integration
time was 6 h for S1 and 5.2 h for S2. The baselines of the array
ranged from 19.5 m to 328.0 m for S1 and from 17.7 m to 368.0
m for S2. The observations were performed with a channel spac-
ing of 250 kHz using the PolyFiX correlator. The spectra were
smoothed to a resolution of 500 kHz (0.6—0.7 km s~!). Bandpass
calibration was performed using observations of 3C84, and flux
calibration was performed using observations of LKHA101 and
MWC349. The maximum recoverable scale was about 8", which
was calculated using Eq. (3.28) in Cortés et al. (2025). Phase
and amplitude calibration was performed using J0244+6228 and
0224+671. Details about the observational setups are given in

! https://iram-institute.org/science-portal/noema/

Table A.1. Following Maury et al. (2019), we assume an abso-
lute flux calibration uncertainty of 15%.

2.3. Data reduction

The data were calibrated with GILDAS/CLIC? and then im-
aged with IMAGER version 4.4.> We ran the IMAGER pipeline
step by step to perform self-calibration, imaging, and splitting
of the continuum and line emission. To improve the data qual-
ity, the self-calibration was conducted in SURVEY mode with-
out a line catalog. Within spectral windows S1-UI and S2-LI,
the CO line is very strong, dominates the integrated flux, and
is spatially extended, making the SURVEY mode inappropriate
for self-calibration. Therefore, we split each of these windows
into two sub-windows and applied self-calibration separately: in
SPLIT mode for the sub-window containing the CO line and in
SURVEY mode for the other one. The splitting of the line and
continuum emission was performed with the C-SCM method of
IMAGER. The size (HPBW) of the synthesized beam, the cor-
responding linear size, and the rms noise level in the final cubes
are given in Table A.2. The noise level of each spectral window
corresponds to the median of the noise levels measured in all
channel maps using the procedure go noise in GREG/GILDAS?.

3. Results and analysis
3.1. Continuum emission

Although the uv coverage and array configurations differ be-
tween the two NOEMA setups, the resulting continuum emission
maps are largely consistent in structure. Figure 1 presents the
continuum maps of spectral windows S1-UI-CO and S2-LI-CO,
which have a similar angular resolution (HPBW ~0.8"). While
slight variations in morphology are evident, the overall structure
remains comparable: each map reveals three continuum peaks,
which we named MM1, MM2, and MM3. MM1 and MM2 are
located at equatorial offsets (0.23", 0.15") and (4.3", 4.5") from
the phase center, respectively. These positions were determined
by averaging the results from all sub-bands using 2D Gaussian
fits. Determining the peak position of MM3 with a Gaussian fit
is challenging due to its proximity to MMI. Instead, we con-
structed the continuum profile along the direction going through
the peak positions of redshifted and blueshifted SiO components
detected around MM3 (see Sect. 3.3.3 for details) and identified
the corresponding peak continuum position of MM3 as (-2.1",
1.7").

To investigate the nature of the detected emission in MM1,
the in-band spectral index, a, was analyzed across the eight sub-
bands. @ was determined by fitting the flux densities to the for-
mula F, oc v* using the scipy function curve_fit. The fluxes F, in
all sub-bands were extracted using an aperture with a diameter of
1.8", which corresponds to approximately twice the beam size of
the lowest spatial resolution (S1-LO). Figure E.1 shows the re-
sult of the in-band spectral index fitting. We find @ = 3.3+1.4,
indicating that the continuum emission is dominated by dust
emission at a scale of 1.8". We then obtain 8 = @ — 2 = 1.3,
which is similar to what Bonfand et al. (2017) derived for the
hot core Sgr B2(N2). Such a flat index suggests a dust opac-
ity spectrum intermediate between models of dust grains of
Ossenkopf & Henning (1994) without ice mantles and with thin
ice mantles.

2 https://www.iram.fr/IRAMFR/GILDAS/
3 https://imager.oasu.u-bordeaux. fr/
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Fig. 1: Continuum maps of G135.27 at 233 GHz (a) and 229 GHz
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(b) in gray scale, extracted from setups S1-UI-CO and S2-LI-CO,

respectively. Contour levels start at 3c- and increase by a factor of 2, where o = 0.13 and 0.12 mJy beam™!, respectively. Negative
contours at —3¢ are shown as dashed lines. The black crosses mark three continuum peaks of G135.27, labeled MM1, MM2, and
MM3 (see Sect. 3.1), with the peak flux density of MM indicated in the upper right corner. The empty circles denote the positions
of H,O masers (Hachisuka et al. 2009), with blue and red indicating maser spots blue- and redshifted with respect to the source
systemic velocity of —71.7 km s~!, respectively (Blair et al. 2008). The beam size (HPBW) is displayed as an ellipse in the bottom
left corner. The offsets are defined with respect to the phase center (see Sect. 2.2). The maps are not corrected for primary-beam

attenuation.

The optical depth 7 at the peak position of MM1 was esti-
mated using the following equation (Bonfand et al. 2017):

Fbeam
7=-In(1 - —X—), (D
Qbeava(Td)
with Qpeam = ﬁ X HPBWy,j X HPBWy;, as the solid angle of

the synthesized beam, T4 as the dust temperature, and B,(Ty) as
the Planck function. The term F*™ is the peak continuum flux
density in Jansky per beam, corrected for primary beam attenu-
ation. Assuming that dust and gas are well coupled, we adopted
a dust temperature (T4) of 75 K. This value corresponds to the
rotational temperature (7;;) of CH3;CCH toward the continuum
peak position, determined from our population diagram analy-
sis (see Sect. 3.4.3 and Fig. H.2). We used the temperature de-
rived from CH;CCH because, as with the dust continuum emis-
sion, this molecule traces more extended structures than other
COMs. The opacity calculations for all sub-bands yield values
lower than 0.04, confirming that the dust continuum emission at
the scale traced with NOEMA in this source is optically thin.

3.2. H, column density and total gas mass of MM1

The H; column density of MM1, Ny,, was estimated from the
millimeter dust continuum emission. Since this emission is opti-
cally thin at the observed frequencies (Sect. 3.1), Ny, was calcu-
lated using the following equation:

vad

=, (2
QKVBV(Td),qu my

Hy
where F), is the peak continuum flux density, Q is the beam solid
angle, «, is the dust mass opacity (in square centimeter per gram
of dust) at frequency v, &g is the gas-to-dust ratio, uy, is the mean
molecular weight per H (2.8, Kauffmann et al. 2008), and my is
the hydrogen mass. We assumed «, = ko(v/vo)?, with kg = 1.6
cm? g! at 1.3 mm as Bonfand et al. (2017), since we have a
similar value of 3 (see Sect. 3.1).
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To estimate the gas-to-dust ratio, &g, we used the C'80 and
dust emission integrated over an aperture of 1.8" in diameter.
Here again, we used CH3;CCH to estimate the temperature at a
diameter of 1.8" (which is similar to the C'0 emission size; see
Fig. C.2), assuming that the rotational temperatures of CH;CCH
and C!80, as well as the dust temperature, are the same under
local thermodynamic equilibrium (LTE) conditions. Employing
the CH3CCH spectrum averaged over a ring of inner and outer
diameters of 0.9" and 2.7", respectively, we derived a temper-
ature of 63 K from its population diagram (see Sect. 3.4.3 and
Fig. H.2). The gas mass surface density was derived from the
C'30 column density, since the C'30 line is optical thin, with an
opacity of ~0.2 according to our Weeds model (see Sect. 3.4).
The total column density Ny, of C'80 was calculated using the
following equation:

8k V2 W

Nt =
e hC3Aulbgu

3

Qexp( )

u
kB Trot

where kg is the Boltzmann constant, W is the integrated intensity
over the full line profile after correction for primary beam atten-
uation, 4 is the Planck constant, c is the speed of light, A,; is
the Einstein coefficient for spontaneous emission, b is the beam
filling factor with a value of one for C'%0, g, is the degener-
acy of the upper level, Q is the partition function, and E, is
the upper-level energy. This yielded a C'80 column density of
3.3x10'® cm~2, with the integrated intensity measured from the
spectrum averaged over an aperture of diameter 1.8". We applied
Eq. (1) of Giannetti et al. (2017), which assumes a CO abun-
dance of 9.5x107° relative to H, in the solar neighborhood, to
derive the total gas mass surface density from C'80. Follow-
ing their approach, we adopted a C/H gradient of —0.08 dex
kpc’1 from Luck & Lambert (2011) and used the '°0/'30 iso-
topic ratio relation, '°0/180 = (58.8+11.8)Dge + (37.1+£82.6),
from Wilson & Rood (1994). The dust mass surface density was

calculated as Xq,5 = KSH—/(%)’ with S, the flux density integrated

over an aperture of diameter 1.8" and Q the solid angle of this
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aperture. This yields a gas-to-dust mass ratio of 303 + 66.*
The Galactocentric gradient of gas-to-dust ratio determined by
Giannetti et al. (2017) yields a ratio of ~380 at a Galactocen-
tric distance of 13.1 kpc, but the dispersion is large. Our result
is consistent with this estimate within the uncertainties, and we
thus adopted a value &; of 303 for the rest of the analysis. This
yields a peak H, column density of (1.1+0.1)x10%* cm~2, with-
out accounting for the calibration uncertainty. Assuming that the
source diameter is equal to the beam size, we obtained a mean
gas number density of ng, = 1.5%107 cm™>. Assuming a typical
density profile with a slope of -1.5, the gas number density at
0.3", corresponding to the typical size of the COM emission (see
Sect. 3.4.2), is ~ 8 x 107 cm™>.

Furthermore, the gas mass of the envelope within a diameter
of 3.0" can be estimated using the following equation:

S, D*&q
My = ——— 4
e KVBV(Td) ' ( )

where S, is the flux density integrated over the aperture and
D is the heliocentric distance to G135.27. Assuming a radial
power-law profile for the temperature, we obtained an exponent
of —0.25 using the two CH3CCH temperatures mentioned above
(75 K for 0.9" and 63 K for 1.8"), yielding a temperature of 55
K at a diameter of 3.0" by extrapolation. Assuming the same
temperature for the dust, we obtained a total gas mass of 49 M
within a radius of 9000 au.

3.3. Kinematics
3.3.1. Outflow morphology

Wouterloot & Brand (1996) reported strong line wings in CO
1-0 and 2-1 toward G135.27 based on IRAM 30m observa-
tions, suggesting the presence of an outflow. Follow-up mil-
limeter interferometric observations with BIMA, using a syn-
thesized beam of 21.8” x 14.9”, confirmed this outflow, reveal-
ing blue- and redshifted lobes oriented toward the northeast and
southwest, respectively, as well as a region of overlap between
the lobes near the dust continuum peak (Brand et al. 2001). Our
NOEMA data allowed us to explore the outflow morphology at
a higher angular resolution.

Figure 2 presents the redshifted and blueshifted intensity
maps of CO and '>CO integrated over the ranges listed in Ta-
ble F.1 (see Appendix F for details), overlaid on the 1.3 mm con-
tinuum emission. Blueshifted emission and redshifted emission
are predominantly observed in the north-east and south-west, re-
spectively. The outflow axis is oriented at a position angle of
approximately 68° east from north, which we defined by the
longest extent of the blueshifted emission and passing through
the continuum peak position of MM1. Notably, there is a region
of overlap between the blue- and redshifted emissions near the
center of MM, possibly suggesting a wide opening angle of the
southeastern lobe along the line-of-sight, maybe similar to the
large opening angle of the redshifted lobe seen in the plane of
the sky. The outflow direction is consistent with that reported in
Brand et al. (2001). Multiple H,O maser features were reported
around MM1 at angular separations of approximately 0.1-0.2",
0.8", and 1.5" from MM], spanning a velocity range from —76
to —62 km s~! (see Fig. 2 and Table 3 in Hachisuka et al. 2009).
Their proximity to MM1 and location within the overlap region

4 Using a smaller aperture equal to the beam size gives a gas-to-dust
ratio of 335+73, which is consistent with this result within the uncer-
tainties.
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Fig. 2: Morphology of the outflow traced by CO (a) and '*CO
(b). In each panel, the blue and red contours represent the blue-
and redshifted emission, respectively. The integration ranges in-
dicated in the top-right corner. The blue and red contours start at
30 and then increase by a factor of two, where o = 34.1 (CO,
red), 34.0 (CO, blue) in panel a, and 10.2 mJy beam™' km s~! for
both red and blue contours in panel b. The solid line represents
the outflow axis. The black contours show the 1.3 mm contin-
uum emission as in Fig. 1, and the symbols are the same as in
that figure. In panel a, a zoomed-in view of size 1"x1" around
MM (within the purple square) is shown in the bottom-left cor-
ner to better display the positions of the H,O masers. The maps
are not corrected for primary-beam attenuation.

Continuum flux density (Jy/beam)

of the blue- and redshifted emission suggest that they are associ-
ated with the outflow driven by MM1.

Figure 3a displays the position-velocity (PV) diagram of CO
2—1 taken along the outflow axis defined in Fig. 2. It reveals two
components. The blueshifted component that extends up to about
16" from MM1 in Fig. 3 has projected velocities that reach ~27
km s~! at that distance. The second component is compact and
has much higher red- and blueshifted projected velocities (up to
about 100 km s™"). It is detected up to ~ —2.5" and ~0.3" toward
the southwest and northeast of MM, respectively. We estimated
the dynamical timescales of these two velocity components us-
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ing the relation

_ Roproj « cos(i) (5)

Voroj  sin(i)’

tdyn

where Ry and Vi are the projected length and line of sight
gas velocity, respectively, and i is the inclination angle of the
outflow with respect to the line of sight. The blue- and red-
shifted lobes exhibit a distinct bipolar outflow structure with a
small overlap near the center (see Fig. 2), indicating that the
outflow axis is inclined at an intermediate angle to the line of
sight. We thus adopted an inclination angle of 45°. The dynam-
ical timescales for the compact and extended velocity compo-
nents are 88—580 yr and 17000—46000 yr, respectively (see Ta-
ble 1). These distinct timescales likely reflect different episodes
of mass ejection: the compact component traces a recent, high-
velocity outflow event occurring close to the protostar, whereas
the extended component corresponds to slower, more dispersed
material ejected during an earlier, sustained phase. The dy-
namical timescale of the extended component is comparable
to those measured in Galactic high-mass protostellar objects
(Beuther et al. 2002; Maud et al. 2015), as well as in the outer
Galaxy source Sh2—-283—1a SMMI1 (D, = 15.7 kpc, Ikeda et al.
2025).

Table 1: Dynamical timescales of the outflow components as-
suming an inclination angle of 45°.

Component Rproj Voroj Idyn
(") (kms™") (yr)
Compact-red 25 122 5.8 x 10%
Compact-blue 0.3 97 88
Extended-red 8 5 4.6 x10*
Extended-blue 16 27 1.7 x 10*

Compared to CO, C'80 usually traces circumstellar en-
velopes (see, e.g., Hsu et al. 2025). Its PV diagram extracted per-
pendicularly to the CO outflow axis shows a clear velocity gra-
dient from the bottom left to the top right, with redshifted and
blueshifted emission on opposite sides of the protostar (Fig. 3b).
This indicates systematic motion of the gas, possibly due to ro-
tation within the circumstellar envelope (e.g., Tobin et al. 2012;
Hsu et al. 2025).

3.3.2. Kinematics traced by CH;OH and CH;0OCHO

The spectra of CH3;0H and CH30CHO toward MMI1 reveal
two distinct velocity components, as illustrated in Fig. 4, which
shows one rotational transition of each molecule, selected for
the absence of contamination from other species. The spectra
of most other COMs can also be fitted with two velocity com-
ponents (see details in Sect. 3.4.1 and Table B.1). Small differ-
ences in the peak velocities of the two components reported in
Table B.1 among different molecules are smaller than the chan-
nel width and likely arise from the limited spectral resolution. In
contrast, most simple molecules exhibit only one velocity com-
ponent, indicating a complex kinematic structure within MM1.
Figure 5 presents maps of the red- and blueshifted emis-
sion of the transitions shown in Fig. 4. Additionally, the red-
shifted emission peaks of all CH;OH and CH3;OCHO transi-
tions that have a peak signal-to-noise ratio higher than three
and are not contaminated by other species are marked with
red crosses, while their blueshifted emission peaks are indi-
cated by blue crosses. The redshifted and blueshifted compo-
nents of CH;3OH and CH3;OCHO do not peak at the same posi-
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Fig. 3: Position—velocity diagrams of CO (panel a) and C'*0
(panel b) extracted along the outflow axis (northeast to south-
west) defined in Fig. 2 and perpendicularly to it (southeast to
northwest), respectively. The y axis shows the velocity with re-
spect to the systemic velocity of the source, displayed by the hor-
izontal dashed line. The vertical white line represents the contin-
uum peak position of G135.27 MM1. The horizontal bar in the
bottom-left corner of each panel displays the beam size along the
direction of the cut. The dashed red line in panel b highlights the
velocity gradient traced by C'30.
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Fig. 4: Spectra of a CH30H v, = 0 (v5t=232.783 GHz, E,=447
K) and b CH30CHO v, = 0 (ve5:=218.281 GHz, E,=100 K) to-
ward the G135.27 MM1 continuum peak position. In each panel,
the velocity axis refers to the rest frequency of the transition. The
vertical and horizontal dashed lines indicate the systemic veloc-
ity and the 30 noise level, respectively. The blue spectrum shows
the LTE model incorporating all identified molecular species,
while the red spectrum displays the LTE model including only
CH;OH (panel a) and CH3;OCHO (panel b). The observational
setup and spectral window are labeled in the top-left corner of
each panel, along with the corresponding HPBW.

tion. They are shifted along a direction roughly parallel to the
outflow axis, with the redshifted component closer to MM1 and
the blueshifted component further away toward the southwest
(~ 0.1" or 600 au from MM1). This velocity gradient is also
visible in the moment 1 maps shown in Fig. G.1. Its direction


https://zenodo.org/records/17779973

(o) efoogfo _ “EemoK
[-71.7, 7s]
~7678,-71.7 km/s]
1
o =
i
wn
I~
o0
o
2
=
o
-1
5000 au ‘ 5000 au
1 0 -1 1 0 -1

Offset (arcsec) Offset (arcsec)

Fig. 5: Blueshifted (blue contours) and redshifted (red contours)
emission of the transitions shown in Fig. 4. Contours start from
30 and increase by a factor of two, where o = 10.9 (CH30H,
red) and 11.6 (CH3OH, blue) in panel a, and 9.9 (CH;0OCHO,
red) and 9.8 mJy beam™' km s~! (CH;OCHO, blue) in panel
b. The redshifted and blueshifted emission peaks of all selected
transitions of CH3;OH and CH3;OCHO are marked with red and
blue crosses, respectively. The integration ranges are indicated
in the top-right corner of each panel. The continuum beam size
is indicated as an ellipse in the bottom-left corner of each panel.
The black line represents the outflow axis traced by the large-
scale CO emission. The black cross indicates the continuum
peak position, while the black contours represent the continuum
emission starting at the 30~ level and increasing by factors of two.

is surprisingly opposite to the orientation of the outflow. This
anti-alignment implies that the kinematics traced by CH3OH and
CH30CHO are not dominated by the outflow. A similar anti-
alignment has also been detected on small scales (~ 300 au) in
the NGC 1333 IRAS 4A2 protostar (De Simone et al. 2024). We
discuss the possible origin of this opposite velocity gradient in
Sect. 5.2.

3.3.3. A second outflow traced by SiO

Notably, SiO serves as another powerful tracer of protostellar
outflows or jets because its abundance is significantly enhanced
in shocked gas due to the sputtering of silicon from dust grains
(e.g., Bachiller & Pérez Gutiérrez 1997; Bally 2016; Liu et al.
2025). We present the red- and blueshifted emission of SiO in
Fig. 6a. Notably, an additional bipolar outflow centered on MM3
was identified through high-velocity SiO emission relative to the
systemic velocity of MM3 (=70.7 km s~!), which was deter-
mined from the CN and HC3N spectra toward the MM3 posi-
tion. Both molecules exhibit a local maximum in their emission
at this position. The position angle of this outflow is about 66°
east from north, which is similar to that of MM 1.

Figures 6b-c display SiO (J = 5—4) spectra, extracted at the
peaks of the blueshifted and redshifted emission, respectively.
The SiO line shows a symmetric shift in the blue and red di-
rections relative to the systemic velocity of MM3, with peak
emission occurring at |Vpeak - Vsys| ~ 64 km s~!. The spectral
characteristics of the high-velocity SiO emission closely resem-
ble those of extremely high velocity (EHV) outflows, which are
typically associated with the earliest stages of protostellar evolu-
tion and exhibit velocities exceeding 30 km s~! (e.g., Bachiller
1996; Tafalla et al. 2010; Tychoniec et al. 2019). This strongly
suggests that MM3 is a YSO driving an outflow. Part of the
blueshifted and redshifted CO emission seen around MM3 in
Fig. 2 may result from this second outflow, which would in part
explain the complex morphology of the CO emission.
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Fig. 6: Panel a: Extremely high velocity blueshifted (blue con-
tours) and redshifted (red contours) lobes of the outflow asso-
ciated with MM3 traced by SiO 5-4. The lower-velocity red-
shifted emission is shown in magenta. The integration range for
each component is indicated in the top-right corner. The contours
start at 30~ and increase by a factor of two, where o = 27.5 (red),
13.5 (magenta), and 29.1 (blue) mJy beam™! km s~!. The black
contour levels of the continuum emission and the symbols are the
same as in Fig. 1. The solid and dashed lines mark the axes of the
outflow associated with MM1 and MM3, respectively. The SiO
spectra extracted from the peak positions of the blue- and red-
shifted emission are shown in panels b and c respectively. The
positional offsets relative to the phase center are indicated in the
top-right corner of each panel.

At lower velocity, only redshifted SiO emission is detected,
with no corresponding blueshifted emission (see magenta con-
tours in Fig. 6a). Its distribution shows three distinct features.
The central feature near MM1 and the top-right feature near
MM3 are both elongated along their respective outflow direc-
tions, suggesting that they originate from these outflows. Sur-
prisingly, the third feature consists of two spots located in the
southeast of MM, at a position angle of about 130 deg east
from north and apparently not related to MM1’s outflow. Spec-
tra from the farthest spot (3.3",—2.5") reveal lines from other
molecules, including CO, CS, SO, SO,, and tentative detections
of H,CO and CH3;OH. The presence of sulfur-bearing species
(SO and SO3), as well as SiO, is commonly linked to shock
activity (e.g., Jiménez-Serra et al. 2008; Tychoniec et al. 2021;
Artur de la Villarmois et al. 2022). CH3OH is also efficiently re-
leased into the gas phase via sputtering and desorption during
shock events (Suutarinen et al. 2014). Therefore, the chemical
composition of the stronger spot suggests that it results from
some shock activity, the origin of which is still unknown.

Article number, page 7



A&A proofs: manuscript no. output

3.4. Spectral line modeling with Weeds
3.4.1. Method of modeling

To identify the molecular lines in the observed spectra and
derive column densities and excitation temperatures, we used
the software Weeds (Maretetal. 2011). Weeds’, a part of
the GILDAS/CLASS software, enables the generation of syn-
thetic spectra under the LTE assumption. The calculation
of synthetic spectra relies on spectroscopic data obtained
from a local database. In this work, we used the same
database as Belloche et al. (2025), which includes spectro-
scopic data from the Cologne Database for Molecular Spec-
troscopy (CDMSS, Miller et al. 2001, 2005; Endres et al. 2016),
the Jet Propulsion Laboratory (JPL7) spectroscopy database
(Pickett et al. 1998), and the Lille Spectroscopic Database
(LSD?, Motiyenko & Margulés 2025), as well as additional pre-
dictions contributed by spectroscopists. For CH,DOH, we used
a spectroscopic entry provided by L. Coudert that is based
on Coudert et al. (2014) rather than the JPL entry used by
Belloche et al. (2025), which has numerous issues at higher fre-
quencies. For CO, H,S, HDO, DCN, and 380,, which were
not modeled in Belloche et al. (2025), we used entries from the
CDMS database, or from JPL in the case of HDO.

Practically, the modeling in Weeds requires five input param-
eters for each species: line width, velocity offset relative to the
systemic velocity, Vyy, of the source, temperature, column den-
sity, and emission size. The line width and velocity offset relative
to Vs are determined by performing one-dimensional Gaussian
fits to optically thin and unblended transitions of each molecule.
The same line width and velocity offset are then adopted for
all transitions of that molecule. Almost all simple species show
a single velocity component. CH;CCH and CH,DOH clearly
show only one velocity component, while most COMs exhibit
two components toward the continuum peak position of MM1.
For COMs with weak lines, it is difficult to determine how many
velocity components they trace due to low signal-to-noise ra-
tios. Therefore, we adopted two velocity components for most
COMs but a single velocity component for most simple species,
CH;CCH, CH,DOH, and COMs with weak lines. The emission
sizes were derived as described in Sect. 3.4.2. Rotational temper-
atures and column densities were initially derived using popula-
tion diagrams (see Sect. 3.4.3) and subsequently refined through
visual inspection.

We modeled each species separately and then added up the
contributions of all detected species to create the final synthetic
spectrum. This approach works well for optically thin lines that
overlap in frequency or for lines (optically thick or thin) that
come from different regions within the beam. However, it is not
accurate for optically thick lines that overlap in frequency and
originate from the same region or along the same line of sight.
In such cases, the synthetic spectrum can overestimate the actual
line flux, particularly for CH3;OH spectral lines with low upper-
level energies in this work. The emission of vibrationally excited
states of a given molecule were modeled independently of the vi-
brational ground state and the emission of isotopologs of a given
molecule were also modeled separately.

> https://www.iram.fr/IRAMFR/GILDAS/doc/html/
weedshtml /weeds.html

® https://cdms.astro.uni-koeln.de/

7 https://spec.jpl.nasa.gov/

8 https://lsd.univ-1lille.fr/
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3.4.2. Sizes of the COM emission

To determine the emission size of each spectral line, we fit its in-
tegrated intensity map with a 2D Gaussian function. We selected
only the spectral lines that have a peak temperature above 30
and are not contaminated by other species. Figures 7a, 7b, and
7c present examples of CO (E, = 17 K), CH;CCH (E, = 75
K), and CH30H (E, = 165 K), respectively, representing three
spatial scale groups across all molecules. The fitted emission
sizes of CO and CH3CCH are larger than the beam, indicat-
ing well-resolved emission, while CH3OH shows an emission
size only slightly exceeding the beam, suggesting marginally re-
solved emission. From the fitted sizes, we calculated the decon-
volved size of the emission region for all molecules. For CH;OH
v¢ = 0, the median deconvolved size is about 0.3", but the size
decreases with increasing upper level energy, from ~0.6" at low
energy to ~0.1" at E,, ~800 K (top panels of Fig. C.1). How-
ever, the deconvolved sizes also depend on the line opacity, as
illustrated in the bottom panels of Fig. C.1. All mean sizes larger
than 0.4" in Fig. C.1c correspond to lines with an opacity higher
than 1 (see Fig. C.1f). The Gaussian fitting may be biased by the
line saturation, suggesting that the large sizes of the low-energy
transitions are most likely overestimated.

Figure C.2 shows the deconvolved size for all detected
molecules. In this work, we adopt a fixed deconvolved size of
0.3" for all COMs (except CH3;CCH and CH3CHO) in our Weeds
modeling, as most COMs are not fully resolved and exhibit sim-
ilar morphology. CH3;CCH and CH3CHO trace more extended
structures, as was reported in other sources (e.g., Fayolle et al.
2015; Busch et al. 2022), and we used their median deconvolved
sizes for the Weeds modeling (1.9" and 0.8", respectively).

3.4.3. Population diagrams

Population diagrams are constructed to determine the rotational
temperature, T}, and total column density, N, for each molecule
under the LTE assumption. We used the following equation
(Goldsmith & Langer 1999):

N, 87TkBV2W Niot E,
n— =1 = s
kBTrot

M= AR 6
8u nhCSAulbgu ! Q ( )

where N, is the column density of the upper level and
b =
size.

In our population diagram analysis, we selected transitions
that were minimally contaminated by lines from other species
and had a peak signal-to-noise ratio greater than 30-. In cases
where a transition was partially contaminated, the contribution
from the contaminating species was subtracted from the mea-
sured integrated intensities, based on the full LTE model. Each
population diagram was also corrected for optical depth follow-
ing the method described in Goldsmith & Langer (1999). The
opacities are obtained from our best-fit Weeds model. However,
the optical depth correction may not be sufficient to mitigate
the effects for transitions with extremely high opacities, because
gradients of excitation temperature along the line of sight are
not accounted for in the population diagram method. Therefore,
transitions with opacity higher than 2 were excluded from the
population diagram analysis. Figure 8 illustrates the population
diagram for CH3OH, showing both the observed and modeled
data points. In the right panel, deviations between the observed
and synthesized data points are generally small after applying

@ . . .
v TR the beam filling factor, with 6, as the emission
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beam size.

the two corrections, indicating that the chosen input parameters
for the Weeds modeling are reliable and the LTE assumption is
valid. The population diagrams of other molecules can be found
in Fig. H.1. Derived column densities and rotational tempera-
tures from the population diagrams are summarized in Table B.1.

34F 34F
CH3OHv =0 \ Neot = (2.1 £0.1) x 108 cm~2
.. vi=1 e Trot=(175.5£2.2)K

V=2 32t i

32f

*,
Y

e, *e
281 ‘%, 28t
= -

1 . o=
ur i

26} ¥£I 261 ﬁ[

In(Ny/gy) (cm~2)
.
L]

+ +

500 1000

Eu/kg (K)

0 500 1000 0

Eulks (K)
Fig. 8: Panel a shows the observed data points (see the leg-
end in the upper-right corner) and synthetic data points (in red).
In panel b, the opacity correction was applied to both the ob-
served and synthetic populations and the observed populations
were corrected for contamination by other molecules. The red
line represents a linear fit to the observed data points in linear-
logarithmic space. The fit results are indicated in panel b.

This approach is applicable to all detected COMs except
CH3;COOH, C;H5CN, and a-(CH,OH),, as the transitions of
these three molecules are weak, with only a few exhibiting a
signal-to-noise ratio of approximately three, and confined to a
narrow range of upper level energies. This limitation makes it
challenging to derive reliable rotational temperatures and col-
umn densities using the population diagram method for these
three molecules. Here, for CH;COOH and a-(CH,OH),, we
adopted the same temperature as derived for CH;OH (175 K),
while a temperature of 190 K from CH3;CN was used for
C,H5CN. The population diagram method was also applied
to simple molecules that exhibit multiple transitions spanning
a wide range of upper level energies, including HDO, OCS,
SO, and **S0,, H,CS, H,CO, HNCO, HC;N, CH,CO, and ¢-
HCOOH. For other simple molecules for which the population
diagram method could not be used, we adopted the rotational
temperature of CH3CCH because CH3;CCH and these simple

molecules trace similarly extended structures. For several iso-
topologs, such as H;3CO, we assumed the same temperature as
derived for their main isotopolog.

3.4.4. Weeds modeling result

Based on our Weeds modeling, we systematically identified the
molecular emission lines detected toward the continuum peak
position of MM1. Figure D.1 presents the observed spectrum
in black, zoomed-in along the y axis in order to highlight the
weak lines, overlaid with the Weeds synthetic spectrum of all
identified molecules in dark red. The unzoomed spectrum is
shown in Fig. D.2. In total, we identified 485 spectral lines
with signal-to-noise ratios exceeding 3, from 28 molecules, sev-
eral of their less abundant 3C, 180, 170, 3*S, and 33S iso-
topologs, as well as one deuterated COM (CH,DOH). The de-
tected molecules span a broad range of chemical complexity,
from simple diatomic species to COMs (12 in total) containing
up to ten atoms. Additionally, three molecules ('*C34S, OC?3S,
and CH,(OH)CHO) are considered tentatively detected due to
their low signal-to-noise ratios or partial line blending. The list
of detected molecules is presented in Table 2. The input param-
eters adopted for the Weeds model of each species as well as
the number of detected lines are detailed in Table B.1. Numer-
ous lines with a peak signal-to-noise ratio higher than 3 remain
unidentified in the spectrum of MMI1 (see Table J.1). We con-
sider it likely that most of these unidentified lines correspond to
rotational transitions in vibrationally excited states of molecules
whose ground state and some lower vibrational states are in-
cluded in our model, but for which spectroscopic predictions of
higher states are still missing in the spectroscopic databases.
We applied the same Weeds modeling procedure to identify
the spectral lines detected toward the continuum peak positions
of MM2 and MM3. Toward MM2, only eight species were de-
tected, while 20 species were identified toward MM3. All iden-
tified molecules are simple species, except for CH;OH detected
toward both MM2 and MM3 and CH;CCH toward MM3 (see
Tables I.1 and 1.2). The input parameters of the Weeds models
of MM2 and MM3 are detailed in Tables B.2 and B.3, respec-
tively. Although CH3OH is detected toward MM2 and MM3, its
emission does not peak at their continuum peak positions, as can
be seen in Fig. 7d. The emission of low-energy transitions of
methanol traces extended structures across the cores, suggesting
that it arises from larger scales rather than being directly associ-
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Table 2: Molecules identified toward G135.27 MM1.

2 atoms 3 atoms 4 atoms 5 atoms 6 atoms 7 atoms 8 atoms 9 atoms 10 atoms
CN SO CS H,S O0OC*s H,CS CH,CO CH;3;OH CH;CHO CH;COOH CH;0CH; CH;C(O)CHj3
CO S0 3cs HDO OC»S$@ H,CO HC3;N BCH;0H CH3;CCH CH3;OCHO C,HsOH a-(CH,OH),
BCco ¥so c*s DCN SO, H,"*CO t-HCOOH CH,DOH CH,(OH)CHO“ C,HsCN
C80 S80 C*s OCS %80, HNCO CH;CN
C70 Si0 1BC3#s@ o3¢S 350, NH,CHO

Notes. @ tentative detection.

ated with MM2 and MM3 themselves. In contrast, the CH;CCH
emission has a local peak close to the continuum position of
MM3 (see Fig. 7b), indicating that it traces the dense core mate-
rial directly associated with MM3.

We note that uncertainties in the derived Ny, arise from the
adopted parameters in the Weeds modeling. They were estimated
by varying one parameter at a time while keeping the other four
input parameters fixed. Under this assumption, uncertainties are
below 10% for both N, and the line width, and about 20% for
T:ot- The emission sizes of individual molecules range from 0.2"
to 0.33", corresponding to an uncertainty of about 40% for each
species (see Fig. C.2). Adopting a fixed value of 0.3" may intro-
duce an uncertainty of up to a factor of two in Ny, which dom-
inates the total error budget. Since both the COMs and CH;OH
were analyzed using the same method and beam size and exhibit
similar spatial distributions, systematic uncertainties related to
the line width and flux calibration should cancel out in the abun-
dance ratios. For species with comparable emission sizes, beam-
dilution effects are also reduced, whereas smaller sizes may still
introduce uncertainties of up to a factor of two. Consequently,
the column density ratios are less affected by systematic uncer-
tainties than the column densities themselves.

3.5. Comparison to galactic hot cores

Figure 9 presents a comparison of the abundances of COMs
relative to CH3OH between G135.27 MM1 and other galactic
hot cores. The reference species selected for this comparison is
CH;OH, as it is considered a parent molecule in the synthesis
of more COMs (e.g., Herbst & van Dishoeck 2009). We have se-
lected two hot cores the chemical composition of which has been
studied in detail in the past: G31.41+0.31 (hereafter G31.41)
and WB89-789 SMMI1 (hereafter WB89-789). G31.41 is located
in the inner Galaxy at a Galactocentric distance of 5.0 kpc, as
determined via trigonometric parallax measurements from the
BeSSeL Survey (Immer et al. 2019). Its chemical composition
was derived in the frame of the GUAPOS project (Mininni et al.
2020, 2023; Colzietal. 2021; Garcia de la Concepcidn et al.
2022; Lopez-Gallifa et al. 2024). We adopted a CH30OH column
density of 1.0 x 10'” cm™2 for G31.41, derived from the best-fit
model of high-energy (~300—-800 K) CH3OH v, = 1 transitions
(see Table 2 in Mininni et al. 2023). The chemical composition
of WB89-789, the first hot core identified in the outer Galaxy,
was published in Shimonishi et al. (2021). We adopted a Galac-
tocentric distance of 17.1 kpc, based on the BeSSeL Distance
Calculator V2°, rather than the 19.0 kpc used in Shimonishi et al.
(2021), which was derived from optical spectroscopy of a K3 III
star (Brand & Wouterloot 2007). Based on the Galactic gradient
reported by Yan et al. (2023), we assumed a '>C/"3C isotopic ra-

® http://bessel.vlbi-astrometry.org/node/378
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tio of 100 at 17.1 kpc to estimate the CH3OH column density
from that of its isotopolog '3CH3OH, rather than the value of
150 at 19 kpc adopted by Shimonishi et al. (2021). We obtained
a CH30H column density of 2.9 x 10! cm™2 for WB89-789.
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Fig. 9: Correlation plots of column densities normalized to
methanol in G135.27 MM1 compared to G31.41 (panel a) and
WB89-789 (panel b). Oxygen-, nitrogen-, and nitrogen+oxygen-
bearing molecules are marked in red, purple, and magenta, re-
spectively. Dashed and dotted lines indicate deviations by factors
of 100 and 10, respectively. The Pearson correlation coefficient
(r) and P-value for each comparison are shown in the top-left
corner of each panel.
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Overall, the COM abundances (relative to methanol) in
G135.27 MM show a good correlation with those measured in
G31.41 and WB89-789, although a noticeable scatter is present.
To quantify this correlation, we calculated the Pearson correla-
tion coefficients between the relative abundances of COMs in
G135.27 MM1 and those in the two sources, obtaining r = 0.80
and r = 0.75 for G31.41 and WB&9-789, respectively, both with
p-values less than 0.01. Considering that the typical uncertainty
in the abundance ratios is on the order of 20-30% (correspond-
ing to ~0.1 dex in logarithmic scale, and at most a factor of
two in some cases), the correlations remain statistically signif-
icant within the uncertainties. Moreover, our analysis reveals no
systematic difference between N-bearing and O-bearing COMs
among these three hot cores.

The abundances relative to methanol of most COMs in
G135.27 MM1 are lower than those in G31.41 but higher than
those in WB89-789, suggesting that G135.27 MM1 occupies an
intermediate position in terms of chemical richness. Given that
G135.27 MM1 is located between G31.41 in the inner Galaxy
and WB8&9-789 in the outer Galaxy, its metallicity is likely inter-
mediate as well. This trend may reflect the influence of metallic-
ity on the formation and abundance of COMs.

One exception to this trend is CH3;CHO, which displays a
different pattern: its abundance relative to methanol is similar in
G31.41 and WB89-789, both higher than in G135.27 MM1. This
is likely because CH3CHO forms significantly (~ 40%) via gas-
phase reactions (C;Hs + O — CH3CHO + H) during the warm-
up stage (Garrod et al. 2022). This gas-phase formation pathway
makes the abundance of CH3CHO less directly dependent on
the initial ice composition and metallicity, and more sensitive
to the evolving physical conditions and chemical kinetics of the
protostellar environment.

3.6. Comparison to extragalactic hot cores

Apart from those discovered in the Milky Way, hot cores have
also been identified in nearby galaxies, namely the LMC and
SMC. The metallicity of the LMC is reported to be lower than
the solar value by a factor of two to three (e.g., Choudhury et al.
2016, 2021). Shimonishi et al. (2021) reported the first extra-
galactic hot core in the LMC, ST11, identified through the
detection of a hot SO, component (190 K), but no COMs
were detected, not even CH3OH. Subsequent studies have re-
vealed additional hot cores in the LMC, including N113-A1 and
N113-B3 (Sewito et al. 2018), ST16 (Shimonishi et al. 2020),
N105-2A and N105-2B (Sewito et al. 2022), and N132-14A
(Hamedani Golshan et al. 2024). In the SMC, which exhibits
an even lower metallicity than the LMC, with values esti-
mated to be 4 to 10 times lower than the solar metallicity (e.g.,
Choudhury et al. 2018), Shimonishi et al. (2023) reported the
detection of two hot cores, SO7 and S09. Similar to ST11 in the
LMC, the two hot cores in the SMC are identified through the
presence of hot SO, emission (171 K for SO7 and 146 K for S09).
In these sources, however, CH3;OH primarily traces colder gas at
temperatures of about 40 K, distributed over extended regions of
size 0.2-0.3 pc, rather than the compact hot core material.
Figure 10 presents a comparison of the abundances of COMs
(CH3CN, CH30CHj3;, and CH30CHO) relative to CH30H be-
tween G135.27 MM 1, WB89-789, and the LMC hot cores where
hot methanol has been detected. Overall, the abundances of
CH;CN, CH30CH3, and CH30CHO relative to CH30H show
no clear trends among hot cores in these low-metallicity environ-
ments, with the exception of WB89-789. The values in G135.27
MM1 are comparable to those observed in the LMC hot cores.

This similarity is reasonable given that the expected metallic-
ity of G135.27 (~0.5 Zy) is close to that of the LMC (~0.4 Z,
Choudhury et al. 2021). For WB89-789, the abundances of all
three COMs relative to CH3;OH are markedly lower than those
observed in other sources. The chemical composition of WB89-
789 was derived by Shimonishi et al. (2021) assuming a beam
fill factor of 1. However, the emission of the COMs identified by
Shimonishi et al. (2021) is barely resolved, with fitted sizes (not
deconvolved) that are close to the beam size. This suggests that
much smaller sizes should be assumed to model the COM emis-
sion and derive their proper column density in WB89-789. Re-
ducing the emission size results in higher column densities, but
also higher opacities, which may have an impact on the balance
between optically thin and thick lines specific to each molecule.
A reanalysis of the ALMA data using smaller sizes is needed
before we can draw any firm conclusion concerning WB89-789.

I G135.27 (This work) [0 LMC N105-2A
o [ wWB89-789 [ LMC N132-14A
10%4 = mcsT16 I LMC N113-A1
3 LMC N105-2B [ LMC N113-B3 ’
3
£107! i
x
X
X
o
21072
10-3
CHs;CN CH3OCH; CH;O0CHO

Fig. 10: Comparison of the abundances of COMs rela-
tive to CH30H between G135.27 MMI1, WB89-789, and
hot cores in the LMC. The LMC hot cores are STI16
(Shimonishi et al. 2020), N113-A1 and N113-B3 (Sewito et al.
2018), N105-2A and N105-2B (Sewito et al. 2022), and N132-
14A (Hamedani Golshan et al. 2024). Unfilled bars with an ar-
row indicate upper limits, while hatched bars denote tentative
detections.

Naturally, we needed to consider whether the difference in
spatial scales could lead to variations in the derived abundances.
The COM emission extends over ~5000 au in G135.27 MM1,
and ~0.1 pc in the LMC hot cores. Shimonishi et al. (2021) de-
termined COM abundances in WB89-789 at both 5000 au and
0.1 pc scales and found that, while absolute abundances vary
somewhat with scale, the ratios of COMs to CH3OH for these
three species remain similar within a factor of two. This sug-
gests that the difference in spatial scales between the observa-
tions of G135.27 and the LMC hot cores does not significantly
affect the comparison shown in Fig. 10, and that the relative
abundances can be meaningfully compared despite the differ-
ent scales. Nevertheless, variations in environmental parameters,
such as cosmic-ray ionization rates and UV radiation fields, may
also influence the chemistry and contribute to differences be-
tween the outer Galaxy and the LMC.

4. Astrochemical modeling

To interpret the COM abundances detected toward the hot
core in G135.27 MM1, we simulate hot-core chemistry under
both local- and outer-Galaxy conditions using the astrochem-
ical code MAGICKAL (Model for Astrophysical Gas and Ice
Chemical Kinetics and Layering, Garrod et al. 2022). MAG-
ICKAL is a three-phase (gas phase, grain/ice-surface and bulk-
ice mantle) chemical kinetics code with an extensive chemi-
cal network intended for the study of COM chemistry. Along
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with standard gas-phase reactions and diffusive grain-surface
chemistry, the model includes the nondiffusive surface and ice-
mantle chemical treatment introduced by Jin & Garrod (2020)
and further developed by Garrod et al. (2022). Here, MAG-
ICKAL is applied in single-point mode, using a two-stage
physical treatment that has been used in various past stud-
ies (e.g., Garrod et al. 2008; Belloche et al. 2019; Garrod et al.
2022; Shope et al. 2024; Belloche et al. 2025). Stage 1 consists
of an isothermal collapse (Tgss = 10 K) from initial gas den-
sity ng = 3 X 10° cm™3, reaching a final value of 2 x 10% cm™
in ~1 Myr. During the collapse, the visual extinction evolves in
proportion with ni{ 3, starting at a value Ay jpic = 2 or 3 mag and
taking a maximum value of 500 mag. While the gas temperature
is held steady, the dust temperature evolves with visual extinc-
tion according to the expression of Hocuk et al. (2017), resulting
in an initial value T4, =~ 12.7 K or 11.8 K, and final value of
5.5 K. In stage 2, the gas density is held steady, while the gas and
dust temperatures rise in concert to a final value of 400 K. As in
past work, three timescales for the warm up stage are considered
in this model: fast (5 x 10* yr), medium (2 x 10° yr) and slow
(1 x 10° yr). The same canonical interstellar cosmic-ray ioniza-
tion rate of {y = 1.3 X 10717 s71 is used in all models, throughout
stages 1 and 2.

The adoption of two Ay iy values in stage 1 is intended to
allow for a modest exploration of the effects of external UV
while the core is still relatively diffuse; as noted by Garrod et al.
(2022), certain COMs are more strongly affected by UV-driven
processing of the early ices formed on grains, making the
choice of initial visual extinction potentially important for those
species. Furthermore, it is unclear how the initial visual extinc-
tion profile in a nascent hot core may vary between local- and
outer-Galaxy conditions; however, the higher gas-to-dust ratio
in the outer Galaxy (see below) would suggest lower extinction
values than within the solar circle, all else being equal.

Using the same physical setups in each, the models are
run under chemical conditions appropriate to the local galac-
tocentric radius (8.2 kpc) and that of G135.27 (13 kpc). In
practice, this means the adoption of different initial elemen-
tal abundances of C, N, and O, and the gas-to-dust ratio by
mass. Local-Galaxy initial abundances are n(C*) = 1.40 x
107 ny, n(N) = 2.14 x 1070y, and n(0) = 3.20 x 10™*ny
(Jin et al. 2022). These are scaled according to Luck & Lambert
(2011), giving values at 13 kpc of n(C*) = 5.47 x 10™ny,
n(N) = 1.20 x 10™ny, and n(0) = 1.66 x 10~*ny. These cor-
respond to the initial forms and values used for these elements
at the beginning of stage 1 in the chemical models in the low-
metallicity case. We note that C, N, and O abundances are also
available from the studies by Arellano-Cérdova et al. (2020);
Méndez-Delgado et al. (2022), who derive total elemental abun-
dances in Hu regions from ionic abundances, using ionization
correction factors. Luck & Lambert (2011), on the other hand,
determine elemental abundances from photospheric absorption
lines of Cepheids, providing direct total abundances without ion-
ization corrections. This, combined with the larger sample size
provided by Luck and Lambert (~400 versus fewer than 50 in
the other studies), made that study a more favorable choice for
our modeling purposes.

Under local conditions, a gas-to-dust ratio by mass of 100
is adopted, which is scaled to 303 at 13 kpc for G135.27 (see
Sect. 3.2). Making the usual assumption of a representative grain
radius of 0.1 um, this leads to a gas-to-dust ratio by number of
7.57 x 10" locally, or 2.88 x 10! at 13 kpc.
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The chemical network used here is an updated version of that
used by Garrod et al. (2022), and includes a more extensive gas-
phase radical chemistry, as well as the adoption of more accurate
quantum tunneling treatments for certain surface reactions. The
network is described in more detail by Bonfand et al. (in prep.).

4.1. Chemical model predictions for low- versus
normal-metallicity

Figure 11 illustrates the ratio R of molecular abundances (rela-
tive to methanol) of low- and normal-metallicity hot-core mod-
els for a set of 96 molecules. The results are shown for the initial
visual extinction values and warm-up timescales introduced in
the previous paragraphs. This comparison reveals how molecular
abundances respond to changes in metallicity across the Milky
Way. For each panel, molecules that have a significantly lower
abundance relative to methanol (R < 1/3) in the low-metallicity
models whatever the warm-up timescale are highlighted in red
(e.g., CoHsCN, C,HsOH, CH3C(O)CH3, CH3COOH), indicat-
ing strong sensitivity to metallicity. In contrast, molecules with
R values within a factor of two of unity across all timescales
(1/2 < R < 2) are shown in blue, suggesting that their forma-
tion pathways are not more sensitive to metallicity variations
than methanol (e.g., CH3;0CHO, NH,CHO). Molecules with
abundances relative to methanol significantly higher (R > 3) in
the low-metallicity models whatever the warm-up timescale are
highlighted in green (e.g., a-(CH,OH),, CH,(OH)CHO). Since
methanol itself shows a moderate decrease of its abundance rel-
ative to H (less than a factor of three) in the low-metallicity
models, R > 3 indicates that the abundances of these molecules
relative to H, are even enhanced at low metallicity. The other
molecules that do not fit into these three categories are displayed
in black.

Most of the simpler species shown in Fig. 11, such as water,
CO, CO,, and NHj3 (which are major ice components) are fairly
stable in their peak warm-up stage gas-phase abundances with
respect to methanol, at low-Z versus normal-Z values. These
species also show minimal variation as a function of warm-up
timescale or with different initial visual extinctions. Since each
of these species is mostly preserved in the solid phase until tem-
peratures are high enough for them to desorb substantially, it is
instructive to consider their abundances in the ices at the end of
the cold collapse stage. In the models, much of the production of
COMs occurs during this earlier period.

In absolute terms, water ice, for example, falls by a factor
~1.4 (1.6) for Ayinit = 2 mag (Av.inir = 3 mag) in the 13 kpc
model versus the local-Galaxy model, which is a little less than
the drop-off in the total oxygen budget of 1.93%. This means that
some other major O-bearing species must have fallen by a fac-
tor greater than this value. Indeed, CO ice at the end of the cold
collapse stage is a factor ~4.1 (3.5) lower in the 13 kpc model,
while CO, ice falls by a factor ~4.6 (4.0). These decreases are
greater than the individual drop-off factors in either the oxy-
gen (1.93%) or carbon budget (2.559x). For ammonia, NH3, the
main solid-phase carrier of nitrogen in the models, the absolute
ice abundance falls by a factor ~1.8 (1.9) for Ay nit = 2 mag
(Av,nit = 3 mag) in the 13 kpc model versus the local-Galaxy
model, which is much more consistent with the drop in nitrogen
budget of 1.778x.

On a simple analysis, one might expect that the decline in
CO abundance would follow the reduction in budget of the least
abundant of either the elemental C or O; this is because CO
is efficiently formed in the gas phase and is quite chemically
stable, allowing it to incorporate a large fraction of the overall
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Fig. 11: Ratio R of molecular abundances (relative to methanol) between low- and normal-metallicity hot-core models for a sample

of 96 molecules, shown for three warm-up timescales: 5 x 10* yr (fast), 2 X 10’ yr (medium), and 1 x 10° yr (slow). Panels a and

b show models with an initial visual extinction of 2 and 3 mag, respectively. Molecules with R lower than one-third at all three
timescales are highlighted in red, while those with R higher than three at all three timescales are highlighted in green, and molecules

with R within a factor of two of unity (1/2 < R < 2) at all three timescales are highlighted in blue. The other molecules are displayed

in black.

and CO, abundances themselves; the fact that there is a reduc-

budget of each element (any grain-surface conversion to CO,

tion in the carbon budget reduces the possible abundances of
these species, allowing water to incorporate a larger proportion

or other species notwithstanding). Regarding oxygen, the slight
overabundance of water ice may be explained by the lower CO
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of the reduced overall oxygen budget. The fact that the final CO
(and CO,) ice abundance is depressed beyond the factor associ-
ated with the lower carbon budget indicates that there is another
factor at work.

Methane is typically the other major carbon-carrying species
in the ice mantles (e.g., McClure et al. 2023), and its absolute
abundance falls by a factor 7.5 (9.5) in the 13 kpc models versus
the local-Galaxy models. It is thus disproportionately reduced
(by ~2.9-3.7x) beyond the expected reduction associated with
lower metallicity. This much lower solid-phase CH4 abundance,
and the associated lower abundances of other hydrocarbons, in-
cluding radicals (such as CH3) and larger, stable species (such as
C,Hg) leads to lower abundances of certain more complex organ-
ics that happen to be directly dependent on the addition of methyl
or larger radical groups to other radicals, or on the hydrogenation
of unsaturated hydrocarbon species (originating in the gas phase
— see below) whose abundances are also depressed. This effect
manifests in the gas-phase behaviors shown in Fig. 11, wherein
ethane (C,Hg), propane (C3Hg), and several nitriles (e.g., ethyl
cyanide, C,H5sCN) show declines of around an order of magni-
tude or more in their ratios with methanol, between the low-Z
and normal-Z models.

Methanol itself, with which all other species are compared
in Fig. 11, is less affected in its collapse-stage solid-phase abun-
dance than CO, falling by a factor ~2.3 (2.5). The peak gas-phase
methanol abundances during the warm-up stage are similarly af-
fected, although there is a degree of variation between values
from the different combinations of warm-up timescale and Ay jni¢
that does not exhibit a clear pattern. The fact that the produc-
tion of both solid- and gas-phase methanol is closely related to
the conversion of grain-surface CO means that the latter appears
very stable in Fig. 11.

In fact, while the final CO ice abundance in the collapse stage
is only lower by a factor of a few in the low-Z case, during much
of this stage the surface coverage of CO on the grains is five
to ten times lower (only eventually rising further when gas den-
sities become much greater). This lower coverage is caused by
the ~3x lower rate of adsorption onto the dust grains associated
with the larger gas-to-dust ratio. This has the effect that there is
less reactive material on the surface at any one time in the low-Z
model with which H may react; most of the other material on
the surface of the grain/ice is water or CO,, which are essen-
tially inert to reactions with H atoms. Although the adsorption
of gas-phase atomic H is also slowed down on a per-atom ba-
sis in the low-Z case, the gas-phase abundance of H undergoes a
commensurate rise, so that its total rate of adsorption is largely
unaffected during the period when freeze-out is strongest. This
drives up the surface population of atomic hydrogen, such that
the CO that is yet present on the surface tends to be driven to
a further degree of hydrogenation. This favors the production
of species such as glycolaldehyde, CH,(OH)CHO, and ethylene
glycol, a-(CH,OH),, along with other species whose production
is driven by nondiffusive reactions between CO-product radicals
such as HCO, CH;0O, and CH,OH. Such species, clustered to-
ward the right of Fig. 11, show substantial increases in their peak
gas-phase abundances relative to methanol during the warm-up
stage. The abundance gains across these various species add up
so as to correspond to the excessive fall in CO and CO; ice abun-
dances.

Curiously, the peak gas-phase abundance of methyl formate,
CH;30CHO, is not so strongly enhanced in the low-Z case. This
likely reflects a relative scarcity of H-addition/abstraction re-
actions in the network for that species, as compared with gly-
colaldehyde. Our network includes reactions and rates taken
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from Alvarez-Barcia et al. (2018), who calculated mechanisms
for the addition or abstraction of atomic H with species includ-
ing methyl formate and glycolaldehyde, including the intercon-
version of the latter with ethylene glycol, via one of two inter-
mediate radicals. However, their calculations did not go as far in
the consideration of the methyl formate conversion, and indeed
our network does not include such interconversion steps. Thus,
while CH30CH,OH is formed on the grains in stage 1, similarly
to a-(CH,OH),, it cannot be interconverted to CH;OCHO. Gly-
colaldehyde abundance in stage 2 benefits from the latter back
conversion from ethylene glycol, serving to increase its abun-
dance substantially. Therefore, the apparent lack of enhancement
in methyl formate in the low-Z models may be an artifact of the
network under the extreme conditions sampled in these models.

While the grain surfaces during the collapse stage host the
production of various molecules, including methane (via hydro-
genation of atomic C) and various COMs, the low-Z conditions
also produce important changes in the behavior of the gas-phase
chemistry that is relevant to those species. Crucially, the much
lower rate of freeze-out of gas-phase species onto the grains
in the low-Z case provides more time for atomic carbon to be
locked up into, primarily, gas-phase CO (although, as described
above, it is also more rapidly converted into larger species once
it reaches the grains). As a result, less atomic C is available to
be directly accreted onto the dust grains, resulting in the lower
methane ice abundances. The production of solid-phase methane
is indeed seen more generally in models to be formed early in
the evolution of the dust-grain ices, while the availability of free
carbon in the gas phase is high, prior to the strong growth of CO
(see Garrod & Pauly 2011).

Exacerbating the effects of slower freeze-out is the lower
C:O ratio in the low-Z models, which may be just as important
to the ultimate abundances of various organic molecules as the
actual decline in either C or O elemental abundances would be.
In the normal-Z case, the initial C:O ratio is 0.44, versus 0.33 at
low-Z. In the models, this leaves much less carbon available for
incorporation into pure hydrocarbon forms due to incorporation
into CO.

Differences between the Ay jzix = 2 mag and Ay jpiy = 3 mag
cases are most clearly manifest in the abundances of the nitrile
species, with lower values with respect to methanol seen in the
Av init = 2 mag case. It should be noted that the choice of com-
parison with respect to methanol, which is less affected by lower
Z due to the robustness of the CO behavior, tends to overem-
phasize the effects of lower metallicity on the nitriles. However,
the ratios for those species are in some cases around an order of
magnitude lower for Ay ¢ = 2 mag. This is mainly related to
the higher degree of conversion of neutral atomic C to C* at this
extinction, leaving less neutral carbon that can be converted into
neutral carbon chains, such as Cj, that contribute directly to, for
example, ethyl cyanide (C,HsCN) on the dust grains. Again, this
carbon is preferentially converted into CO in the gas.

Within each panel in Fig. 11, there exists a degree of varia-
tion for individual species as a function of warm-up timescale.
This indicates that those species that do not vary strongly in this
way owe much of their production to the earlier, cold stage. In
the most extreme case, that of hydrazine, (NH;),, cosmic-ray
induced UV photolysis of solid-phase ammonia is enhanced by
longer timescales, prior to desorption of the ice mantles.

4.2. Comparison of model predictions to G135.27 MM1

Figure 12 compares the measured abundances (relative to
methanol) obtained for G135.27 MMI in Sect. 3.4 to the model
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Fig. 12: Comparison of the model abundances to observational results for different initial visual extinctions, Ay it = 2 mag (left
panels) and 3 mag (rights panels), at varying warm-up timescales: fast (top panels), medium (middle panels), and slow (bottom
panels). Bars indicate the number of orders of magnitude by which each modeled abundance ratio exceeds (positive bars) or falls
below (negative bars) the corresponding observed ratio. The shaded region denotes agreement within one order of magnitude.
Unfilled bars with an arrow represent cases where the comparison is based on an observational upper limit. The color coding is the

same as in Fig. 11.

predictions for different warm-up timescales. Unfilled bars with
arrows represent observational upper limits, while red, blue,
green, and black bars correspond to species exhibiting differ-
ent abundance patterns with respect to metallicity variations in
the models, as illustrated in Fig. 11. With the cosmic-ray ion-
ization rate and final gas density held fixed, the key parame-
ters distinguishing the models are the warm-up timescale and
the initial visual extinction. To quantify the overall agreement
with the observations, we compute a matching parameter (the
root mean square of the ratios between the model predictions
and the observed abundances) for each of the six models. The
resulting matching parameters are shown in Fig. K.1. Some of

the detected species are not included in our matching calcula-
tions, as they are not present in the chemical network used in the
model grid. CH,(OH)CHO is excluded because it is only tenta-
tively detected and we treat it as an upper limit, and all mod-
els appear to overestimate it. CN and CO are excluded, as they
primarily trace more extended cold gas rather than the hot core
environment. We also exclude the sulfur-bearing species, since
the dominant form of sulfur in dense clouds is uncertain, mak-
ing the chemistry poorly constrained. In total, 16 species have
been included in the matching routine, comprising 11 of the 13
detected COMs (excluding CH3CCH and CH,(OH)CHO) and
five simple molecules (H,CO, HC;N, HNCO, t-HCOOH, and
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CH,CO). As illustrated in Fig. K.1, compared to the models with
Ay init = 2 mag, those with Ay ipie = 3 mag show significantly
better consistency with the observed abundances, whatever the
warm-up timescale. The slow warm-up timescale produces the
smallest dispersion compared to the other timescales, regardless
of whether Ay i,y = 2 mag or 3 mag is adopted. Therefore, the
best-fit model for G135.27 MMI is provided by the one adopt-
ing a slow warm-up timescale of t,, = 1 x 10° yr, and an initial
visual extinction of Ay, = 3 mag, which is shown in Fig. 12f.

In general, most common hot-core species are reasonably
well reproduced by the best-fit model, i.e., are within one order
of magnitude of the observed values (as marked by the shaded re-
gion). COMs that are more sensitive to metallicity than methanol
and are marked as red bars (C,HsCN, C,HsOH, CH;C(O)CHs;,
and CH3COOH) are all somewhat underproduced in the model,
although their abundances are mostly within one order of mag-
nitude of the observed values. CH;0OCHO and NH,CHO, which
are both similarly sensitive to metallicity as methanol (blue
bars), show opposite trends in the best-fit model: CH;0CHO
is slightly underproduced, while NH,CHO is overproduced by
about one order of magnitude. a-(CH,OH),, whose predicted
abundance is enhanced by the effect of metallicity, is consis-
tent with the observations. Additionally, COMs shown in black
bars are consistent with the model. On the other hand, simple
molecules show larger discrepancies, with some exhibiting sig-
nificant deviation relative to the observations. For example, three
of the five S-bearing species are underproduced by more than
one order of magnitude. However, the initial S budget is uncer-
tain, and the initial value used in the models (8 x 1078 ny) may
be a substantial underestimate.

5. Discussion
5.1. Nature of G135.27’s continuum sources

We used the LTE spectral modeling tool Weeds to analyze the
continuum-subtracted spectra of the three continuum sources de-
tected toward G135.27, and derive their chemical compositions.
These three dense cores, which we called MM1, MM2, and
MM3, exhibit distinct chemical and physical properties that re-
flect their differing evolutionary stages. Toward MM 1, we iden-
tified 13 COMs, 12 firmly and one tentatively (CH,(OH)CHO).
They range from relatively simple species such as CH30H (six
atoms) to larger molecules such as CH3;COCHj; (ten atoms).
Hundreds of spectral lines associated with these COMs were de-
tected. The detection of such a wide variety of COMs, along
with their numerous transitions, reflects a chemically rich en-
vironment in MM1 (see Sect. 3.4.4 and Fig. D.1). The derived
temperatures span a range from 65 to 190 K, with a mean value
of approximately 124 K and a median value of 120 K, based
on a population diagram analysis and synthetic spectrum fitting
with Weeds (see Table B.1). Both the mean and median rota-
tional temperatures exceed the typical thermal desorption thresh-
olds of COMs from dust grain surfaces (e.g., Garrod & Herbst
2006; Jgrgensen et al. 2020). Additionally, the emission sizes are
generally on the order of 0.3", corresponding to a radius of ap-
proximately 900 au at the distance of G135.27 (see Sect. 3.4.2).
The combination of compact emission, high rotational temper-
atures, and the detection of a rich inventory of COMs indi-
cate that MM is a hot core, making it the third such object
discovered in the outer Galaxy after WB89-789 identified by
Shimonishi et al. (2021) and Sh 2-283-1a recently identified by
Ikeda et al. (2026). Additionally, MM1 drives a bipolar outflow
traced by CO and '3CO. The central overlap of the lobes and
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their extent in the plane of the sky suggests a wide opening
angle along the line of sight (Fig. 2). High-velocity compo-
nents reveal both a compact, recent ejection close to the pro-
tostar and an extended, slower component from an earlier phase,
with nearby H, O masers further supporting ongoing outflow ac-
tivity. However, only one SiO feature is detected near MM
(Fig. 6): it is redshifted with low velocities and elongated along
the outflow direction. WB89-789, where CO was not observed,
shows a symmetric SiO distribution with secondary peaks trac-
ing shocked gas from bipolar outflows.

In contrast, the continuum sources MM?2 and MM3 exhibit
much simpler chemical signatures compared to MM1. Only the
COM CHj;0H is detected toward both cores, with CH;CCH ad-
ditionally identified in MM3. Assuming that the COM emission
scales with the continuum peak flux density yields COM line
intensities in MM2 and MM3 that would have been detected
in our dataset. Therefore, the non-detection of COMs in MM2
and MM3 is unlikely to be due to a lack of sensitivity, unless
they harbor COM emission over a much smaller size than MM 1.
As demonstrated in Sect. 3.4.4, CH3OH appears to originate
from larger-scale gas rather than being directly associated with
these cores. Although the CH3;CCH emission in MM3 peaks near
the continuum position, indicating that it traces the dense core
material directly associated with MM3, CH3;CCH commonly
traces less warm and more extended gas than other COMs (e.g.,
Chen et al. 2025). Additionally, rotational temperatures are be-
low 100 K in both cores, with H,CO yielding 41 K for MM2
and 89 K for MM3. These simpler chemical signatures and lower
temperatures suggest that MM2 and MM3 are at an earlier evo-
lutionary stage, prior to the onset of the hot core chemistry char-
acteristic of MMI. This interpretation is further supported by
the narrower line widths measured toward MM2 and MM3 (~
1.5 and 2 km s™!, respectively) compared to MM1 (4 km s7!),
which reflects a lower level of turbulence or dynamical activity
within these cores. Moreover, the CO and *CO spectra toward
MM2 exhibit redshifted absorption against the continuum, that is
an inverse P Cygni profile, providing evidence of infall motions
(e.g., Di Francesco et al. 2001; Mottram et al. 2013; Evans et al.
2015). The presence of such an infall feature suggests that MM2
is a dynamically young core likely undergoing gravitational col-
lapse. On the other hand, no outflow activity is detected toward
MM2 in any of the observed molecular tracers, including CO and
SiO. This absence of outflow signatures indicates that MM2 may
be at the prestellar stage. For MM3, the detection of EHV SiO
emission reveals the presence of a powerful outflow. Such EHV
SiO emission is typically associated with the early protostellar
stage of star formation (see Sect. 3.3.3). These characteristics,
including cold gas, limited chemical complexity, and active out-
flow processes, indicate that MM3 is a young, embedded proto-
stellar object.

5.2. Origin of the velocity gradient traced by COMs

As mentioned in Sect. 3.3.2, COMs (CH30H and CH;0OCHO)
trace a velocity gradient that is aligned with the outflow axis
but opposite in direction to the large-scale CO outflow. To un-
derstand the physical processes responsible for the observed
opposite velocity gradient, it is essential to consider the for-
mation and release mechanisms of CH;OH and CH;OCHO.
These two species are closely linked, both theoretically and
observationally (Simons et al. 2020; Qin et al. 2022). CH;0H
forms on icy dust grain surfaces through successive hydrogena-
tion of CO (e.g., Watanabe & Kouchi 2002), while CH;OCHO
is primarily produced via surface reactions between HCO and
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CH;O (Simons et al. 2020). Both molecules are generally be-
lieved to form on grain surfaces at relatively low temperatures
(e.g., Garrod et al. 2008; Jin & Garrod 2020), and are subse-
quently released into the gas phase as the grains are heated by
the central protostar. In addition to thermal desorption, shock-
related heating and sputtering may also play a significant role in
some environments, such as the quiescent Galactic Center cloud
G+0.693-0.027 (e.g., Requena-Torres et al. 2008; Zeng et al.
2018) and the shocked region located in the outflow of G31.41
(Lopez-Gallifa et al. 2025). Grain processing caused by the pas-
sage of a shock driven by an outflow can lead to nonthermal des-
orption, providing an alternative pathway for injecting CH;OH
and CH3OCHO into the gas phase (e.g., Flower et al. 2010;
Busch et al. 2024).

A similar opposite velocity gradient has been observed in
the low-mass protostar NGC 1333 IRAS 4A2 where CH;0H
and SiO show a velocity gradient on a scale of 150 au along
the outflow axis with a direction opposite to the kinematics
of the outflow on larger scales. To interpret this phenomenon,
De Simone et al. (2024) proposed three possible explanations:
(1) rotating disk or inner envelope, (2) jet or outflow precess-
ing or with an axis in the plane of the sky, and (3) wide-angle
disk wind. They favored the last scenario.

In the case of G135.27, the C'80 PV diagram extracted per-
pendicular to the outflow axis shows a velocity gradient con-
sistent with rotation in the protostellar envelope (Fig. 3b). In
contrast, the gradients traced by CH3;OH and CH30OCHO are
aligned with the outflow axis and therefore cannot be explained
by rotation. Their orientation opposite to the large-scale CO out-
flow also rules out the possibility that they trace the outflow
itself. Instead, these features could be explained by interaction
with a wide-angle wind, where shocks driven into the envelope
release COMs from dust grains and generate the observed in-
verse gradients, consistent with the interpretation proposed for
NGC 1333 IRAS 4A2. The shock-sensitive nature of CH;0H
and CH3OCHO further supports this scenario.

However, the spatial scales traced by the COM velocity gra-
dient differ between G135.27 and NGC 1333 IRAS 4A2. In
G135.27, the offset between blue- and redshifted COM emission
indicates that the opposite velocity gradient extends over 0.1"
(600 au), a size significantly larger than the extent of the gra-
dient reported in NGC 1333 IRAS 4A2 (~150 au). This differ-
ence in scale may result from the mass difference between these
two star-forming regions: NGC1333 IRAS 4A2 is a low-mass
protostar with an envelope mass of 2.3 My and a luminosity of
4.7 L (Belloche et al. 2020), while G135.27 is a protostar with
an envelope mass of 49 Mg, (see Sect. 3.2) and a luminosity of
3.1x10* Ly, (see Sect. 2.1), which qualify it as a high-mass star-
forming region. The typical disk radii in low-mass star-forming
regions are smaller than 50 au (Long et al. 2019; Maury et al.
2019), while disk radii in high-mass star-forming regions can
reach up to 1000 au, such as the 858 au disk around IRAS
20126+4104 (Chen et al. 2016). This comparison supports the
idea that a wide-angle disk wind in G135.27 can extend to ~600
au, further reinforcing the interpretation that the opposite veloc-
ity gradient traced by CH3;OH and CH3;OCHO is associated with
such a wind.

5.3. Metallicity-dependent behavior of classes of COMs

Figure 13 shows the fraction and number of COMs exhibiting
different abundance patterns in response to metallicity variations
for N-, O-, and O+N-bearing COMs, using our chemical models.
These statistics build directly on the molecular-level behavior il-

lustrated in Fig. 11. The distribution of molecules with respect to
metallicity sensitivity varies markedly among classes of COMs.
Across both Ay jni¢ = 2 mag and 3 mag, N-bearing COMs exhibit
the highest fraction of species whose abundances are more sen-
sitive to metallicity than methanol (R < 1/3), with roughly 70%
of all N-bearing COMs affected. In contrast, O-bearing COMs
show a smaller fraction (about one third) of species more sensi-
tive to metallicity than methanol. Only 8% O+N-bearing COMs
are more sensitive to metallicity than methanol. For molecules
with metallicity sensitivity comparable to CH3;0H (1/2 < R < 2),
the trend is reversed: the fraction increases from N-bearing to O-
bearing, and then to O+N-bearing COMs, also supporting that
N-bearing COMs are the most sensitive to metallicity variations.
Additionally, only O-bearing COMs show enhancement at low
metallicity.
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Fig. 13: Fraction and number of molecules exhibiting different
abundance patterns with respect to metallicity variations for N-,
O-, and O+N-bearing COMs, based on chemical modeling re-
sults. Their values are shown at the top of each bar. The color
coding is the same as in Fig. 11. Solid bars and hatched bars de-
note the fractions for initial visual extinctions of 2 and 3 mag,
respectively.

Stronger variation among the N-bearing species is associated
in the models with molecules within that group whose formation
has a direct dependence on radicals related to methane and other
hydrocarbons. These species’ abundances are diminished as the
result of the more complete conversion of gas-phase carbon into
CO, associated with the slower freeze-out caused by a greater
gas-to-dust ratio.

The formation mechanisms of O-bearing COM species are
typically more dependent on CO-related chemistry, involving
radicals such as HCO and CH30/CH,OH that are closely tied
to CO hydrogenation. These radicals are strongly enhanced, be-
yond any enhancement in the abundance of CO itself, due to el-
evated surface hydrogenation, which allows their product COMs
to maintain or exceed the ratios (versus methanol) achieved un-
der low-Z conditions. However, there remain some O-bearing
species, such as ethanol (C;HsOH), that have influential forma-
tion mechanisms not directly related to CO chemistry and are
more reliant on the addition of methyl (CHs3) or larger alkyl rad-
icals to other species. These species tend to be somewhat dimin-
ished in the same way as various N-bearing COMs.

Those molecules bearing both O and N tend to be among
that group of species in the models that are more reliant on CO
chemistry, so that, in spite of the lower abundance of elemental
nitrogen, almost all of them are able to avoid drastic reductions
in their ratios with methanol, compared with the normal-Z case
that is they avoid falling into the R< 1/3 category.

Article number, page 17



A&A proofs: manuscript no. output

5.4. Impact of metallicity on the COM chemical composition

We compared in Fig. 11 the outcomes of the chemical model
under low and normal metallicities. In order to test if the be-
havior of the models with respect to metallicity is corroborated
by the observations, we need to compare the chemical compo-
sition of G135.27 to the composition of a hot core in the in-
ner Galaxy. We chose the hot core G31.41 because its detailed
chemical composition has been derived (Mininni et al. 2020,
2023; Colzietal. 2021; Garcia de la Concepcion et al. 2022;
Lépez-Gallifa et al. 2024) and it has a similar luminosity and en-
velope mass (4.4x10* Ly, and 70 My, respectively; Mininni et al.
2020) as G135.27. Figure 14a shows the observational ratios be-
tween G135.27 and G31.41 for the molecules detected in both
sources, and Fig. 14b displays the corresponding modeled abun-
dance ratios between reduced (appropriate for a Galactocentric
distance of 13 kpc) and normal metallicity.
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Fig. 14: Panel a: Observed abundance ratios, R, between
G135.27 MM1 and G31.41. Panel b: Abundance ratios, R, of
models (Ay, inir = 3mag) with low and normal metallicity. In
both panels, the ratios correspond to 7 = X/Xcn,ou. Molecules
with R lower than one-third (dashed red line) or higher than three
(dashed green line) are highlighted in red or green, respectively,
while those with R within a factor of two of unity (1/2 < R < 2;
dashed blue lines) are highlighted in blue. The other molecules
are shown in black. The unfilled bar with arrow in panel a repre-
sents an observational upper limit for G135.27 MM1. In panel b,
the solid bars correspond to the best-fit model of G135.27 MM 1
(fwn = 1 x 10° yr), while the hatched bars represent the ratios for
the other two timescales.
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For most molecules, the observational ratios follow the qual-
itative trends predicted by the models, largely independent of
the adopted model timescale. Nevertheless, quantitative differ-
ences of up to one to two orders of magnitude are found for
several species. Overall, these results point to a general consis-
tency with metallicity-dependent trends predicted by the mod-
els, while leaving room for significant deviations at the level
of individual molecules. However, several species deviate from
this general behavior. In particular, CH,(OH)CHO, CH;OCHO,
and a-(CH,OH), exhibit the opposite trend to the models, show-
ing lower relative abundances in the low-Z environment than in
the normal-Z case, while the models predict the opposite for all
modeled timescales. NH,CHO also deviates strongly from the
model predictions: while the model predicts a similar sensitivity
to metallicity as methanol, the molecule is more than one order
of magnitude less abundant (relative to methanol) in G135.27
than in G31.41. These four species contain, or are strongly re-
lated to, grain-surface chemistry involving the HCO radical. The
reactions involving this species are strongly influenced by the
atomic-H abundance on the grains, which is sensitive to the
dust temperature. The use of only a single-point model, with
an equally low minimum value of T4, for both the local and
outer-galaxy setups, could lead to an excess of HCO related
species. A more dedicated evaluation of Ty, for outer-galaxy
sources, based on lower dust content (and thus lower Avy i)
would be warranted, along with the use of multi-dimensional
models of hot-core chemo-dynamical evolution (see Barger et al.
2021; Bonfand et al. in prep.). It is also useful to compare the
behavior of these HCO group-bearing COMs with the behav-
ior of HCO itself, as observed by Gigli et al. (2025) using data
from the CHEMOUT survey. Those authors found that HCO
gas-phase abundances in cold cores scale with measured C/H
ratios in the 8.34-24 kpc range of galactocentric radii. Methanol
also shows a similar C/H dependence in those observations, in-
dicating that HCO abundances with respect to methanol should
be stable as a function of galactocentric radius (within the ex-
pressed range). Assuming that a meaningful comparison can be
made between HCO-bearing COMs in hot gas and HCO in cold
cores, our modeled abundances of methyl formate (CH;OCHO)
and formamide (NH,CHO) appear to be more or less consis-
tent with the CHEMOUT results. The other two species, glyco-
laldehyde (CH,(OH)CHO) and ethylene glycol (a-(CH,OH),),
are still overproduced with respect to those data. However, for
the reasons noted above, regarding dust temperature, it is un-
clear whether the abundance of cold HCO in the gas will pro-
vide an accurate reflection of COM production efficiencies on
grains, or their gas-phase abundances at later times. CH3;CN and
C,HsOH are assigned different colors in Fig. 14a and b, but the
agreement between the models and the observations is in fact
relatively good with a ratio close to 1/3.

These results suggest that metallicity plays a role in shap-
ing the abundances of certain COMs. However, other physical
parameters—such as density structure, temperature evolution,
and dynamical history—may also influence the chemical com-
position. Additionally, it should be noted that the metallicity of
G31.41 is likely higher than solar, approximately 1.5 Z; if we
take the Galactic metallicity gradient of Luck & Lambert (2011).
This implies that the current model, which assumes solar metal-
licity, may not be a good reference for the comparison shown
in Fig 14, and a revised model adjusted to the expected metal-
licity of G31.41 should be considered to provide more accurate
predictions.

Overall, molecules that are predicted by our best-fit model
in Fig. 14b to be more sensitive to metallicity relative to CH;OH



are generally confirmed to behave in this manner by the observa-
tional results, while only about half of the molecules that exhibit
similar metallicity sensitivity to CH3;OH in the models do behave
in this manner in the observations. One possibility is that our
predictions focus primarily on the impact of metallicity, without
accounting for other processes such as shocks, enhanced cosmic
ray ionization, or local UV radiation, all of which can signif-
icantly alter molecular abundances. Another possibility is that
the comparison is limited to a single source, making it difficult
to draw statistically robust conclusions. Expanding the analysis
to a larger sample of hot cores in the outer Galaxy will be es-
sential to better constrain the role of metallicity relative to other
physical and chemical effects.

6. Conclusions

We have carried out an imaging spectral line survey with
NOEMA to probe the chemical composition of G135.27+2.79,
a hot core candidate in the outer Galaxy (Dg. = 13.1 kpc). At the
angular resolution (~5000 au) of the survey, G135.27 consists of
three continuum cores, which we called MM 1, MM2, and MM3.
We derived the molecular composition of these cores assuming
LTE. The main results of our analysis are the following:

1. We detected 28 molecules toward MM1 and several of their
less abundant isotopologs, and we tentatively detected three
additional molecules. Among these detected molecules,
13 (including a tentative detection of CH,(OH)CHO) are
COMs, most of which trace a hot and compact region. This
confirms G135.27 MM1 as a bona fide hot core, the third one
identified in the outer Galaxy.

2. MM1 hosts a large-scale bipolar outflow traced by CO and
13CO. Interestingly, COMs such as CH;0H and CH;OCHO
trace a velocity gradient along the outflow axis at a scale of
600 au but with a direction opposite to that of the large-scale
CO outflow. This feature may be linked to a wide-angle disk
wind.

3. Only simple molecules trace MM2. Its CO spectrum shows
an inverse P-Cygni profile but no sign of an outflow. MM2
may thus be a collapsing prestellar core. MM3 shows emis-
sion of simple molecules and extended CH3CCH emission
accompanied by a bipolar outflow traced by high-velocity
Si0, suggesting that it is a young protostar.

To assess the impact of a reduced metallicity and dust-to-gas
ratio in the outer Galaxy on hot-core chemistry, we compared the
composition of MM1 with that of two other hot cores: G31.41 in
the inner Galaxy and WB89-789 further out in the outer Galaxy.
The COM abundances relative to CH;OH in MM1 show a good
correlation with those measured in G31.41 and WB89-789, but
with values intermediate between those of G31.41 and WB§9-
789. This may reflect the influence of metallicity on the forma-
tion of COMs.

We ran the astrochemical model MAGICKAL to simu-
late the abundances of ~100 molecules under low-metallicity
(Dg:=13 kpc) and normal-metallicity (Dg.=8.2 kpc) conditions.
Slower adsorption onto grains due to the lower dust-to-gas ratio
at low metallicity produces a more complete gas-phase conver-
sion of the limited carbon available into CO, rather than it being
adsorbed onto the grains to form methane or a related species.
This behavior is further enhanced by the C:O ratio falling in the
low-Z case. Larger hydrocarbon species, including radicals, are
also depressed both in the gas phase and on the grains due to the
reduced budget of free carbon. Thus, while other species may

suffer, CO — and those species that may form from it via grain-
surface chemistry — is less strongly affected by the decline in
elemental C or O. Furthermore, the slow uptake of material onto
the grains leads to lower coverages of CO, leading to more ef-
fective conversion to COMs of increasing degrees of saturation.
COMs with production routes related to atomic C and/or pure
hydrocarbon chemistry are therefore more likely to suffer dimin-
ished abundances at low-Z, including larger N-bearing species.
The abundances of O-bearing COMs are often less diminished
or even enhanced (with respect to methanol) under low-Z condi-
tions.

The low-metallicity model that best fits the COM abun-
dances of G135.27 MM1 relative to methanol corresponds to a
slow warm-up timescale of #,, = 1 X 10° yr and an initial visual
extinction of Ay jpiy = 3 mag. The abundances of most common
hot-core species are reproduced within one order of magnitude,
but CH,(OH)CHO, CH3COOH, and NH,CHO deviate more sig-
nificantly.

In order to more carefully evaluate the impact of metallic-
ity on the chemical composition of hot cores, we compared the
abundance ratios of G135.27 MM1 and G31.41 to the abundance
ratios of the low-Z and normal-Z models. Overall, the model
reproduces well the behavior of most investigated molecules,
demonstrating that it catches the influence of metallicity (and
gas-to-dust ratio) on the chemistry relatively well. However, the
model predicts opposite trends for CH,(OH)CHO, a-(CH,OH),
CH30CHO, and NH,CHO compared to the observations, sug-
gesting that their chemical networks require more attention or
that the treatment of extinction and dust temperature need to be
more tailored to specific local conditions.

Overall, these comparisons indicate that metallicity has a sig-
nificant impact on the formation of COMs. Expanding the source
sample will be essential to assessing the robustness of the ob-
served deviations, while incorporating additional processes (e.g.,
shocks, cosmic rays, UV radiation) into the models may further
improve the agreement between models and observations.

Data availability

Appendices E-K are available at Zenodo (DOI: 10.5281/zen-
0do.17779972).
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Appendix A: Observational parameters

Tables A.1 and A.2 summarize the observational setups, along with the synthesized beam sizes and rms noise levels in the final data
cubes.

Table A.1: Observational setups of the spectral line survey.

Setup Frequency range Date of Baseline ting @ Calibrators®
LSB USB observation range P A B F
GHz GHz yyyy.mm.dd m h

S1 215.1-2232 230.5-238.7 2023.12.03 23.1-3280 26 1,2 1,2 3 4
2023.12.05 19.5-3136 34 12 12 3 4
S2 222.8-2309 238.3-2464 2023.10.05 17.7-3680 52 1,2 1,2 3 45

Notes. @ On-source integration time. ™ Phase (P), amplitude (A), bandpass (B), and absolute flux (F) calibrators. The calibrators are: 1:
J0244+6228, 2: 0224+671, 3: 3C84, 4: LKHA101, 5: MWC349.

Table A.2: Beam sizes and noise levels.

Setup SPW@  mode® Frequency Synthesized beam  Linear size rms
range HPBW PA line continuum
MHz X" ° au mJy beam™'  mlJy beam™!
S1 LO SURVEY 215065-219123 0.89 x0.78 137 5340 x 4680 6.27 0.12
LI SURVEY 219130-223188 0.86 x0.76 136 5160 x 4560 5.56 0.14
UI+CO SPLIT 230549-230772 0.82x0.72 135 4920 x 4320 6.76 0.39
UI-CO SURVEY 230772-234605 0.82x0.72 135 4920 x 4320 5.95 0.13
Uo SURVEY 234614-238673 0.81 x0.70 137 4860 x 4200 6.91 0.15
S2 LO SURVEY 222807-226863 0.90x 0.70 170 5400 x 4200 5.77 0.13
LI-CO SURVEY 226872-230368 0.87x0.70 0 5220 x 4200 5.54 0.12
LI+CO SPLIT 230368-230930 0.87x0.70 0 5220 x 4200 6.07 0.25
Ul SURVEY 238290-242346 0.84 x0.66 169 5040 x 3960 6.16 0.19
UoO SURVEY 242355-246413 0.83 x 0.65 0 4980 x 3900 6.77 0.17

Notes. @ Spectral window. S1-UI and S2-LI are each divided into two subwindows: +CO indicates the subwindow that contains the CO 2—1 line
and —CO the subwindow that does not. ®’ Pipeline mode used in IMAGER for imaging.

Appendix B: LTE model parameters
Tables B.1-B.3 list the input parameters of our best-fit LTE models of MM1, MM2, and MM3.

Table B.1: Parameters of our best-fit LTE model of MM1.

Molecule Tag® Ngo® size® Tro? N°  Troppa’ Npi® Gy Ceont'  Vo! AVF
" (K (em™) (K) (cm™?) (kms™")

HDO 19002 2 0.2 260 2.5(17) 260+0 3.0+0.1(17) 1.00 1.00 04 5.0

02 260 2.0(16) 1.00 1.00 -14 2.0

CN 26504 4 3.9 10 2.5(14) 1.00 1.00 0.0 4.0

CO 28503 1 3 75  1.0(18) 1.00 1.00 =74 51.0

3 75  1.0(18) 1.00 1.00 20 13.0

3 75  6.0(16) 1.00 1.00 -82.6 18.5

3co 29802 1 2 75  4.0(17) 1.00 1.00 0.0 4.5

C130 30502 1 22 75 5.6(16) . 100 100 00 30

clo 29603 1 2.2 75 1.2(16) 1.00 1.00 0.0 3.0

DCN 28802 1 1.9 75 5.6(13) 1.00 1.00 0.1 4.3

,CO 30501 5 03 175 75(16) 103%3 7.6:03(16) 1.00 100 00 49

0.9 50 1.9(15) 1.00 1.00 0.0 2.8

H,'3CO 31503 1 0.3 175  1.5(15) 1.00 1.00 0.0 4.9

CH;0H,v =0 32701 52 0.3 175 9.5(17) 175+2  2.1+0.1(18) 1.00 1.00 1.5 3.5

0.3 175 6.5(17) 1.00 1.00 -1.3 3.0

CH;0H, v, =1 32702 12 0.3 175  9.5(17) 1752 2.1+£0.1(18) 1.00 1.00 1.5 3.5

0.3 175 6.5(17) 1.00 1.00 -1.3 3.0

CH;0H, v =2 32703 4 0.3 175  9.5(17) 1752  2.1+0.1(18) 1.00 1.00 1.5 3.5
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Table B.1. Continued.

Molecule Tag® Ny’ size® Tl N®  Troupd’ Noi®  Cyin"  Ceont'  Vor!  AVF
" K) (em™) (K) (cm™) (kms™")

0.3 175 6.5(17) .00 1.00 -13 30
CH,DOH 33902 4 0.3 80 9.0(15) 76+19 1.1+0.5(16) 1.00 1.00 -1.0 29
BCH;0H,v=0 33401 15 03 115 3.0(16) 117#9 59+0.6(16) 1.00 1.00 15 35

0.3 115 2.5(16) 1.00 100 -13 3.0
3CH;0H, v, = 1? 33402 0 0.3 115 3.0(16) .. 100 1.00 15 35

0.3 115 2.5(16) 1.00 100 -13 3.0
H,S 34502 1 1.0 75 42(15 .. 100 1.00 03 40
CH;CCH,v=0 40502 6 1.9 75 6.4(14) 78x17 64x24(14) 1.00 1.00 00 27
CH;CN,v=0 41601 17 03 190 6.0(15) 193x6 1.2+0.1(16) 1.00 1.00 15 35

0.3 190 4.0(15) 1.00 1.00 -13 3.0
CH;CN, vg = 1 41603 17 0.3 190 6.0(15 193+6 1.2+0.1(16) 1.00  1.00 05 6.1

03 190 4.0(15) 1.00 100 -13 3.0
CH,CO,v=0 42501 4 0.3 110 2.0(I5 10319 3.6x1.0(15 1.00 1.00 12 34

0.3 110 1.5(15) 1.00 100 -1.8 26
HNCO, v=0 43511 7 0.3 180 25(16) 177+4 29+0.1(16) 1.02 1.00 09 50

0.3 180 2.5(15) 1.02 100 -12 20
CH;CHO, v =0 44301 9 0.8 65 3.5(14) 63+13 54x19(14) 1.00 1.00 I5 35

0.8 65 1.5(14) 1.00 100 -13 3.0
CS 44501 I 1.7 75 5.2(15) .. 100 1.00 0.0 40
3cs 45403 1 0.8 75 3.6(14) .. 100 1.00 0.0 4.0
c*s 46501 1 1.1 75 8.7(14) .. 100 1.00 0.0 4.0
Cc*3s 45404 1 0.8 75 4.1(14) .. 100 1.00 0.0 4.0
133450 47501 1 0.8 75  1.8(13) .. 1.00 1.00 00 40
SiO 44505 I 1.2 75 8.5(13) .. 100 1.00 035 40
NH,CHO, v =0 45512 11 0.3 110 1.0(15 11026 2.0+0.6(15 1.02 1.00 15 35

0.3 110 6.0(14) 1.02 100 -13 3.0
t-HCOOH 46506 14 0.3 190 3.7(16) 191x22 3.9+0.5(16) 1.02 1.00 0.7 5.0
H,CS 46509 7 . 105 2.6(15 103=7 2.8%0.3(15) 1.00 1.00 02 49
CH;0OCH;,v=0 46514 11 0.3 120 5.1(16) 1175 9.0+0.8(16) 1.00 1.00 -12 3.2

0.3 120 3.5(16) 1.00  1.00 17 24
C,H;0H,v=0 46524 23 0.3 85 2.0(16) 88x10 3.2+0.7(16) 1.05 1.00 1.0 30

0.3 85 1.1(16) 1.05 100 -21 1.8
SO 48501 4 12 75  1.1(16) .. 100 1.00 00 40
350 49501 1 04 75 1.5(15) .. 100 1.00 0.0 4.0
450 50501 1 0.5 75 4.5(15) .. 100 1.00 00 4.0
S80 50502 2 0.5 75 3.2(14) .. 100 1.00 00 4.0
HC;N,v=0 51501 4 0.5 135 5.1(14) 136x14 5.1+1.0(14) 141 1.00 09 350
HC3N, v, = 1 51502 2 0.5 135 5.1(14) .. 141 1.00 09 5.0
C,H;CN,v=0 55913 20 0.3 190 1.7(15) .. 173 1.00 I35 35
CH;C(O)CH3,v=0 58912 13 0.3 82 5.0(15) 82+8 9.1+1.7(15 1.00 1.00 15 35

0.3 82  4.0(15) .00 1.00 -13 3.0
CH,(OH)CHO,v =09 60501 3 0.3 135 1.2(15) .. 121 1.00 05 27
CH;COOH, v, = 0 60523 13 0.3 135 1.0(16) . 101 1.00 0.6 27
CH;OCHO, v =0 60103 71 0.3 135 5.7(16) 1364 1.2+0.1(17) 1.14 1.00 1.7 27

0.3 135 5.7(16) 1.14 100 -1.7 3.0
CH;OCHO, v = 1 60104 44 0.3 135 57(16) 1364 1.2+0.1(17) 1.14  1.00 1.7 27

0.3 135 5.7(16) 1.14 100 -1.7 3.0
OCS,v=0 60503 3 04 115 5.0(16) 1117 5.7£05(16) 1.00 1.00 00 5.0
0"3Cs 61502 1 0.3 115 2.0(15) .. 100 1.00 00 5.0
0oCc*s 62505 2 0.3 115 6.8(15) .. 100 1.00 00 5.0
0oC¥Hsh 61503 3 04 115 8.0(14) .. 100 1.00 00 5.0
a-(CH,OH), 62503 23 0.3 175 1.5(16) .. 191 1.19 035 39
SO,,v=0 64502 19 0.3 142 3.0(17) 1494 3.6+03(17) 1.00 1.00 00 45
SOz, vy = 19 64503 0 03 142 3.0(17) .. 100 1.00 00 45
$3S0,,v=0 65501 3 0.3 142 3.8(15) .. 100 1.00 05 45
3450,,v=0 66501 13 0.3 142 1.8(16) .. 101 100 0.0 45
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Notes. @ Entry number in our Weeds local database; see Sect. 3.4.1. ® Number of detected lines. One line of a given species may mean a group of
transitions of this species that are blended together. © Source diameter (FWHM). ) Rotational temperature used for the Weeds model. * Column
density used for the Weeds model. X(Y) means Xx10”. ) Rotational temperature derived from the population diagram. ® Column density derived
from the population diagram. In cases where molecules have two velocity components, the value represents the total column density summed over
both components.  Correction factor that was applied to the column density to account for the contribution of vibrationally or torsionally excited
states, in the cases where this contribution was not included in the partition function of the spectroscopic predictions. In most cases, this factor was
estimated in the harmonic approximation (Eq. (1) in Belloche et al. 2025). © Correction factor that was applied to the column density to account
for the contribution of conformers, in the cases where this contribution was not included in the partition function of the spectroscopic predictions.
@ Velocity offset with respect to the systemic velocity of MM1 (=71.7 km s™!). ® Linewidth (FWHM). © Tentative detection.

Table B.2: Parameters of our best-fit LTE model of MM2.

Molecule Tag® Nyol?  size® T N¢ Trot,pdf Npa® Cui! Ceont' Vog! AVF
" (K) (em™) (K) (cm™) (kms™)
CN 26504 1 4.5 7 3.0(14) .. 1.00 1.00 -0.7 1.5
CO 28503 1 4.5 12 1.0(17) .. 1.00 1.00 2.0 13
Bco 29802 1 4.5 12 2.0(15) .. 1.00 1.00 0.0 45
H,CO 30501 4 4.5 41  1.3(14) 41+5 1.3+0.2(14) 1.00 1.00 -1.0 1.5
CS 44501 1 4.5 12 6.2(14) .. 1.00 1.00 -1.5 1.5
Cc*s 46501 1 4.5 12 3.1(13) .. 1.00 1.00 -1.0 1.5
CH;0H,v=0 32701 3 4.5 60 2.0(14) 49+3  5.7+0.6(14) 1.00 1.00 -0.5 2
H,CS 46509 4 4.5 12 1.3(14) 1245 1.4+2.8(14) 1.00 1.00 -1.0 1.5

Notes. Same as Table B.1, but a fixed source size of 4.5" was adopted, for a beam filling factor of about unity, as the source size could not be fitted
and the molecular lines trace extended emission.

Table B.3: Parameters of our best-fit LTE model of MM3.

Molecule Tag®  Ngo® size® Tro N°  Troipa’ Npa®  Cyin  Ceont®  Vor!  AVF
" (K) (em™?) K) (cm™?) (kms™)
CN 26504 1 4.5 10  4.5(14) 1.00 1.00 1.0 2.0
CO 28503 1 4.5 43 6.0(17) 1.00 1.00 5.0 4.0
4.5 43 4.0(16) 1.00 1.00 0.0 2.5
4.5 43 3.0(16) 1.00 1.00 -3.5 2.0
4.5 43 6.0(16) 1.00 1.00 -18.0 12.0
Bco 29802 1 4.5 43 2.5(16) ... 1.00 1.00 1.0 2.0
4.5 43 2.5(16) 1.00 1.00 4.0 3.0
c70 29603 1 4.5 43 1.6(15) 1.00 1.00 1.0 2.0
CcBo 30502 1 4.5 43 5.5(15) .. 1.00 1.00 1.0 2.0
4.5 43 3.0(15) 1.00 1.00 4.0 3.0
DNC 28508 1 4.5 43 2.0(12) 1.0 1.5
DCN 28802 1 4.5 43 1.1(13) 1.00 1.00 1.0 1.5
H,CO 30501 4 4.5 87 2.8(14) 89+8 3.5+0.4(14) 1.00 1.00 1.0 1.5
CH;0H,v =0 32701 10 4.5 37  4.0(14) 36+8 44+1.7(14) 1.00 1.00 1.0 1.5
H,S 34502 1 4.5 43 2.0(14) 1.00 1.00 1.5 1.5
CH;CCH,v =0 40502 7 4.5 55 1.8(14) 54«12 1.8+8.7(13) 1.00 1.00 1.0 1.5
CS 44501 1 4.5 43 2.1(14) ... 1.00 1.00 1.0 2.0
4.5 43 3.5(13) 1.00 1.00 4.0 3.0
3¢S 45403 1 4.5 43 1.0(13) 1.00 1.00 1.0 2.0
Cc3s 45404 1 4.5 43 1.5(13) .. 1.00 1.00 1.0 2.0
c¥s 46501 1 45 43 45(13) . 100 100 10 20
Si0 44505 1 4.5 43 1.5(12) 1.00 1.00 1.0 1.5
4.5 43 1.6(12) 1.00 1.00 4.5 2.0
H,CS 46509 6 4.5 43 1.3(14) 4242 1.4+0.2(14) 1.00 1.00 1.0 1.5
SO 48501 1 4.5 43 1.3(14) 1.00 1.00 1.0 2.0
4.5 43 6.1(13) 1.00 1.00 4.0 3.0
HC;N,v=0 51501 4 4.5 27 8.0(13) 276  8.8x11.3(13) 1.41 1.00 1.0 1.5
SO,,v=0 64502 1 4.5 87 1.0(14) 1.00 1.00 1.0 2.0
4.5 87 8.0(13) 1.00 1.00 4.0 3.0

Notes. Same as Table B.1, but a fixed source size of 4.5" was adopted, for a beam filling factor of about unity, as the source size could not be fitted
and the molecular lines trace extended emission.
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Appendix C: Emission size

Figure C.1 presents the deconvolved size of CH30H plotted against upper-level energy and line optical depth. Figure C.2 displays
the deconvolved emission sizes for all detected molecules.
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Fig. C.1: Deconvolved emission size of methanol transitions as a function of upper-level energy (top) and line opacity (bottom).
The left (a and d), middle (b and e), and right (c and f) panels show the major, minor, and mean FWHM, respectively. The filled

circle and triangle symbols indicate the spectral setups S1 and S2, respectively. The dashed line represents the mean value, while
the dot-dashed line represents the median value.
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Fig. C.2: Deconvolved mean source size determined for all identified molecules through 2D Gaussian

fitting. For each molecule,

the deconvolved emission sizes of different transitions are shown as black dots, while the mean and median values are indicated by

red and blue lines, respectively.

Appendix D: Observed spectrum of MM1

Figures D.1 and D.2 present the full spectral survey of G135.27 MM1. In Fig. D.1, the spectra are shown with a zoomed y-axis to
highlight the weak COM lines, while Fig. D.2 shows the spectra un-zoomed. The LTE model parameters of the synthetic spectra

overlaid on the observed spectra are listed in Table B.1.
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Fig. D.1: NOEMA spectrum of the outer Galaxy hot core G135.27 MM1. The observed spectrum and the synthetic spectrum that
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Fig. D.1: Continued.
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Fig. D.2: Same as Fig. D.1 but showing the un-zoomed spectrum.
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