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Numerical simulations have predicted that substructures
such as spiral arms can be produced through a gravitation-
ally unstable disk around high-mass young stellar objects
(HMYSOs)™*. Recent high-resolution observations from the
Atacama Large Millimeter/submillimeter Array have investi-
gated these substructures at a spatial resolution of ~100 au
(refs. ¢7'°). An accretion burst, which is a manifestation of an
increase in the accretion rate caused by a gravitational insta-
bility in the disk'"""2, can result in luminosity outbursting phe-
nomena—as has been seen in several HMYSOs""“. However,
no clear relationship between the accretion bursts and disk
substructures has been established. Here we report the
detections of three new molecular maser species, HDO, HNCO
and CH,OH, from the direction of the HMYSO G358.93-0.03
during a 6.7 GHz methanol maser flaring event™. High-quality
imaging of the three new maser species exhibits consistent
observational evidence that these masers closely trace the
spiral-arm substructures around this HMYSO. The rapid
decay of the spectral lines emitted from these molecules sug-
gests that these are transient phenomena (for only ~1month),
probably associated with rapid changes in radiation field due
to an accretion burst. Therefore, these new maser species
provide evidence linking the spiral-arm substructure with an
accretion burst, both expected from massive disk instabilities.

The methanol maser in the 6.7 GHz 5,—6, (Jy—J k) A* transition
from the direction of G358.93-0.03 has been undergoing a period of
flaring since January 2019 (ref. '°). During this period, the 6.7 GHz
maser emission has increased by two orders of magnitude from
<10]Jy in early observations'>' to ~1,000Jy in mid-March 2019'"'%.
Intensive monitoring and follow-up observations at a range of
wavelengths'/~*! were performed in the direction of this source by
the Maser Monitoring Organization (M20O, which is a global coop-
erative of maser monitoring programmes; https://www.masermoni-
toring.com). A number of new methanol transitions (about 20 new
lines), including the first methanol masers from rotational lines
within the first two torsionally excited states (v,=1 and 2)""*" and

BC-substituted isotopic methanol (*CH,OH) transitions®', have
been discovered during this flaring activity. These results indicate
that the physical environment during the flaring is peculiar. A fac-
tor of two to three increase in the far-infrared flux confirms that the
change in the source’s physical environment may be due to a burst
of accretion onto this HMYSO". The extreme conditions associ-
ated with the accretion burst may naturally excite many more maser
transitions from methanol and even from other molecules that have
not previously been known to show maser emission. In this Letter,
we report the discovery of HDO and HNCO maser emission that,
combined with the recently reported discovery of an isotopic meth-
anol maser?', brings the total number of new maser species detected
during the current flare to three.

Using the Shanghai 65-m Tianma radio telescope (TMRT),
we made the first detection of emission from both HDO 3,,—4,,
(20.460GHz) and HNCO 1,,—0,,, F=2-1 (21.981 GHz) tran-
sitions in the direction of G358.93-0.03 on 2019 March 17.
Higher-resolution follow-up observations were then conducted
with the Karl G. Jansky Very Large Array (VLA) on 2019 April 4 to
confirm that the detections were masers (see Methods). The spatial
distribution and spectra of the HDO and HNCO maser emission
derived from the VLA observations are shown in Fig. 1. It can be
clearly seen that the spectra of both of the molecular transitions
have a narrow velocity range (from —16.5 to —15kms™). During
the VLA observations, the HDO emission showed a double-peaked
profile with maximum flux densities of 3.6 and 1.3Jy at veloci-
ties of —16.2 and —15.4kms™, respectively. In comparison, the
HNCO emission showed a single peak with a flux density of 2.0 Jy
at a velocity of —15.3kms™". The HDO maser spots are distributed
in two spatial clusters surrounding the HMYSO, which is traced
by the dense core of submillimetre continuum emission from
MMI revealed by Atacama Large Millimeter/submillimeter Array
(ALMA) observations™. Spots showing the HNCO transition are
distributed in locations 0.075 arcsec southwest of the HMYSO, cor-
responding to 520au at an assumed kinematic distance of 6.7 kpc
(estimated using the kinematic Galactic rotation model reported in
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Fig. 1| Spatial distribution and spectra of multiple molecular maser transitions detected in the direction of G358.93-0.03 with the VLA. a, Spatial
distribution (top) and spectra (bottom) for the 20.460 GHz HDO, 21.980 GHz HNCO and 22.235 GHz H,0 maser transitions. b, Spatial distribution and
spectra for a narrower velocity range to emphasize the spatiokinematic structure of the same HDO and HNCO transitions along with the 14.300 GHz
3CH,OH transition. Each maser spot is represented by a symbol with an area proportional to its flux density (multiplied by 5 for the H,O maser and 0.1
for the ®CH;OH maser) on a logarithmic scale with a colour indicating its velocity relative to the local standard of rest V. The distribution of the maser
emission is relative to the ALMA millimetre continuum source MM1 at right ascension =17 h 43 min 10.1015 s and declination §=—-29° 51" 45.6936"
(J2000). The extent of the black plus shows the absolute positional uncertainty (~0.03”) of MM1%°. The relative positional uncertainty of each maser spot
is typically less than 0.01”. The data points shown in this figure are from Supplementary Tables 2-5.

ref. * at a systemic source velocity relative to the local standard of
rest of Vig=—16.5kms™"). Part of the HDO maser emission arises
to the southwest, from the same location as the HNCO emission,
but the brightest HDO maser spots are located about 0.11arcsec
(750au) southeast of the HMYSO. The brightness temperature
range of the detected HDO emission is 3.4X10?-3.0x10*K and
1.2x10°-1.6 X 10*K for HNCO (see Supplementary Tables 2 and 3).
Note that these values are lower limits because these maser spots
cannot be distinguished at the angular resolution of the VLA. These
lower limits on the brightness temperatures are much higher than
the typical kinetic temperatures of 100-400K for molecular emis-
sion from HMYSO hot cores”, and therefore very probably result
from masering.

For comparison, the spatial distribution and spectra of maser
emission from the 22.235GHz H,O transition detected during
the same VLA K-band observations, and the 14.300 GHz 5,—6, A*
BCH,OH detected in previous VLA Ku-band observations on 2019
March 24 (ref. *') are overlaid in Fig. 1. This shows that the velocity
ranges of both the HDO and HNCO maser emission only overlap
with the redshifted emission from other maser species and that nei-
ther of the HDO nor HNCO maser spots are spatially coincident
with H,O masers. In the case of HDO, which shows a completely
different spatial distribution and spectral profile to the H,O maser,
this is particularly odd, given that both are isotopologues of the
water molecule. The *CH,OH maser spots, however, show some
spatial coincidence with both HNCO and HDO maser spots.

Together, the *CH;OH masers and HDO and HNCO masers
exhibit the morphology of a two-armed spiral feature, as shown

in Fig. 1b. One reasonable scheme to explain this structure is that
the arms trace accretion flows that proceed onto the central star in
spiral trajectories. We used a semi-analytical model to calculate the
spatial trajectory and velocity field of the accretion flow. The details
of the modelling of the trajectories are described in the Methods
and the results of the model are shown in Fig. 2. The observational
results can be reproduced with a model that features a central pro-
tostar with a mass of M.~12 +3 M, (see Supplementary Table 6).
As seen in Fig. 2b, the optimized model trajectories are consis-
tent with the observed maser spot distributions. The two arms of
the accretion flow are modelled independently; each have compara-
ble values for the parameters. In particular, the two flows have very
similar inclination angles, suggesting that they originated from the
same structure; possibly a disk that later became fragmented. For
each arm, the trajectory seems to have a marked turn-over point at
radius r=0.07 arcsec (~400 au), where the gas motion turns towards
the central star. The two arms (in particular the southern one)
also exhibit increasing numbers of maser spots clustered around
the turning point. Moreover, both the Long Baseline Array (LBA)
observations of 6.7 GHz methanol masers' and ALMA observations
of (sub)millimetre methanol masers® in this source have revealed
that those masers are closely clustered at the two turning points. In
the model, the turning point is explained by a drastically increased
damping force around this radius (see Extended Data Fig. 1). In the
scenario of disk fragmentation'?, such increased damping would be
actually caused by a dense gas structure located at this radius, such
as a fragmented clump (see Methods). The inflow would lose much
of its angular momentum during the interaction with the clump and
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Fig. 2 | Kinematic model results for a two-arm spiral structure traced by HDO, HNCO and *CH,0OH masers. a,The best-fit trajectory in three-dimensional
space. The vertical (2) axis is along the line of sight. b, The fitted trajectory projected onto the sky-plane. The colour scale applies to a and b. The
background grey-scale image is the total column density distribution of the inflow. The calculation assumes that the inflow has a comparable number

density and radius to the individual maser spot; that is, n

mass flow rate: v.,(r)/v.,(ro) =n,,(re)/ni. (.

then continue inwards towards the star along a more straight path,
as shown by the inner part of the trajectory (r <0.07 arcsec).

The theoretical calculations show that the observed HDO and
HNCO transitions can produce maser emission under a certain
set of physical conditions (see Methods). The results of pumping
model calculations for the two transitions are presented in Fig. 3. It
can be clearly seen that the maser brightness temperature increases
with the increasing prevalence of the dust over the gas tempera-
ture. The model results for the HDO maser show consistency with
the observed brightness temperatures when the dust temperature
exceeds 150K for both values of the gas temperature. The HNCO
maser shows different behaviour—its model brightness tempera-
ture is consistent with the observations only when the gas tem-
perature is 100K but over a wider range of dust temperatures. The
calculations suggest that the HNCO maser requires a higher gas
temperature for excitation. This is supported by the observation
that the HNCO spots are situated closer to the HMYSO (see Fig. 1).
The difference between the gas and dust temperatures occurs after
the accretion burst, when the increased photon flux (‘heat wave’ in
ref. %) reaches the maser region. The temperature of the dust rises
much faster than that of the gas. As a result, soon after the burst, the
dust is considerably warmer than the gas. The difference between
the gas and dust temperatures eventually decreases due to dust radi-
ation and dust-gas collisions. According to our calculations, this
leads to the maser emission fading, consistent with observations.

A rapid decline in both the HDO and HNCO maser emission
was found in the monitoring observations with the TMRT over the
period 2019 April 5-14 (see Methods). Figure 4 shows the varia-
tions in peak flux density of the HDO and HNCO spectral features
(defined as A and B). For comparison, we also show the variation
in the peak flux density of the *CH,;OH maser at velocities close to
the HDO and HNCO peaks from the TMRT monitoring during the
period 2019 April 2-15 (ref. ?'). It can clearly be seen that these three
new species of masers show substantial decay (overall > 50% and up
to 90% for some features) in a period of less than half a month. Rapid
time-variations of masers are probably related to the changes in the
radiation field, and cannot be associated with the process of kinematic
material transfer. The changes in the radiation field of G358.93-0.03
have been observed in far-infrared observations that show a con-
siderable increase in luminosity”. Such changes may be associated
with an accretion burst, possibly caused by disk fragmentation. In
this process, the fragmentation of the disk results in the formation
of dense clumps that are then rapidly accreted onto the protostar,
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n(re) =6x107cm~3 and radius 7, = 100 au (see Methods% t its starting point (r,,¢,). The inflow
density n,, over the trajectory is assumed to be inversely proportional to the total inflow velocity, vi, = [iz + (r¢)
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Fig. 3 | The expected brightness temperatures under a radiative-radiative
pumping. a,b, Expected brightness temperatures for HDO (a) and

HNCO (b) masers. The model calculations were performed for fixed gas
temperatures of 50 and 100K, respectively.

causing the accretion luminosity to increase, which in turn causes
the emission from common maser lines to brighten, and excites the
maser species reported in this work. The unusual maser conditions
produced by an accretion burst in G358.93-0.03 are expected to be
transient (a timescale of a few months from the M20O project).

At present, the changes in stellar luminosity due to accretion
phenomena are studied only on timescales of tens and hundreds
of years”” whereas the G358.93-0.03 event has a timescale of only
a few months. The influence that the changes in stellar luminos-
ity have on maser brightness is also not well studied and recent
research'”?’ (including this paper) only represents the initial stages
of the study of the complicated structure of the deeply embedded
HMYSO environment. We therefore consider the current research
as an important observational input to studies of the relation
between burst intensity and the associated maser flaring.
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Fig. 4 | The decay in the peak flux density of HDO, HNCO and *CH,OH
maser features obtained from VLA and TMRT observations. Top, example
spectra observed with the TMRT on the dates shown. Bottom, variability in
the peak flux density of each maser line in the spectral ranges of A and B
during the monitoring observation dates. The data for HDO and HNCO on
2019 April 4 were taken with the VLA.

Flaring in the commonly detected 6.7 GHz methanol masers has
previously been linked to accretion bursts in NGC63341-MM1'**
and S255NIRS3'**". The accretion burst in G358.93-0.03 shows dif-
ferent properties to the two previously reported cases, including dif-
ferent enhancement in the flux of the 6.7 GHz methanol masers, and
a quicker rise and decline of the maser burst”. In addition, the two
new maser transitions of HDO and HNCO were not detected with
TMRT on 2019 May to a root mean square (r.m.s.) noise level of
0.1Jy in NGC6334I-MM]1, although maser emission in the 6.7 GHz
CH,OH line was still showing outburst behaviour at this time,
according to monitoring by the M2O project. Together, these dif-
ferences suggest that G358.93-0.03 may represent a new and unique
case for studying high-mass protostellar accretion.

Fragmentation in massive disks due to gravitational instabilities
has been predicted to trigger accretion bursts, resulting in observ-
able increases in luminosity'>"”. At the same time, such instabili-
ties can induce the formation of spiral arms'~ that we can detect
observationally through morphological changes in the disk®'**%*,
Luminosity bursts and spiral arms, however, had not been linked
in the same target. In G358.93-0.03, the distribution of the maser
spots from the newly discovered species, determined to high posi-
tion accuracy (a few tens of au), are consistent with the modelled
spiral-arm structures (see Fig. 2). Furthermore, the appearance and
disappearance of these new maser species in this source are likely
to be associated with a rapidly changing radiation field owing to
the accretion burst. This suggests that the new maser species trace
both the accretion burst and spiral arms induced by massive disk
fragmentation simultaneously, thus providing observational proof
linking them to the same disk fragmentation source.

Disk-mediated accretion bursts are often observed in the forma-
tion of solar-mass stars, such as FU Orionis objects***!. Our findings
further confirm that such a process can occur during the forma-
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tion of massive stars'*. Disk-mediated accretion could therefore be
considered a common mechanism of star formation from low- to
high-mass stars*>~*°. It should be noted that although protostars in
both regimes accrete mass from circumstellar disks, high-mass stars
have higher disk densities and higher disk-to-star mass ratios, lead-
ing to a very different disk evolution due to the (stronger) gravita-
tional instability.

Methods
Observations and data reduction. TMRT observations. Observations of the
20.460 GHz HDO and 21.981 GHz HNCO transitions in the direction of
G358.93-0.03 were first made with TMRT on 2019 March 17. The molecular line
information (see Supplementary Table 1) was retrieved with splatalogue (http://
www.cv.nrao.edu/php/splat) and is based on data provided by the Cologne
Database for Molecular Spectroscopy (CDMS)*** and the JPL catalogue database”.
Clear detections of both transitions were made, and their spectra are shown in the
top panel of Fig. 4. Subsequent monitoring observations of the two transitions were
performed using the TMRT during the period 2019 April 5-April 14 to investigate
their variability. The two transitions were observed with the cryogenically cooled
K-band receiver and digital backend system, which was configured with two
23.4 MHz spectral windows, each with 4,096 channels (corresponding to a channel
spacing of 5.72 kHz or velocity resolution of 0.08 km s~'). The system temperature
ranged between 100-150 K during the observations. The beam size was ~45".
Observations were targeted towards the reported 6.7 GHz methanol maser
G358.931-0.030 (J2000 position: 17h 43 min 10.02's, —29° 51" 45.8"; ref. *').
The aperture efficiency of the telescope was ~50%, achieved using active
surface correction corresponding to a sensitivity of 1.7 Jy K™'. The uncertainty
in the absolute flux density is less than 10%. Observations were conducted in a
position-switching mode, with ~30 on-off cycles (and 1 min on and off intervals).
The typical r.m.s. noise of the observations was ~0.15 Jy per spectral channel.

For comparison, monitoring data of the 14.300 GHz *CH,OH maser obtained
from TMRT monitoring during the period 2019 April 2-15 are also presented in
Fig. 4. The details of these observations are given in ref. >'.

VLA observations. On 2019 April 4 the 20.460 GHz HDO, 21.981 GHz HNCO and
22.235GHz H,0 maser transitions were observed with the VLA in the B-array
configuration. Each of the lines was observed with a 4 MHz band and 512 spectral
channels, corresponding to a channel spacing of 0.09kms~'. The time-dependent
antenna gains were calibrated with frequent observations of the quasar J1744-3116
(J2000 position: 17h 44 min 23.57821s —31° 16’ 36.2943"). 3C286 was observed
to calibrate the bandpass response and flux density. The tracking centre of the
observations of G358.93-0.003 was as for the TMRT observations. The visibility
data were reduced by the standard VLA calibration pipeline with the common
astronomy software applications (CASA 5.3.0) package. The imaging analysis

was carried out in ATNF MIRIAD. The resulting synthesized beam size was
~1.35"%0.35". The 30 detection limit in a single spectral channel was ~50 mJy
per beam. We performed a 2D Gaussian brightness distribution fitting using the
MIRIAD task IMFIT to estimate the positions and flux densities of the detected
maser spots in each channel map. The typical uncertainty in the fitted position of
each maser spot was smaller than 0.01 arcseconds (or 70 au at a distance of 6.7 kpc
to this source). Supplementary Tables 2-4 list the full parameters measured from
the Gaussian fitting of each maser spot for the observed HDO, HNCO and H,0
transitions, respectively.

The spatial distribution and spectra of the 14.300 GHz *CH,OH transition in
the direction of G358.93-0.03 shown in Fig. 1 was achieved from VLA Ku-band
observations made on 2019 March 24. The details for the VLA *CH,OH
observations are described in ref. *'. The full parameters of maser spots for the
14.3 GHz “CH,OH transition are presented in Supplementary Table 5.

Modelling a two-arm accretion flow traced by the new maser species. The spatial
and velocity distributions of the masers suggest that the dense gas is infalling
towards the centre in a spiral trajectory. If the infalling gas is originally rotating,
there should be a decelerating force from the surrounding medium, including
the diffuse gas around the central star and the fragments (or clumps) generated
during the disk fragmentation. As shown in hydrodynamical simulations’, the
fragmentation of the massive star-and-disk system would almost inevitably occur
during its evolution. The clumps would continue to rotate around the star and
interact with the surrounding and infalling gas.

The actual distributions of the fragments and clumps are not well constrained
in observations, thus to reasonably estimate the decelerating force to the
inflow, we consider only the scenario in which the inflow is interacting with
the environmental gas. In this process, the inflow could continuously lose the
angular momentum, and inevitably accrete onto the central star in a two-arm
trajectory. The two-arm trajectory traced by HDO, HNCO and *CH,OH masers
can be modelled using the Lagrange equation, which describes the motion of a
gas element affected by the stellar gravity. The inflow is characterized by a typical
radius r;, and number density n,; the gas element has a mass of
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Min = pmptin (4/3)mr5,, 1)
where y =2.33 is the mean molecular weight. The Lagrangian is

_ mi;VZ N GM:min7 (2)

L

where V'is the velocity of the gas element in the inflow and M. is the stellar mass. V
is related to the observed radial velocity as Vs = (7 sin ¢ + r¢ cos ¢) cosiand i is
the inclination angle between the rotating structure plane and the line of sight. The
spiral trajectory plane would correspond to the original disk around the star. The
equation is

daL aL 9P,

AT

®3)

In the equation, P, acts as a perturbation term, representing the kinetic energy loss
rate during the deceleration caused by the interaction with surrounding medium,
which can be written

1
P, = E}'minvz7 (4)

Its derivative to the velocity is the expression F,, that is

dp,
F, =
av

=yminV, (5)

where y is the damping factor, which characterizes the resistance (or damping) to
the gas element in the inflow. We expect it to be proportional to the environmental
gas density n(r) if the decelerating force is dominated by the hydrodynamical
interaction. Here we adopt a quasi-power-law density profile of

" ©

where the expression of the denominator is adopted to prevent the central
singularity. It would approximate the power-law form towards large r. The y(r)
profile accordingly has a similar form of

10 = )

We expect r, to be comparable to the radius at the turning point, where the
deceleration becomes important so that the gas flow is being rapidly redirected
to the centre. Although the conversion factor between y(r) and n(r) is largely
unknown, we have a qualitative expectation that y(r) would be relatively small
when n(r) < n,,, and would become important if #(r) and n,, are comparable. The
inflow could have a comparable density to the maser spots (see the next section),
namely n,, ~ ..., =5.6x10"cm™.

If letting q;=r and ;= ¢, equation (3) transforms into the following system of
equations, where G is the gravitational constant

. .2 GM, i
7—7¢2+r_2+%=0, (8)
paty ol o ©

r 1+ (rfre)*

One can numerically rebuild the trajectory by running equations (8) and
(9) with small steps of r and ¢. The parameter set that results in the best fit to
the observed maser spots has been achieved by manually adjusting the input
parameters that determine various aspects of the trajectory. We inspected a large
range of parameter space. The quality of model fitting is evaluated from the
deviation between the model trajectory and the observed maser points in the
position and velocity space. When the trajectory becomes reasonably coincident
with the observed masers, we let each parameter vary by 50% around the observed
value to look for the ‘optimized” parameters that lead to the smallest deviation.

It guarantees that the model trajectory is the best fit in this local parameter

space, namely from 0.5 to 1.5X the optimized values. The best-fit parameters are
presented in Supplementary Table 5. We note that the parameters r;,, n,, and n, are
not determined in our current model; m,, also cannot be individually determined
because it depends on the parameters r;, and n,, from equation (1).

Although the model depends on multiple input parameters that are not
constrained to an high accuracy, it exhibits three clear features. First, the model
consistently shows the existence of a central high-mass star (~12M,). Second, as
divided by the turning point, the outer part (r>r,) and inner part (r<r,) of the
spiral inflow have different kinematical properties. The outer part mainly features
rotation, whereas the inner part is mostly dominated by the infall motion, and the
velocity field is noticeably consistent with the observed maser spots. The velocity
field of the inner part cannot be explained by pure rotation unless the rotational
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axis is considerably different from the outer part. Combining the model and
observed masers demonstrates that the inflow proceeds around the central star.

The third and most important feature is that the turning point is dynamically
determined by the y(r), and thus the n(r), profile. To generate the turning point, the
n(r) profile has to drastically increase around r, (see Extended Data Fig. 1). This is
unusual for a spherical dense core. However, it suggests another possibility: that the
inflow may have encountered a particular high-density structure around r,. Such
structures could exist in the scenario of disk fragmentation. The simulations show
that the fragments would usually be generated in various physical conditions and
assembled into clumps and finger-like structures®. These structures would continue
to interact with the surrounding gas, thereby sustaining the stellar accretion after
the major disk structure is fragmented. This is in noticeable consistency with the
inflow velocity field, as well as the clustered maser spots at the southern turning
point. Moreover, we see that the peak damping factor of y,=10""'s" corresponds
to ~1.5 orbits (~620au) at the location of the turning point (410au) around a
12 M, star, indicating that the decelerated accretion flow or fragment can migrate
to the high-mass protostar in such a timescale. In agreement with these analytical
considerations, the simulation also suggests a typical migration timescale of the
forming fragments of 1-2 orbits"”.

The gravity of the clump may be involved in the interaction with the infall.
To be specific, a fragment or accretion flow (named A) is on an unperturbed
orbit until it approaches a fragment (named B) at the turning point. B exerts
a gravitational torque on A and decelerates it along its orbital motion. As a
consequence, the stellar gravity acting on A is no longer in equilibrium with the
centrifugal force, and A quickly migrates towards the protostar. Accretion flow (or
fragment) interactions with fragments seem to also agree with the damping curve,
which resembles a sudden impact.

Pumping model for the HNCO and HDO masers. The main goal of the pumping
model here is to explain the following observational facts:

(1) There is maser emission in both HDO 3,,—4, , (20.460 GHz) and HNCO
19,—000, F=2 — 1 (21.981 GHz) transitions.

(2) HNCO maser emission comes from locations southwest of the HMYSO with
the angular distances up to 0.075arcsec from the HMYSO. At a distance of
6.7 kpc, this corresponds to 520 au. HDO maser emission sometimes comes
from the same locations as the HNCO emission, but the brightest spots have
different locations at about 0.11 arcsec (750 au) southeast of the HMYSO.

(3) HNCO and HDO maser spots do not coincide in position with the spots of
H,O maser, but they are close to *CH;OH maser spots.

(4) HDO and “CH,OH spots form clusters with a characteristic size at about
100au along the arms, but HNCO maser spots probably form one cluster
with a larger size positioned from 100 au to 400 au southwest of the HMYSO.

Observational fact (3) tells us that no HNCO and HDO maser spots coincide
in position with that of the H,O maser, which has a collisional-radiative pumping
mechanism™. At the same time, some of the HNCO and HDO maser spots
coincide in position with *CH,OH maser, which has a radiative-radiative pumping
mechanism”. Our HNCO and HDO masers are therefore likely to also have a
radiative-radiative pumping mechanism that can be reproduced by models similar
to those presented in refs. *»*. The model is implemented in a custom code (see
https://github.com/ParfenovS/LVG_LRT) and utilizes spectroscopic data for HDO
and HNCO molecules from the LAMDA database*’. The basic model parameters
are specific column density of the masering molecule, internal gas density and
temperature, external dust parameters and the background emission. The external
dust parameters include the dust temperature, dilution factor, W, optical depth
and the grain opacity spectral index. We constrain the model parameters with the
following considerations.

CH,OH masers are quenched at densities ~1.0 X 10° cm~ and achieve their
maximum brightness with densities ~1.0 X 10””>cm™ (=5.6 X 107 cm™; see
ref. ©*). *'CH,OH masers have a similar dependence on the density. Some
of HDO and HNCO maser spots coincide with *CH,OH ones in position
(observational fact (3)). These masers are thus produced at similar densities.

We therefore assumed that the hydrogen number density in the maser clump

is 5.6 X 107 cm™>. We assume that the size of the maser clump is approximately
equal to the size of the maser cluster: 100 a.u. Maser spectral line features have

a full-width at half-maximum of ~0.1km s~ (the same as the spectral resolution
of the VLA observations). We therefore used this value for the estimates of
specific column density. The resulting H, specific column density of the model
maser clump is Ny, /AV ~ 8.4x 10'8 cm® s™!. According to fig. 12 in ref. **, the
relative [HNCO/H,] abundance ratio in the vicinity of a HMYSO can reach
values of ~3 % 107. Thus the HNCO specific column density of the clump can be
Nunco/AV = 3x 107Ny, /AV = 2.5x 10'? cm 3 s 1. According to ref. *, [H,0/
H,] in the massive star formation region Orion KL can reach the ~6.5x 10~
The value of [HDO/H,O] these authors determine is 0.003. The relevant value
of [HDO/H,] is 2 107°. So, assuming that the HDO abundance in G358.93-0.03
is similar to that in Orion KL, the HDO specific column density of the clump
could be about Nypo /AV = 2x 10Ny, /AV = 1.7x 10'* cm ™ s7!. We used

a grain opacity spectral index of 1.7 (ref. *’) and assumed that the frequency at
which the dust emission becomes optically thick is 337.08 GHz (as suggested by
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ref. ). The background emission was the cosmic microwave background, with a

temperature of 2.7 K.

Other model parameters are not constrained and can be used as free
parameters in the pumping model. We performed the calculations of the model
grid by varying W in the range of [0,1], dust and gas temperatures in the range
of [50K,300K]. Our calculations show that brightness temperatures similar to
the observed ones for both HDO and HNCO masers can be achieved in the
models with W;=1 and with dust temperatures exceeding the gas temperature.
The brightness temperatures calculated for the HNCO maser with N0/
AV=2.5x10"%cms" are relatively low in comparison with the limits derived
from observations and do not exceed 2,100 K. The highest observed brightness
temperatures can be modelled with Nyyco/AV=3.5X%10"cm™*s™". This specific
column density can be achieved by increasing the HNCO abundance to
4.5% 1077, which is consistent with estimates given by ref. ** within the bounds of
uncertainties, and/or by increasing the maser clump size up to 140au, which is
consistent with the observed HNCO maser cluster size.

We also performed the calculations for the H,O maser for physical
conditions similar to those used for the HDO and HNCO calculations
with the spectroscopic data from LAMDA and a specific column density of

Niu,o0/AV = 6.5%x 107Ny, /AV = 5.5x 10'° cm 3 s7!. The calculations show that

the H,O masers are not excited in the physical conditions in which the HDO and
HNCO masers are excited (observational fact (3)).

Data availability

The data from both TMRT and VLA that support the plots within this paper and
other findings of this study are available from X.C. on reasonable request. Source
data are provided with this paper.

Code availability

The code for the pumping model of HDO and HNCO masers is available at https://

github.com/ParfenovS/LVG_LRT
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Extended Data Fig. 1| The damping factor y/y, as a function of distance from center protostar. The vertical dashed line denotes the position of turning
point (r, =410 au).
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