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ABSTRACT

Understanding whether prebiotic molecules can endure and reform through the energetic stages of star formation is essential for tracing
the continuity of interstellar chemistry toward life. Glycolamide, an isomer of glycine, was recently detected in the molecular cloud
G+0.693-0.027. However, establishing its presence in warm, high-density environments is crucial to evaluate the chemical continuity
of amides. Here we report the tentative detection of glycolamide in a hot molecular core, G358.93-0.03 MM, using ALMA 1 mm
observations. Seven unblended or only mildly blended emission lines were identified, yielding an abundance of (1.7+0.2)x 1071 relative
to H,. The comparable formamide/glycolamide and acetamide/glycolamide abundance ratios in both sources suggest a chemically
connected amide network across different environments. These results demonstrate that amides can persist and chemically evolve
during massive star formation, tracing the chemical continuity from interstellar to protostellar environments.
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1. Introduction

The emergence of life on Earth dates back to ~3.8 billion years
ago (Pearce et al. 2018), yet the astrochemical origin of its fun-
damental molecular building blocks remains unclear. Among the
wide variety of prebiotic molecules, amino acids are of particular
interest because they constitute the monomeric units of proteins,
which play pivotal catalytic and metabolic roles in living systems
(Pizzarello & Weber 2004; Weber & Pizzarello 2006; Wu 2009).
Their identification in meteorites (Cronin & Pizzarello 1983;
Burton et al. 2012) and samples returned from asteroid Ryugu
(Potiszil et al. 2023) and comet 67P/Churyumov-Gerasimenko
(Altwegg et al. 2016) implies that part of amino acid chemistry
may trace back to interstellar or protosolar stages, motivating
systematic searches for these species in the interstellar medium.

Glycine (NH,CH,COOH), the simplest amino acid, has
long been the prime target for astronomical searches because
it is thought to be among the easiest bio-monomers to assem-
ble under interstellar conditions (Ruiz-Mirazo et al. 2014).
Despite this expectation, all previous attempts have failed to
yield a secure detection. Early claims toward several high-
mass star-forming regions were latter refuted (Kuan et al. 2003;
Snyder et al. 2005). Subsequent, more sensitive observations
toward the high-mass star-forming region SgrB2 (Combes et al.
1996; Jones et al. 2007; Cunningham et al. 2007), Orion KL
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(Combes et al. 1996; Cunningham et al. 2007), the molecular
cloud G+0.693-0.027 (Jiménez-Serra et al. 2020), the low-
mass protostar IRAS 16293-2422 (Jiménez-Serra et al. 2020;
Ceccarelli et al. 2000), and the pre-stellar core L1544 (Jiménez-
Serra et al. 2016) have not confirmed its presence either. This
persistent non-detection has reshaped the field’s approach — from
direct glycine searches toward indirect chemical diagnostics,
with a focus on its structural isomers and related species that
may be more abundant or more readily observable.

Glycine belongs to the C,HsO,N family, several members
of which have been characterized spectroscopically, includ-
ing methyl carbamate (CH;OC(O)NH,; Marstokk & Mollendal
1999; Bakri et al. 2002; Ilyushin et al. 2006), the syn- and anti-
isomers of glycolamide (HOCH,C(O)NH,; Maris 2004; Sanz-
Novo et al. 2020), and the Z- and E-isomers of acetohydroxamic
acid (CH3C(O)NHOH; Sanz-Novo et al. 2022). These spectro-
scopic studies have enabled dedicated astronomical searches for
C,H50,N isomers toward a variety of interstellar sources, but
most of them remain undetected (Demyk et al. 2004; Sanz-
Novo et al. 2020; Colzi et al. 2021; Sanz-Novo et al. 2022). In
this context, glycolamide in its syn-form (syn-HOCH,C(O)NH,,
hereafter GA) is of particular interest because its hydroxyl and
amide groups can form an intramolecular hydrogen bond, which
stabilizes the structure and enhances its dipole moment, favor-
ing its detection at millimeter wavelengths. GA was recently
identified toward the G+0.693-0.027 molecular cloud with an
abundance of ~5.5x107!! relative to H, (Rivilla et al. 2023). This
detection provided the first observational evidence that a glycine
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structural isomer — a direct molecular analog of an amino acid —
can form and persist under low-UV interstellar conditions.

Recent studies have suggested that GA may be of potential
prebiotic interest, for instance as a precursor to key prebiotic
molecules: the carbon—oxygen bond cleavage yields acetamide
(CH53C(O)NH,) and ethanolamine (HOCH,CH,NH,) — a cru-
cial molecular building block that serves as the head group
in phosphatidylethanolamine, a constituent of both eukaryotic
and bacterial membranes (Bergantini et al. 2025). Further-
more, GA can participate in polycondensation reactions to form
N-(2-amino-2-oxoethyl)-2-hydroxyacetamide, a derivative of the
glycine dipeptide. This raises the possibility that GA provides
an alternative pathway for peptide formation in interstellar envi-
ronments (Szoéri et al. 2011; Rivilla et al. 2023; Perrero et al.
2025).

Testing whether amides like GA endure as interstellar ices
and then warm and reprocess in protostellar cores is essential,
because star formation subjects molecules to intense heating and
radiation (Millar 2020). If such amino-acid-related species can
persist or reform under these conditions, it would demonstrate
that amide chemistry is robust enough to survive the transition
from interstellar clouds to nascent stellar systems. Hot molec-
ular cores (HMCs) — compact (<0.1 pc), dense (n>10° cm™),
and warm (T>100 K) regions associated with massive protostars
during the deeply embedded stage of star formation — provide
ideal natural laboratories for such tests. During this stage, ice
mantle sublimation, radical-radical reactions during warm-up,
and subsequent gas-phase processing jointly drive the emergence
of molecular complexity (Shimonishi et al. 2021; Duan et al.
2025a).

To explore whether amino-acid-related chemistry extends
into these protostellar environments, we investigated the pres-
ence of GA in the HMC G358.93-0.03 MM 1 (hereafter G358.93
MM1) — the brightest of eight submillimeter sources in the high-
mass star-forming G358.93-0.03 complex (MM1-MMS; Brogan
et al. 2019). G358.93 MMI1 exhibits exceptionally line-rich
spectra and a chemically diverse inventory, including prebi-
otic and amide-related molecules such as acetonitrile CH3CN,
cyanamide NH,CN, glycolaldehyde CH,OHCHO, methylamine
CH;3NH;, ethylene glycol (CH,OH),, isocyanic acid HNCO, and
formamide NH,CHO (Manna & Pal 2023; Manna et al. 2023;
Manna & Pal 2024; Manna et al. 2024). This chemical richness
makes G358.93 MMI1 an ideal testbed to investigate GA and its
potential linkage to other amides.

Using ALMA 1 mm observations, we report the tentative
detection of GA in an HMC. We derived its abundance relative
to H, and to related formamide and acetamide to probe possi-
ble chemical connections and formation pathways. The structure
of this paper is as follows: Section 2 outlines the observations
and data reduction, Sect. 3 presents the spectral analysis, Sect. 4
discusses the chemical implication, and Sect. 5 summarizes the
conclusions.

2. Observation and data reduction
2.1. Observation

The high-mass star formation region G358.93-0.03 was observed
using the Atacama Large Millimeter/Submillimeter Array
(ALMA) band-7 receivers (Project ID: 2019.1.00768.S; PI: Crys-
tal Brogan). The observation of G358.93-0.03 was carried
out on 2021 May 17, with a phase center of RA(J2000) =
17"43m105000, Dec(J2000) = —29°51’46”7000 and a total on-
source integration time of 2963.52 s. A total of 47 antennas were

A93, page 2 of 9

used in the array, providing baseline lengths from 14 m to
2517 m. J1550+0527, a standard quasar used for calibration,
served as both the flux and bandpass calibrator to determine
the absolute flux scale and instrumental response. J1744-3116,
located near the target field, was adopted as the phase cali-
brator to correct for short-term atmospheric and instrumental
phase variations. The ALMA correlator was configured in dual-
polarization mode, covering four spectral windows centered at
290.5-292.4, 292.5-294.3, 302.5-304.4, and 304.2-306.1 GHz.
Each spectral window provided a resolution of 488.24 kHz,

corresponding to a velocity resolution (6V) of ~0.5 km s,

2.2. Data reduction

Calibration of the visibility data and subsequent imaging were
carried out using the Common Astronomy Software Application
(CASA,; version 6.1.1.15; McMullin et al. 2007). The standard
ALMA pipeline was first applied for initial calibration, including
corrections for bandpass, flux, and phase variations.

Because G358.93 MM 1 is a line-rich source, we first imaged
the four spectral windows without continuum subtraction. We
then used the line-free channels obtained by the CASA pipeline
task findcont as an initial estimate for the continuum-fitting
and iteratively excluded channels affected by line emission until
no line-emission channels were found over 30-. The remaining
line-free channels were subsequently used for continuum fit-
ting, while the line-emission channels were excluded from the
continuum image construction. Three iterations of phase self-
calibration were performed to improve phase stability, using
solution intervals of “inf”, “30.25s”, and “int”, respectively.
Each iteration employed a multi-term multifrequency synthe-
size deconvolver with two Taylor terms and multi-scale cleaning
scales of 0, 5, 15, 50, and 150 pixels. Briggs weighting with
a robust parameter of 0.5 was adopted throughout. After self-
calibration, the continuum image quality improved substantially,
yielding a synthetic beam of 0.15”"x0.1”” (position angle —87.1°)
and an rms noise level of ~20 uJy beam™!.

The final self-calibration solutions were applied to the origi-
nal spectral-line data to correct phase errors across all channels.
The continuum emission was then removed in the UV domain
using the CASA task uvcontsub; the line-free channels were
fitted with a first-order polynomial. Continuum-subtracted vis-
ibilities were imaged with the multi-scale deconvolver, using the
same weighting scheme and scales (0, 5, 15, and 50 pixels).
The Briggs weighting was used with a robust parameter of 0.5.
The beam of each channel was restored into the common one
for further wide-spectra analyses. The final line-cube sensitivity
achieved was ~0.5 K per 0.5 km s~! channel, consistent with the
expected thermal noise after self-calibration.

3. Results

3.1. Spectroscopic inputs and local thermodynamic
equilibrium modeling

In this work we focused on GA together with the chemi-
cally related amides formamide (NH,CHO, hereafter FA) and
acetamide (CH3C(O)NH,, hereafter AA). Spectroscopic data
for these species were obtained from the Cologne Database for
Molecular Spectroscopy (CDMS'; Miiller et al. 2001, 2005).
Table A.l summarizes the corresponding database entries and
literature sources used for the line parameters.

I https://cdms.astro.uni-koeln.de
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Fig. 1. (a) 1 mm continuum image of G358.93-0.03. Contour levels correspond to (20, 40, 80, 120, 200, 500, 1000, 1700) X o, where o is the rms
noise level. The white ellipse in the lower-left corner indicates the synthesized beam of 0.15”x0.1” (position angle —87.1°). (b) Enlarged view of
G358.93 MMI. The continuum peak is marked by a white cross, and the offset extraction position used for spectral analysis is marked by a red
cross. (c—e) Integrated intensity (moment-0) maps of NH,CHO, CH3C(O)NH,, and syn-HOCH,C(O)NH, toward G358.93 MM, overlaid with
the 1 mm continuum emission contours from panel (a). The color scale unit is Jy beam™ km s,

The observed spectra were modeled under the local thermo-
dynamical equilibrium (LTE) assumption using CLASS/Weeds
(Maret et al. 2011) sets of Grenoble Image and Line Data Analy-
sis Software (GILDAS?). Five standard parameters were adopted
in the model: source size (6), line width (AV), source velocity
(VLsr), excitation temperature (Te), and column density (V).
To reduce parameter degeneracy, only T.x and N; were treated
as free parameters, and the other quantities were fixed as fol-
lows: 6 was set to the deconvolved continuum sizes, AV to the
average of Gaussian fits for bright unblended lines, and Vs to -
16.5 km s~! for G358.93 MM1 (Brogan et al. 2019). To refine
the LTE parameters, we optimized the initial CLASS/Weeds
model in CLASS/ADJUST using the Powell algorithm (Powell
1964) implemented in the SciPy optimization library. Because
the uncertainties are dominated not only by the fitting procedure
but also by line blending, baseline effects, and the simplify-
ing assumptions of the LTE model, we adopted a conservative
uncertainty of 20% for the derived Tx and N, values.

Although line intensities peak near the continuum maxi-
mum, a detailed line-by-line inspection revealed that most GA
transitions in this region suffer from significant blending with
neighboring species, making reliable identification and fitting
particularly challenging. This severe blending is primarily due

2 http://www.iram.fr/IRAMFR/GILDAS

to the strongest Doppler broadening toward the center, where
lines are most significantly widened and overlapping. To mitigate
this issue, spectra were extracted from slightly offset positions
(Fig. 1b), where most of the GA lines are less affected by blend-
ing and display clean Gaussian profiles with high signal-to-noise
ratios.

3.2. Molecular line identifications

Given the line-rich spectrum of G358.93 MM1, we constructed
a full source model (Appendix B), including the molecules
reported in previous studies and the species identified in this
work, in order to assess potential blends and overlaps in the can-
didate GA lines. The spectroscopic entries used in this model
were retrieved from three main databases: CDMS (Miiller et al.
2001, 2005), the Jet Propulsion Laboratory (JPL) database’
(Pickett et al. 1998), and the Lille Spectroscopic Database
(LSD*; Motiyenko & Margulés 2025). A complete list of all
detected species is provided in Table B.1, together with the LTE
parameters adopted for the full source model, including the exci-
tation temperature (7ex), column density (M), line width (full
width at half maximum), and velocity offset (V,g). For species

3 https://spec.jpl.nasa.gov
4 https://lsd.univ-1lille.fr
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Fig. 2. Unblended or only slightly blended emission lines (red aster-
isks) of syn-HOCH,C(O)NH, toward G358.93 MM 1. Black lines show
the observed spectra, while red lines represent the LTE model of
syn-HOCH,C(O)NH,. Blue lines correspond to a composite model
that includes contributions from all other identified molecular species.
Dashed green lines mark the 30 noise level. The upper-level energies
(E,) of the transitions are given above each panel.

other than GA, AA, and FA, these parameters were adjusted
manually to best reproduce the observed spectrum. This full
source model provides the basis for assessing possible blending
and contamination in the candidate GA features.

Within this framework, GA is identified toward G358.93
MM1 through seven clean spectral features (Fig. 2), six of which
are detected above the 30 level and three above the 5o level.
Some of these clean features consist of multiple overlapping GA
transitions at high K. Taken together, the clean features comprise
17 transitions associated with 7 distinct J values (see Table A.2)
with upper-level energies (E,) ranging from 108 to 389 K. All
of these clean transitions are R-branch lines, including 7 a-
type and 10 b-type transitions. Their relative intensities are well
reproduced by the LTE model, and no stronger clean GA lines
expected within the covered bands are missing from the observed
spectrum. However, given the limited bandwidth (~8 GHz), the
modest number of securely detected transitions, and the high line
density of this warm HMC, a coincidental assignment cannot be
excluded with the confidence required for a firm detection claim.
We therefore regard the identification as tentative. Under the
LTE assumption, the best-fit model yields a column density of
N(GA) = (5.3+1.1)x10"¥cm2 and an excitation temperature of
T (GA) = 102+20 K, with the linewidth of GA set to 1.4 km s~!.

As an independent consistency check on the best-fit LTE
solution, we performed a rotational-diagram analysis based on
seven unblended transitions of GA (Appendix C). The derived
rotational temperature, T, = 107+21 K, is in good agree-
ment with the excitation temperature obtained from the best fit,
supporting the reliability of the adopted LTE treatment.

We also assessed the robustness of the continuum sub-
traction by comparing our CASA-based procedure with STAT-
CONT (Sanchez-Monge et al. 2018), an automated tool designed
to determine the continuum level in line-rich spectra with-
out manual intervention. The spectra produced by the two
methods are nearly identical. The derived LTE parameters
from the STATCONT-based spectra are also consistent with
those from the CASA-based approach, although the col-
umn density derived from the STATCONT-based analysis is
approximately 30% lower than that from the CASA-based
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Fig. 3. Observed (gray) and best-fit LTE-modeled (red) spectra of
NH,CHO, NH}*CHO, and CH;C(O)NH, toward G358.93 MML. All
other plotting conventions are the same as in Fig. 2.

approach (see Appendix D for details). This comparison indi-
cates that the tentative GA identification is not driven by the
particular continuum-subtraction method adopted.

Chemically related amides, FA and AA, were also examined.
For FA, three unblended emission lines of the parent isotopolog
and five of its '3C isotopolog (NH,'*CHO) were detected (see
Fig. 3 and Table A.2). In the analysis, the line widths were
fixed to the average values of 2.8 km s~! for the FA lines and
2.0 km s~! for the NH,!'3CHO lines to derive the column den-
sities and excitation temperatures. The derived parameters are
N(FA) = (18.8+3.8)x10“cm™? with T (FA) = 124425 K, and
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Table 1. Molecular parameters derived from LTE fits using CLASS, and
corresponding abundances relative to H,.

Species Tex N X,
(K) (10 cm™2)  (10719)
NH,CHOP 124+25 18.8+3.8 2.4+0.7
NH,CHO¢ - 170.8+45.4  21.9+6.2
NH,'*CHO 112+22 6.1+£1.2 0.8+0.2
CH;C(O)NH, 171+34  88.1x17.6  11.3+3.1
syn-HOCH,C(O)NH, 102+20 5.3+1.1 0.7+0.2

Notes. * Molecular abundances relative to H,. The adopted N(H,) and
its derivation are described in Appendix E.® “Best-fit column den-
sity of NH,CHO” refers to the parent isotopolog; optical-depth effects
are discussed in the text. © To mitigate the optical-depth effects, the
NH,CHO column density was derived from NH?CHO, scaled by the
ratio '2C/"*C = 28+5 (Yan et al. 2023).

N,(NH,"3CHO) = (6.1+1.2)x10"*cm~2 with T (NH,'*CHO) =
112+22 K. Because the FA lines are substantially optically thick,
yielding an unrealistically low apparent '2C/'3C ratio of 3.1, we
used the optically thin '*C isotopolog to infer the total FA col-
umn density, N,(FA), adopting a scaling factor of '?C/!3C =28+5
(Yan et al. 2023). For AA, ten unblended lines with E,=148-
213 K were identified, and their line widths were fixed to the
average value of 2.1 km s~ in the analysis, giving N{(AA)=
(88.1£17.6)x10™cm™2 and T (AA) = 171+34 K. All derived
parameters are summarized in Table 1. From these measure-
ments, the molecular abundance ratios in G358.93 MM1 are
FA/AA~1.9+0.6, AA/GA~16.6+4.8, and FA/GA~32.3+10.9.
These ratios serve as key diagnostics for comparing amide chem-
istry across distinct interstellar environments and for testing
chemical network models (see Sect. 4.1).

3.3. Spatial distribution

The spatial distributions of FA, AA, and GA were analyzed using
the Cube Analysis and Rendering Tool for Astronomy (CARTA;
Comrie et al. 2021). Only transitions verified to be free of signif-
icant blending were utilized to generate the integrated-intensity
(moment-0) maps. As shown in Figs. 1c—e, the emissions of both
FA and AA are nearly co-spatial with the 1 mm continuum peak
of G358.93 MM, consistent with previous findings for amide-
bearing species (Duan et al. 2025b). The newly obtained GA map
is compact and coincident with both the FA and AA emission
peaks as well as the continuum maximum. The close morpholog-
ical correspondence among all three amides indicates that they
likely share related formation environments or interconnected
chemical pathways in the hot-core region.

4. Discussion
4.1. Comparison with other sources and chemical models

To place the amide chemistry of HMC G358.93 MM in context,
the derived molecular abundances and abundance ratios have
been compared with those measured in other sources and with
predictions from chemical models. All abundances are normal-
ized to H,. The adopted N(H») and its derivation are described
in Appendix E. For reference, observational data were compiled
for the molecular cloud G+0.693-0.027 (Rivilla et al. 2023; Zeng
et al. 2023) and two HMCs: Sgr B2(N2) (Sanz-Novo et al. 2020;
Belloche et al. 2017) and G31.41+0.41 (Colzi et al. 2021). Model

predictions were drawn from Sahu et al. (2020) and Garrod et al.
(2022).

Across all sources, a consistent abundance hierarchy is appar-
ent: AA and FA are substantially more abundant than GA, while
FA is typically comparable to or slightly higher than AA (Rivilla
et al. 2023; Sanz-Novo et al. 2020; Colzi et al. 2021; Zeng et al.
2023; Belloche et al. 2017). G358.93 MM1 follows this overall
ordering, although its FA/AA ratio lies toward the lower end of
the hot-core distribution. In contrast, significantly higher values
— such as FA/JAA = 25.8 in SgrB2(N2) (Belloche et al. 2017) —
suggest that source-to-source variations reflect a combination of
optical-depth effects, excitation temperature differences, beam
dilution, and time-dependent chemistry along distinct warm-up
tracks (Garrod et al. 2022). Despite these differences, the abun-
dance ratios among FA, AA, and GA generally agree within
an order of magnitude, suggesting that the underlying amide
chemistry is broadly consistent across environments.

The most striking discrepancy arises for GA, whose
observed abundance is systematically lower than predicted by
current astrochemical models. While models (Sahu et al. 2020;
Garrod et al. 2022) tend to produce GA at levels comparable
to or exceeding AA, observations of both G358.93 MMI1 and
G+0.693-0.027 show it to be at least one order of magnitude
lower than AA (this work and Rivilla et al. 2023). This ten-
sion likely reflects an overestimation of GA formation efficiency
and/or an underrepresentation of its destruction processes in cur-
rent networks — potentially due to optimistic diffusion barriers,
incomplete treatment of OH- and H-abstraction reactions, or
neglected photolytic pathways (Sahu et al. 2020; Garrod et al.
2022).

4.2. Chemical linkages of GA with FA and AA

Since the first detection of GA in G+0.693-0.027 (Rivilla et al.
2023), its chemical relationship to AA has been a central topic
of discussion. Structurally, GA is the a-hydroxy derivative of
AA (-CH3; — —CH,0OH), naturally suggesting a shared forma-
tion network. GA can form via the OH + NH,COCH, reaction,
where the NH,COCHj radical has been experimentally demon-
strated to arise from H-abstraction at the methyl site of AA
(Haupa et al. 2020). An alternative formation route proposed by
Garrod et al. (2008) begins with H-abstraction from FA to pro-
duce the NH,CO radical, which then reacts with CH,OH to yield
GA. These pathways collectively link GA formation to both FA
and AA through common intermediate radicals.

Observationally, our ALMA data toward G358.93 MM1 are
consistent with this precursor-based framework. Both AA and
FA are substantially more abundant than GA (AA/GA~16.6 and
FA/GA~32.3; Fig. 4), providing ample reservoirs of precursor
radicals under warm-up conditions. Moreover, the close spa-
tial correspondence among GA, AA, and FA (Fig. 1) further
supports a shared chemical environment. The similarity of the
FA/GA and AA/GA ratios of G358 MM1 and G+0.693-0.027
(Rivilla et al. 2023; Zeng et al. 2023) suggests that analo-
gous amide-forming networks operate across both quiescent and
hot-core regimes.

Nevertheless, with only two confirmed GA detections to
date, any conclusions regarding its precise formation mecha-
nisms remain preliminary. Expanded surveys targeting sources
with different warm-up timescales, UV and cosmic-ray irradi-
ation levels, and ice compositions — together with models that
incorporate refined diffusion barriers, abstraction and destruc-
tion kinetics, and reactive-desorption efficiencies — will be
crucial to constrain the chemical linkage of GA to FA and AA.

A93, page 5 of 9



Duan, C., et al.:

A&A, 709, A93 (2026)

1E-05
£ (a) ( NH,CHO ™1 CH,C(O)NH, ™ HOCH,C(O)NH, |
o 1E-06 F
2
(o]
Z 1E-07 f
©
2 1e-08
wv
[0}
S 1E-09
©
©
S 1E-10 k
Ke)
<<
1E-11
G358.93 MM1 G+0.693-0.027  SgrB2(N2) ~ G31.41+0.41  Model 1 Model 2 Model 3 Model 4
1000.0 (b) NH,CHO/CH,C(O)NH, 10000 F o e clomm mocH,clomm, | 1000 (d)NH CHOJHOCH,C(O)NH,
., 1000 100.0 E 6 100.0 £
o
k)
2 ® o
5 100 F o 00 10.0 £ O 6 10.0
3 o o
o @) Q o
o
= 10} 1.0 E 1.0 E 1) @)
1Y SN Y SN oY B N
S A AN D VAR \Z QRN '\r ’L ”) ™ DNy '\r ”)
Qs %\&x@ F PP QIS " NS t&\ \\“\ oY qﬁw S b°’ g
Kt %&qxqa%we\e\@@ %Q/b%%q&‘bv\@@@@
0 o° < Q8 T 7S T
& X S © S ©

Fig. 4. (a) Abundances of FA, AA, and GA relative to H, in G358.93 MM, compared with other sources and model predictions. Model labels (1)=
-(3) signify fast, medium, and slow warm-up models from Garrod et al. (2022), and (4) signifies the model of Sahu et al. (2020). (b—d) Abundance
ratios FA/AA, AA/GA, and FA/GA. Arrows denote lower limits. The cyan-shaded regions indicate the uncertainty ranges (one order of magnitude)

for the ratios derived in this work.

5. Conclusions

We present the tentative detection of syn-glycolamide (syn-
HOCH,;C(O)NH,, GA) toward a HMC, G358.93-0.03 MM,
through seven unblended transitions with upper-level energies
ranging from 108 to 389 K based on ALMA 1 mm data.
Confirmation of this tentative identification will require future
observations with a broader frequency coverage to reduce the
likelihood of coincidental line blending in this line-rich source.
The derived abundance of GA relative to H is (6.8+2.0)x10'!.
In the same source, acetamide (CH3C(O)NH,, i.e., AA) and for-
mamide (NH,CHO, i.e., FA) were also detected. The abundance
ratios FA/GA and AA/GA in G358.93 MMI1 closely resemble
those measured in the molecular cloud G+0.693-0.027. These
similarities suggest that related amide-forming networks operate
in different environments, though the small number of GA detec-
tions precludes firm conclusions. Notably, current astrochemical
models appear to overproduce GA, implying that its formation is
overestimated and/or key destruction pathways are missing.

This detection extends the known occurrence of GA from
Galactic center clouds to warm, dense protostellar environments,
demonstrating that complex amides — and, by extension, amino
acid precursors — can survive under the physical conditions
characteristic of massive star formation. Continued laboratory,
observational, and modeling efforts will be essential to constrain
the formation routes and assess the broader astrochemical role of
such species.

Data availability

The G358.93-0.03 data used in this paper are from ALMA. The
raw dataset and documentation can be downloaded from https:
//almascience.nrao.edu/aq/. The derived data underlying
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this article are available in the article and in the supplementary
material on Zenodo.
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Appendix A: Spectroscopic line lists

Spectroscopic line lists used in this work were retrieved from the CDMS database. Table A.l summarizes the catalogs entries,
molecular identifiers, and the primary laboratory or theoretical studies on which each entry is based. Table A.2, only available
on Zenodo, lists spectroscopic parameters of all unblended or minimally blended transitions analyzed in this work, including rest
frequencies, upper-state energies (E,,), Einstein A-coefficients (A;j), degeneracies (gyp), line width (AV), and integrated intensity

([ Tupav).

Table A.1. Spectroscopic data sources and references used in this work.

Sources Species Catalog ID Ref.
Kukolich & Nelson (1971)
Hirota et al. (1974)

Gardner et al. (1980)
Formamide 045512 Moskienko & Diubko (1991)
NH,CHO Vorob’eva & Dyubko (1994)

Blanco et al. (2006)

Kryvda et al. (2009)

Motiyenko et al. (2012)
Formamide Gardner et al. (1980)
CDMS 046512 Kryvda et al. (2009)

13
NH,"CHO Motiyenko et al. (2012)
Kojima et al. (1987)

) Heineking & Dreizler (1993)
Acetamide 059518 Suenram et al. (2001)
CH3C(O)NH, Yamaguchi et al. (2002)

Ilyushin et al. (2004)
syn-Glycolamide 075517 Sanz-Novo et al. (2020)

syn-HOCH,C(O)NH,

Appendix B: The full source model of G358.93 MM1

To make sure that the spectral models are reliable, we added full source model fitting. All species in G358.93 MM1 have been
included. The full source model is shown with a solid blue line in Fig. B.1. A complete list of all detected species is provided
in Table B.1, together with the LTE parameters adopted for the full source model, including excitation temperature (7¢y), column
density (Ny), line width (full width at half maximum, FWHM), and velocity offset (V,g). For species other than GA, AA, and FA,
these parameters were adjusted manually to best reproduce the observed spectrum. Figure B.1 and Table B.1 are available exclusively
on Zenodo.

Appendix C: The rotational diagram analysis for GA

In(N,/g,)

Fig. C.1. Rotational diagram of GA. Black points represent the observed data, while red lines indicate the best-fit results. The derived rotational
temperature (7o) is shown in the lower-left corner, with an assumed uncertainty of 20%.

To verify the optimality of the fitting results from CLASS/ADJUST and the validity of the LTE assumption, we have made
a rotational diagram analysis (Fig. C.1) using seven unblended transitions of GA. The rotational temperature and column density
of a given species can be derived using the rotational diagram method, provided that multiple transitions covering distinct upper-
level energies are available (e.g., Goldsmith & Langer 1999; Liu et al. 2002). Assuming LTE and optically thin emission, the level
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populations across different transitions can be characterized by a single rotational temperature. Additionally, under the assumption
that the molecular emission completely fills the telescope beam, the beam-averaged column density and rotation temperature can be
described by the following expression (Goldsmith & Langer 1999; Remijan et al. 2003; Qin et al. 2010):

2
1n(ﬂ) =ln( N, )— Eup =1n( Sk )fTMB dv, (C.1)
Yup O(Tror) kT o hC3Auzgup
where N, is the column density of the upper energy level, gy, is upper level degeneracy, N, is the total beam-averaged column
density, Oy is the rotational partition function, E,, is the upper level energy in K, k is the Boltzmann constant, T is the rotation
temperature, v is the transition frequency, 4 is the Planck constant, c is the speed of light, Ay is the Einstein emission coefficient,
f Twmpdv is the integrated intensity of the specific transition.

The rotational diagram yields a rotational temperature of 107 + 21 K. Considering the errors, the result agrees reasonably well
with the value of 102 + 20 K derived by the CLASS/ADJUST.

Appendix D: STATCONT-based continuum subtraction and LTE modeling of GA

To address the potential impact of continuum subtraction on the identification of weak spectral features, we repeated the continuum
subtraction using STATCONT (Sanchez-Monge et al. 2018), an automated tool designed to determine the continuum level in line-
rich spectra without requiring manual selection of line-free channels. This analysis was performed to verify that our conclusions are
not dependent on the specific continuum-subtraction method employed.

Figure D.l presents a comparison between the spectra obtained with the CASA-based continuum subtraction and the
STATCONT-based method, and can be found exclusively on Zenodo. The two spectra are nearly identical across the observed
frequency ranges, demonstrating that our manual continuum subtraction procedure does not introduce systematic biases and that the
identification of weak spectral features is robust against the choice of continuum-subtraction method.

Using the STATCONT-processed data, we re-identified the candidate GA transitions and performed LTE modeling following the
same methodology described in the main text. Figure D.2 shows the unblended or only slightly blended emission lines (marked with
red asterisks) of GA toward G358.93 MM 1 identified in the STATCONT-based spectra, and is also available exclusively on Zenodo.
Compared with the CASA-based analysis, the rms level in the STATCONT-based spectra is slightly higher (~1.65 K), resulting
in five lines detected above 30 instead of six. Nevertheless, the same seven unblended candidate GA lines are recovered, and the
derived column density and excitation temperature — N = (3.7 £ 0.7) X 10'* cm™2 and T, = 98 + 20 K — are consistent with those
obtained from the CASA-based analysis within the adopted uncertainties. Notably, the column density derived from the STATCONT-
based analysis is approximately 30% lower than that from the CASA-based analysis (5.3 x 10'* cm~2). This comparison shows that,
although the derived column density is somewhat method-dependent, our conclusions regarding the tentative identification of GA is
not driven by the particular continuum-subtraction approach adopted.

Appendix E: H, column density from the dust continuum

We estimated the molecular hydrogen column density, Ny,, from the 1 mm dust continuum emission under the standard assumption
of optically thin thermal dust emission. The beam-averaged column density was calculated using the following relation (e.g., Maret
et al. 2011; Bonfand et al. 2019):

SR
Ny, o

o SR (E.D)
) MmHQKVBV(TdUSt)

where §, is the integrated continuum flux density within the extraction beam, Rgg = 100 is the gas-to-dust mass ratio, u = 2.8 is the
mean molecular weight per H, molecule (Kauffmann et al. 2008), my is the mass of hydrogen atom, € is the beam solid angle, «,
is the dust opacity, and B, (Tqus) is the Planck function evaluated at the dust temperature Tq,s. We adopt «, =2 cm? g~! at A~1 mm
(Bonfand et al. 2019) and T4ust = 150 K, following Chen et al. (2020). With these assumptions, we derive Ny, = (7.82+1.56)x10%**
cm~2 for G358.93 MM, where a conservative uncertainty of 20% is assumed. Molecular abundances relative to H, were then
calculated as y = N;/Nu,, and the resulting y values are reported in Table 1.
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