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ABSTRACT

The increased sensitivity and spectral resolution of observed spectra towards the pre-stellar core
L1544 are challenging the current physical and chemical models. With the aim of further constraining
the structure of L1544 as well as assessing the completeness of chemical networks, we turn to radiative
transfer modelling of observed molecular lines towards this source. We obtained high-sensitivity and
high-spectral resolution observations of HCO+ (J = 1 - 0), CS (J = 2 - 1), C34S (J = 2 - 1), H2CO
(JKa,Kc = 21,2 - 11,1), c-C3H2 (JKa,Kc = 21,2 - 10,1), SO (N,J = 2,3 - 1,2) and 34SO (N,J = 2,3 -
1,2) with the IRAM 30m telescope towards the dust peak of L1544. A non-Local Thermodynamic
Equilibrium radiative transfer code is coupled to the Markov Chain Monte Carlo method to model
the observations. We find that with just one transition for each isotope, the modelling cannot find a
global minimum that fits the observations. The derived fractional abundance profiles are compared to
those computed with chemical models. The observed transitions trace gas components with distinct
dynamics at di!erent distances along the radius of the core. Moreover, the results evidence a poor
reproduction of sulphur chemistry by chemical modelling and stresses the need to include a more
consistent S-depletion process to accurately reproduce the S-chemistry towards dense cores.

Keywords: ISM: molecules - ISM: clouds - radio lines: ISM - stars: formation - radiative transfer

1. INTRODUCTION

Pre-stellar cores are high-density regions formed
from the fragmentation of filamentary structures that
constitute molecular clouds (Palmeirim et al. 2013;
Hacar et al. 2022). While pre-stellar cores are in the
early stages of gravitational contraction, they have
not yet formed a protostar. These objects are char-
acterised by high densities (nH2 > 105 cm↑3) and
low temperatures (T < 10 K) at their centre (Keto
& Caselli 2008). The study of the physical, chemical
and dynamical properties of these cores and their sur-
roundings helps us gain a comprehensive understand-
ing of the initial conditions that lead to core collapse
and, therefore, to understand the earliest stages of the
star formation process (André et al. 2014).
Molecular spectra have proven to be valuable tools

for characterizing dense cloud cores. Molecular line

→ Based on observations carried out with the IRAM 30m Tele-
scope. IRAM is supported by INSU/CNRS (France), MPG
(Germany) and IGN (Spain)

intensities, widths, and profiles are influenced by the
physical , chemical and dynamical conditions along
the path of the emitted radiation. The information
embedded within observed spectral lines is extracted
through a comprehensive radiative transfer modelling
of the emission accounting for the physical structure
of the observed source, as well as the molecular abun-
dance distribution computed with an astrochemical
code (e.g., Caselli et al. 2002a; Sohn et al. 2007; Keto
et al. 2015; Redaelli et al. 2019; Ferrer Asensio et al.
2022). Upon the fitting of the observed molecular tran-
sitions with a specific chemical model we can addition-
ally gain information on the source’s evolutionary sta-
tus.
L1544 is a well-known pre-stellar core in the Taurus

Molecular Cloud at a distance of 170 pc (Galli et al.
2019). Extensive research has focused on the study of
its physical and chemical properties, revealing it is cen-
trally concentrated, with low central temperatures and
signs of contraction motions (Ward-Thompson et al.
1999; Crapsi et al. 2005, 2007).
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Figure 2. 1D pre-stellar core physical model profiles used for the radiative transfer modelling. The model described in Keto
et al. (2015) is plotted between 0 and 0.32 pc. The vertical dotted black line marks the radius at 0.32 pc. The physical
profiles between 0.32 and 1 pc correspond to an ”external layer” used for some of the transition modelling. The physical
parameters in this external layer are constant profiles with values equal to the value at the edge (0.32 pc) of the pre-stellar
core model in Keto et al. (2015). The molecular hydrogen column density, nH2 , is plotted logarithmically with a black solid
line. The gas temperature, T , is plotted with a blue dashed line. Finally, the velocity profile is plotted with an orange
dash-dotted line.

ranged to give information on the correlation between
the parameters in pairs.
The models presented in this manuscript were run

with 40 walkers for total chains of 10000 steps with
a burn-in of 500 steps. The results correspond to the
median values. For a well-constrained model, the me-
dian values will converge to the model with the highest
probability (lowest ω2). In such cases, the histogram
in a corner plot will often resemble a Gaussian pro-
file, depending on the underlying posterior distribu-
tion. In cases where the parameter cannot be properly
constrained, the histograms are often flat profiles, indi-
cating that the model cannot constrain the parameter,
either due to the lack of information or poor assump-
tions in the model. In the cases where the variable
is not constrained, as seen as a flat, instead of Gaus-
sian, histogram in the corner plot, the stated values
correspond to the median as the highest probability
were not able to be determined. The resulting mod-
elled spectra are convolved with the size of the IRAM
30m beam at each frequency to enable the comparison
with the observed spectra. The spectrum simulated
by LOC corresponds inherently to a pencil beam, and
to account for the beam dilution, the spectrum of the
1D spherically symmetric model is first projected onto
a 2D map of the sky. A 2D Gaussian profile, with a
FWHM corresponding to the HPBW of the IRAM 30m
telescope at the observed frequency, typically extend-
ing from –3→FWHM to +3→FWHM, is then convolved
with the intensity distribution of this 2D model. A 1D
spectrum is subsequently extracted toward the centre
of the core in the convolved 2D map.

3.2. Models and Parameter Space

Past works required small adjustments of the veloc-
ity profile scaling to reproduce some high-sensitivity
observations of molecular transitions towards L1544
(Bizzocchi et al. 2013; Ferrer Asensio et al. 2022).
Thus, for the modelling in this manuscript, we set the
velocity profile scaling, fv, as a parameter to be ex-
plored by the MCMC. Moreover, we include the tur-
bulent velocity dispersion, εturb, as another parameter,
as we expect the turbulence to vary in di!erent parts
of the core and surroundings. Turbulence is known
to decrease within dense cores (e.g. Fuller & Myers
1992; Goodman et al. 1998; Pineda 2010; Choudhury
et al. 2021), likely due to the dumping of magneto-
hydrodynamic waves (e.g. Pineda et al. 2021; Caselli
et al. 2002a).
Some articles in the literature have also shown the

need to scale the fractional abundance profiles com-
puted from pseudo-time-dependent chemical models
(Redaelli et al. 2019; Ferrer Asensio et al. 2022). In
order to gain insight into the molecular radial distri-
butions directly from observations, we use simple step
abundance profiles for the modelling. This choice of
abundance profile takes into account the almost total
molecular depletion observed towards the centre of the
core (Caselli et al. 2022), which has an impact on the
observed molecular emission.
Depending on the nature of the observed molecu-

lar transition, we use either a ”non-extended” or an
”extended” model. The ”non-extended” model cor-
responds to a pre-stellar core physical and chemical

1Dٜٓظ(Keto+'15)

OpenCL (LOC)׾׻מ魞稗銶畀ն
鮝㵣յ轿狯➟丗׼־礴銶䇖辅亠爊䌋؅鉮׀յ
1Dٓיז✳؅ٜظ鮝㵣鮖鴜ն
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Figure 3. Schematics of the abundance profiles used for
the radiative transfer modelling. The vertical axis repre-
sents the abundance, and the horizontal axis the radius
in units of parsec. From the centre of the core (left) to
the parameter r, we have the inner fractional abundance
ain and from r to 0.32 pc, there is the outer fractional
abundance aout. This constitutes the spatial extent of the
”non-extended” model, as indicated by the red stripe at
the bottom of the plot. From 0.32 to 1 pc, we have the
shaded blue area representing the external layer charac-
terised by an external fractional abundance aext, which we
set to the molecular fractional abundance found towards
di!use clouds. Thus, the ”extended” model (from the cen-
tre to 1 pc) is indicated by the blue stripe at the bottom
of the plot. The parameters framed in a box (ain, aout and
r) are those explored by the MCMC.

model 1D profiles that extend to 0.32 pc as used
for the majority of the radiative transfer modelling
of molecules towards L1544 (Giers et al. 2022; Ferrer
Asensio et al. 2022). This model is from Keto et al.
(2015) but sets the fv and ωturb as parameters to be ex-
plored by the MCMC. The molecular abundance pro-
file is constructed with two constant abundance values,
one representing the abundance in the inner part of the
core, ain, and another for the outer part of the core,
aout. The separation of the inner abundance and outer
abundance regions is defined by a radius, r. Conse-
quently, the abundance profile has two zones: ain be-
tween 0 and r pc and aout between r and 0.32 pc (red
stripe in Figure 3).
The ground state spectra of some abundant

molecules, such as HCO+, trace also less dense gas
around the pre-stellar core (Redaelli et al. 2022).
Thus, for molecules expected to be present in this
surrounding extended structure, we adopt the “ex-
tended” model. The extended model consists of the
non-extended model structure (0 - 0.32 pc) with an ad-
ditional layer spanning from 0.32 to 1 pc. The physical
parameter profiles in this extended layer are assumed
to be constant with the values given at the edge (0.32
pc) of the Keto et al. (2015) model. The fv parameter

scales the velocity in the entire model from 0 to 1 pc.
The abundance is kept constant in this external layer
and is set to the observed value towards di!use clouds.
Thus, for the extended model, the abundance profile
is defined by ain (between 0 and r pc), aout (between
r and 0.32 pc), and di!use cloud observed abundance
aext (between 0.32 and 1 pc) (blue stripe in Figure
3). From this point on, the spectra resulting from the
non-extended model are plotted with a solid red line,
and the spectra resulting from the extended model are
plotted with a dash-dotted blue line.
We have 5 parameters explored by the MCMC: ain,

aout, r, fv and ωturb. The prior probability distribu-
tions are set as:

• 10→15 < ain < 10→6.5

• 10→15 < aout < 10→6.5

• 500 < r < 20000 (au)

• 0 < fv < 2

• 0 < ωturb < 0.35 (km/s).

These limits are set from previous knowledge of the
physical, kinematic and chemical nature of the source.
For example, scaling the velocity profile more than the
limit specified above would be incompatible with pre-
vious observations and modelling of CO and H2O to-
wards L1544 (Keto et al. 2015). We also impose the
condition that ain cannot be larger than aout as we
expect the molecules studied here to be depleted to-
wards the centre of the core and, therefore, be less
abundant in that area. The prior distribution is a uni-
form distribution, meaning that all values in the ranges
mentioned above have the same prior probability.

Keto+'15עך擻杼ꄈ㍾㲊ך⴫㰢鶟⴫؅鉮ַי㰆㏇ꄈؒنٞو
ٜؕ؅銶畀(pyRate)ն
ain, aout, r؅奂鬳նס㍑☪כ׿׆

inכoutסꝴ
velocity scaling

⛥㳡䈱ע٭ئ٭ٝعoutס㛙׵מ㍾㲊ꄈն
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Figure 4. Top panel: Comparison of the C34S (2 - 1)
spectra computed with di!erent models. The spectrum
computed with the LOC + MCMC approach is plotted
in a red solid line ( Model 0). The spectrum computed
with the pyRate abundance profile and the resulting LOC
+ MCMC fv and ωturb values is plotted with a dotted
grey line ( Model 1). The C34S spectrum computed with
the pyRate fractional abundance profile and the pre-stellar
core physical model velocity profile (Keto et al. 2015) and
ωturb = 0.075 km/s, is plotted in a grey dashed line ( Model
2). Finally, the observations are plotted with a black solid
line. Bottom panel: C34S fractional abundance profile ob-
tained from the LOC + MCMC modelling of the observed
line profile is plotted in a solid white line, over a red solid
band, indicating the model uncertainties. This is compared
with the fractional abundance profile obtained from pyRate
plotted in a grey dashed-dotted line.

scribed in Keto et al. 2015 and commonly assumed
ωturb = 0.075 km/s, we compute a third spectrum by
using both the abundance profile from pyRate, the ve-
locity profile from Keto et al. 2015, and by setting
ωturb = 0.075 km/s (Model 2; dashed grey line in the

top panel of Figure 4). This spectrum shows a line
profile tending to a single-peak morphology and un-
derestimates the line intensity with respect to the ob-
servations by a similar factor as Model 1.

4.1.2. 34SO

The 34SO (2,3 - 1,2) transition has a single-peaked
component with an asymmetric shoulder at → 6.9 km/s
(Figure 1). Note that this line profile is not related
to infall asymmetry. The infall asymmetry profile is
seen as two-peaked line profiles with a less-intense red
component compared to the blue component. Here,
the asymmetric shoulder appears towards lower VLSR

(blue part). We looked for possible line candidates that
fall close to the 34SO rest frequency without success.
As of now the physical reason behind this asymmetric
shoulder is not clear.The central velocity of this tran-
sition is shifted by 0.23 km/s with respect to the VLSR

of the core when using the frequency value taken from
the CDMS (97715.3170 ± 0.0500 MHz). Thus, the
34SO (2,3 - 1,2) transition was remeasured with the
CAS Absorption Cell (CASAC) in the laboratory of
the Center for Astrochemical Studies (CAS) in Garch-
ing bei München, Germany. The CASAC setup pro-
vides higher frequency accuracy measurements com-
pared to the previously reported measurements for this
molecule in the literature. The rest frequency was mea-
sured to be 97715.395 ± 0.023 MHz (Table 1).
The resulting model fits the observed transition well,

excluding the asymmetric shoulder (observations in
black, Model 0 in red, top panel in Figure 5). Nev-
ertheless, most of the variables are not constrained,
making the corner plot deviate from Gaussian profiles
to more flattened profiles (Figure 18). The resulting
Model 0 parameters are presented in Table 2. The
ain parameter was not constrained, appearing as a flat
profile in the corner plot. Moreover, the r, fv and ωturb

parameters do not show strong constraints. The aout,
on the other hand, appears better constrained with a
visible peak in the corner plot. These uncertainties can
also be seen represented with a broad red band in the
bottom panel of Figure 5. The asymmetric shoulder
may be adding uncertainty to the modelled parame-
ters, especially the ones directly linked with the line
width.
The comparison of the fractional abundance profile

used for the LOC + MCMC line profile modelling
and the fractional abundance profile computed with
pyRate is presented in the bottom panel of Figure 5.
As mentioned above, the radius where the 34SO

abundance drops due to depletion in the centre of the
core found with the LOC + MCMC modelling presents
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The increased sensitivity and spectral resolution of observed spectra towards the pre-stellar core
L1544 are challenging the current physical and chemical models. With the aim of further constraining
the structure of L1544 as well as assessing the completeness of chemical networks, we turn to radiative
transfer modelling of observed molecular lines towards this source. We obtained high-sensitivity and
high-spectral resolution observations of HCO+ (J = 1 - 0), CS (J = 2 - 1), C34S (J = 2 - 1), H2CO
(JKa,Kc = 21,2 - 11,1), c-C3H2 (JKa,Kc = 21,2 - 10,1), SO (N,J = 2,3 - 1,2) and 34SO (N,J = 2,3 -
1,2) with the IRAM 30m telescope towards the dust peak of L1544. A non-Local Thermodynamic
Equilibrium radiative transfer code is coupled to the Markov Chain Monte Carlo method to model
the observations. We find that with just one transition for each isotope, the modelling cannot find a
global minimum that fits the observations. The derived fractional abundance profiles are compared to
those computed with chemical models. The observed transitions trace gas components with distinct
dynamics at di!erent distances along the radius of the core. Moreover, the results evidence a poor
reproduction of sulphur chemistry by chemical modelling and stresses the need to include a more
consistent S-depletion process to accurately reproduce the S-chemistry towards dense cores.

Keywords: ISM: molecules - ISM: clouds - radio lines: ISM - stars: formation - radiative transfer

1. INTRODUCTION

Pre-stellar cores are high-density regions formed
from the fragmentation of filamentary structures that
constitute molecular clouds (Palmeirim et al. 2013;
Hacar et al. 2022). While pre-stellar cores are in the
early stages of gravitational contraction, they have
not yet formed a protostar. These objects are char-
acterised by high densities (nH2 > 105 cm↑3) and
low temperatures (T < 10 K) at their centre (Keto
& Caselli 2008). The study of the physical, chemical
and dynamical properties of these cores and their sur-
roundings helps us gain a comprehensive understand-
ing of the initial conditions that lead to core collapse
and, therefore, to understand the earliest stages of the
star formation process (André et al. 2014).
Molecular spectra have proven to be valuable tools

for characterizing dense cloud cores. Molecular line

→ Based on observations carried out with the IRAM 30m Tele-
scope. IRAM is supported by INSU/CNRS (France), MPG
(Germany) and IGN (Spain)

intensities, widths, and profiles are influenced by the
physical , chemical and dynamical conditions along
the path of the emitted radiation. The information
embedded within observed spectral lines is extracted
through a comprehensive radiative transfer modelling
of the emission accounting for the physical structure
of the observed source, as well as the molecular abun-
dance distribution computed with an astrochemical
code (e.g., Caselli et al. 2002a; Sohn et al. 2007; Keto
et al. 2015; Redaelli et al. 2019; Ferrer Asensio et al.
2022). Upon the fitting of the observed molecular tran-
sitions with a specific chemical model we can addition-
ally gain information on the source’s evolutionary sta-
tus.
L1544 is a well-known pre-stellar core in the Taurus

Molecular Cloud at a distance of 170 pc (Galli et al.
2019). Extensive research has focused on the study of
its physical and chemical properties, revealing it is cen-
trally concentrated, with low central temperatures and
signs of contraction motions (Ward-Thompson et al.
1999; Crapsi et al. 2005, 2007).
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Figure 5. Same as Fig. 4, but for the 34SO (2,3 - 1,2)
transition.

large errors (seen as a broad red vertical band in the
bottom panel of Figure 5). The depletion radius is
larger in the LOC + MCMC model than in the pyRate
abundance profile, even when taking into account the
error bars. The 34SO aout value found with the LOC
+ MCMC modelling is a factor of → 3 higher than the
highest 34SO abundance from pyRate. Nevertheless,
the aout LOC + MCMC value and the pyRate abun-
dance in this region agree within errors.
As done for C34S, we compare the spectra computed

with the di!erent abundance profiles and physical pa-
rameter combinations, Model 0, 1 and 2 (for more in-
formation refer to Section 4.1.1). Model 1 (dotted grey
line in top panel, Figure 5) overestimates the intensity
with respect to the spectrum computed with Model 0
by a factor of → 1.4 (red solid line in top panel, Figure
5). Model 2 is double-peaked and overestimates the

line intensity by a factor of → 1.5 (dashed grey line in
top panel, Figure 5).
As mentioned above, the spectra computed with the

abundances predicted by pyRate, Models 1 and 2 (grey
spectra in top panel, Figure 5), are more intense than
the one computed with the step abundance profile con-
strained by the LOC +MCMC approach; Model 0 (red
spectrum in top panel, Figure 5). This is due to the
fact that the pyRate abundance profile is significantly
below that derived by the LOC +MCMC (dash-dotted
grey and white lines, respectively, in bottom panel,
Figure 5). The line intensity results from a combina-
tion of factors including the nH2 of the emitting region.
The spectra computed with the abundances predicted
by pyRate, shown in grey in top panel, Figure 5, arise
from a region closer to the centre of the core (see the
peak of the abundance profile; dash-dotted grey line in
bottom panel, Figure 5), with respect to the LOC +
MCMC computed spectrum (red in top panel, Figure
5), which emits from larger radii (white line in bottom
panel, Figure 5).

4.1.3. HC17O+

The HC17O+ (1-0) transition, first presented in Fer-
rer Asensio et al. (2022), is split into three hyperfine
components (F ↑ F

→
5/2 ↑ 5/2, 5/2 ↑ 7/2 and 5/2

↑ 3/2, from lower to higher velocity), which are in
turn displaying a double-peaked line profile (Figure 1).
The hyperfine structure of the HC17O+ (1-0) transi-
tion occurs because the nuclear spin of 17O (I = 5/2)
and the molecular rotation are coupled, resulting in the
splitting of the J = 1 rotational level. In Ferrer Asen-
sio et al. (2022), the observations were successfully re-
produced with LOC using the pre-stellar core physical
model described in Keto et al. (2015) and the HC17O+

fractional abundance profiled scaled from the HCO+

fractional abundance profile computed with pyRate.
In this work, we test the LOC + MCMC approach us-
ing a step abundance profile (solid white line over a
red solid band, Figure 6).
The LOC + MCMC fits the line double-peaked pro-

file slightly overestimating the intensity at the centre,
not fully reproducing the depth of the dip, neverthe-
less, this discrepancy falls within the noise (Model 0,
Figure 6). The variable values are presented in Table
2 and the corner plot in Figure 19.
The comparison of the LOC + MCMC fractional

abundance profile and the fractional abundance pro-
file computed with pyRate is presented in the bottom
panel in Figure 6. As pyRate does not take into ac-
count oxygen isotope chemistry, we scaled down the
HCO+ fractional abundance profile by the [16O/17O]

HC17O+: ainֿ僃׵婊׽ױfvֿ㛻ַ׀
à僃׵⫂⣐ն
舅䄕⻸⹜׷blue skewס☽׼־⮆㯸׵注
㵚氳ם⫂㛙ס꞊➟؅婊㲊ն
34SO׵SO׵pyRateעrֿ㵸ׂ׈յ㛙ך
㰆㏇ꄈֿ㵸ַ׈ն
à⩞╻ꦕյ⮣僿depletion, S硌⴫㰢ס┘
澬׈־ն
Model 1, 2ע魞稗؅ٜؕؒنٞو⫋杯ך
塜ֿ䑒釐ն⟢מpyRateךסַם׀
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Abstract
Hot accretion disks around massive protostars provide a unique opportunity to study ice-free silicate grains that
cannot be investigated in protoplanetary disks. We conduct a self-consistent investigation into grain-size
evolution and its impact on (sub)millimeter-wave emission from massive protostellar disks. Our radiative transfer
modeling accounts for dust self-scattering and includes vertical temperature gradients in the disk structure. The
results show that once silicate grains grow to sizes exceeding the observing wavelength, enhanced scattering dims
the disk emission by 20%–30% relative to the blackbody emission expected at the disk surface temperature. By
comparing our model with Atacama Large Millimeter/submillimeter Array 1.14 mm observations of the disk
around the massive protostar GGD27-MM1, we constrain the threshold velocity for collisional fragmentation of
silicate grains to approximately 15 m s−1. This fragmentation velocity is lower than the typical maximum
collisional velocities in protoplanetary disks around low-mass stars, suggesting that collisional coagulation alone
is insufgcient for silicate dust to form rocky planetesimals in such environments. Furthermore, our analysis
identiges two potential scenarios to better reproduce the bright inner-disk emission of GGD27-MM1. One
possibility is that the grain growth is limited to 160 µm by another growth barrier (e.g., collisional bouncing),
reducing scattering dimming. Alternatively, the stellar luminosity may be as much as gve times higher than
current estimates, compensating for the reduced brightness. Future multiwavelength observations, particularly at
shorter submillimeter wavelengths, will be crucial to distinguish between these scenarios and further constrain
silicate grain coagulation processes in massive protostellar disks.

Unimed Astronomy Thesaurus concepts: Protoplanetary disks (1300); Protostars (1302); Massive stars (732);
Stellar accretion disks (1579); Star formation (1569); Planetesimals (1259); Astrophysical dust processes (99)

1. Introduction

One of the key challenges in planet formation is understanding
how kilometer-sized planetesimals emerge from submicron-sized
dust grains. While the fundamental processes of dust evolution
through collisional coagulation have been intensively investi-
gated, it has been suggested that collisional coagulation alone
may be insufgcient for grains to grow into planetesimals
(T. Birnstiel 2024). A signigcant barrier against dust growth is
collisional fragmentation, where dust grains are destroyed upon
high-velocity impacts rather than sticking (E. V. Ryan et al. 1991;
J. Blum & M. Münch 1993). At sufgciently high collisional
velocities, this fragmentation limits further grain growth,
preventing grains from reaching planetesimal sizes. Overcoming
this barrier requires the gravitational collapse of dust over-
densities, which may be formed by the streaming instability and
(secular) gravitational instability (GI; e.g., P. Goldreich &
W. R. Ward 1973; A. N. Youdin & J. Goodman 2005;
A. N. Youdin 2011; R. T. Tominaga et al. 2018). Still, these
instabilities necessitate some degree of grain growth for the
grains to marginally decouple from gas motion and concentrate.
Thus, even if collisional growth alone cannot directly lead to
planetesimal formation, it is essential to understand how far dust
grains can grow through coagulation.

Both experimental and theoretical studies have investigated
the sticking properties of dust grains. Early studies suggested

that 1 µm sized silicate grains can stick at collision velocities
up to ∼0.1–1m s−1 (A. Chokshi et al. 1993; C. Dominik &
A. G. G. M. Tielens 1997; J. Blum & G. Wurm 2000;
T. Poppe et al. 2000). However, more recent studies indicate that
well-dried silicate grains are much stickier (H. Kimura
et al. 2015; T. Steinpilz et al. 2019; C. Pillich et al. 2021), possibly
because adsorbed water vapor increases the intersurface
distance between the grains in contact (Y. Nagaashi et al.
2021). Additionally, the stickiness of dust aggregates generally
increases with the increasing size of the constituent grains
(A. Chokshi et al. 1993; C. Dominik & A. G. G. M. Tielens
1997). H. Kimura et al. (2015) predict that aggregates made of
0.1 µm sized well-dried silicates can stick up to 50ms−1.
Given the varied conclusions from theory and observations,

observational constraints from protoplanetary disks are
essential to understanding the coagulation properties of silicate
grains. However, in protoplanetary disks, the region inside the
snow line, where dust is expected to be rocky silicate, is
considered to be only a few astronomical units in size
(C. Hayashi 1981; D. D. Sasselov & M. Lecar 2000; S. Mori
et al. 2021). Even with the capabilities of the Atacama Large
Millimeter/submillimeter Array (ALMA), spatially resolving
this region and obtaining information about the size and
coagulation properties of silicate grains remains challenging.
Therefore, it is still uncertain how large silicate grains can
grow within disks and what their coagulation properties are.
To address this challenge and constrain the coagulation

properties of silicate grains from observations, some recent
studies have focused on hotter disks with extensive rocky dust
regions. Disk temperatures can rise signigcantly due to
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accretion, as seen in FU Orionis–type outbursts around low-
mass protostars (H. B. Liu et al. 2021) and in Class 0/I
protostellar disks heated by accretion (J. Zamponi et al. 2024).

Our study focuses on accretion disks around massive
protostars with ≳10M⊙. Massive protostellar disks are heated
by high stellar luminosities of ≳104 L⊙ and high accretion
rates of ∼10−4–10−3M⊙ yr−1. As a result, the snow lines
extend to distances of ∼100–1000 au, placing the entire disk
within the snow line. Despite the distances of massive
protostellar disks being ≳1 kpc, their rocky dust regions are
extensive enough to be resolved in (sub)millimeter wavelength
observations. In particular, the massive protostellar disk
GGD27-MM1 has been observed with high-resolution polar-
ization at 1.14 mm using ALMA (J. M. Girart et al. 2018).
These observations detected polarization parallel to the disk
minor axis in the southwestern part of the disk, approximately
100 au from the central star. This pattern is commonly
interpreted as originating from self-scattering by grains with
a radius of ∼100 µm (A. Kataoka et al. 2015). Additionally,
several organic molecular lines, which are thought to be
produced by ice sublimation, have been observed extending up
to ∼600 au (M. Fernández-López et al. 2023). Based on these
observations, the presence of grown silicate grains is suggested
in the disk. These observations provide an opportunity to
constrain the coagulation properties of silicate grains.

To explore this, we developed a theoretical model of a
massive protostellar disk, where the coagulation and fragmenta-
tion of silicate grains are treated self-consistently (R. Yamamuro
et al. 2023). While this model constrained the stickiness required
to reproduce the observed silicate grain sizes, it has not yet
been tested for its ability to reproduce the overall 1.14 mm
dust continuum emission of the GGD27-MM1 disk. Signigcant
variations in dust opacity due to grain-size growth require
careful consideration in the continuum modeling, as they
strongly affect the emergent intensity at (sub)millimeter
wavelengths (e.g., T. Birnstiel et al. 2018; T. Ueda et al.
2023). In contrast, N. Añez-López et al. (2020) developed a
model to reproduce the 1.14 mm emission of the GGD27-MM1
disk. Their model determined the grain size and its spatial
distribution by gtting the continuum emission, but these
parameters were not necessarily consistent with disk turbulence
or dust coagulation and fragmentation. Therefore, the present
study aims to self-consistently constrain both the coagulation
properties of silicate grains and the parameters reproducing the
overall 1.14 mm continuum emission.

The structure of this paper is as follows. In Section 2, we
describe the disk model, dust growth framework, and radiative
transfer method. Section 3 presents the disk structure with
grain evolution and its emergent intensities. In Section 4, we
constrain the physical parameters that best reproduce the
GGD27-MM1 observations. Section 5 explores the implica-
tions of our gndings, including their relevance to rocky
planetesimal formation. Finally, Section 6 provides a summary
of the study.

2. Model

We present our model of massive protostellar disks with
dust evolution, along with radiative transfer, to evaluate their
(sub)millimeter continuum emission. In Section 2.1, we
describe a steady-disk model with a supply of gas and dust
from the surrounding envelope. For the dust grains, key
processes such as collisional growth, fragmentation, radial

drift, and vertical settling are incorporated. In Section 2.2, we
introduce a new analytical solution for radiative transfer that
assumes isotropic scattering, allowing us to calculate the
emergent intensity while incorporating the vertical temperature
gradient of the disk. Additionally, in Section 2.3, we present a
dust opacity model that consistently accounts for grain-size
evolution, which is applied to both the disk temperature
calculation and radiative transfer.

2.1. Disk Model

The disk model used in this study is primarily based on that
developed by R. Yamamuro et al. (2023). We provide a brief
overview of the gas and dust disk model here; further details
can be found in Section 2 of R. Yamamuro et al. (2023).
We consider a steady axisymmetric disk around a central

massive protostar with the mass of M. Gas and dust are
supplied to the outer edge of the disk from the surrounding
envelope, with supply rates of Mgas and =M f Mdust dg,ISM gas,
respectively. We adopt a dust-to-gas mass ratio of
fdg, ISM = 0.01. Starting from the outer edge, degned by the
disk radius rdisk, we compute the physical properties of the
disk at each radial distance r, including the gas and dust
surface densities, Σgas and Σdust, the midplane temperature,
Tmid, and the maximum grain size, amax.
The gas surface density follows the equation of continuity of

the steady disk:

( )= =M
c

3 const., 1s
gas

2

K
gas

where α is the dimensionless viscosity parameter (N. I. Shak-
ura & R. A. Sunyaev 1973), /=c k T mmids B gas is the sound

speed, and /= GM rK
3 is the Keplerian angular speed.

Here, G, kB, and mgas represent the gravitational constant, the
Boltzmann constant, and the mean molecular mass, respec-
tively. We decompose the α parameter into two components:

( )= + , 2GI floor

where αGI accounts for turbulence driven by GI, and α1oor
represents the baseline viscosity due to other mechanisms.
Following Z. Zhu et al. (2010), we model αGI as

( ) ( )= Qexp , 3GI
4

where

( )=Q
c
G

4s K

gas

is the Toomre parameter for GI (A. Toomre 1964). When
Q ≲ 1.4, the disk becomes gravitationally unstable, causing
an increase in α and enhanced angular momentum transport.
We take α1oor = 0.01, following K. E. I. Tanaka &
K. Omukai (2014).
For the temperature calculation, we consider both stellar

irradiation and accretion heating. The disk midplane temper-
ature is approximated as

( ) ( )/= +T T T , 5mid irr
4

acc,mid
4 1 4

where Tirr and Tacc,mid are the temperatures when irradiation
heating and accretion heating dominate, respectively. The
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accretion, as seen in FU Orionis–type outbursts around low-
mass protostars (H. B. Liu et al. 2021) and in Class 0/I
protostellar disks heated by accretion (J. Zamponi et al. 2024).

Our study focuses on accretion disks around massive
protostars with ≳10M⊙. Massive protostellar disks are heated
by high stellar luminosities of ≳104 L⊙ and high accretion
rates of ∼10−4–10−3M⊙ yr−1. As a result, the snow lines
extend to distances of ∼100–1000 au, placing the entire disk
within the snow line. Despite the distances of massive
protostellar disks being ≳1 kpc, their rocky dust regions are
extensive enough to be resolved in (sub)millimeter wavelength
observations. In particular, the massive protostellar disk
GGD27-MM1 has been observed with high-resolution polar-
ization at 1.14 mm using ALMA (J. M. Girart et al. 2018).
These observations detected polarization parallel to the disk
minor axis in the southwestern part of the disk, approximately
100 au from the central star. This pattern is commonly
interpreted as originating from self-scattering by grains with
a radius of ∼100 µm (A. Kataoka et al. 2015). Additionally,
several organic molecular lines, which are thought to be
produced by ice sublimation, have been observed extending up
to ∼600 au (M. Fernández-López et al. 2023). Based on these
observations, the presence of grown silicate grains is suggested
in the disk. These observations provide an opportunity to
constrain the coagulation properties of silicate grains.

To explore this, we developed a theoretical model of a
massive protostellar disk, where the coagulation and fragmenta-
tion of silicate grains are treated self-consistently (R. Yamamuro
et al. 2023). While this model constrained the stickiness required
to reproduce the observed silicate grain sizes, it has not yet
been tested for its ability to reproduce the overall 1.14 mm
dust continuum emission of the GGD27-MM1 disk. Signigcant
variations in dust opacity due to grain-size growth require
careful consideration in the continuum modeling, as they
strongly affect the emergent intensity at (sub)millimeter
wavelengths (e.g., T. Birnstiel et al. 2018; T. Ueda et al.
2023). In contrast, N. Añez-López et al. (2020) developed a
model to reproduce the 1.14 mm emission of the GGD27-MM1
disk. Their model determined the grain size and its spatial
distribution by gtting the continuum emission, but these
parameters were not necessarily consistent with disk turbulence
or dust coagulation and fragmentation. Therefore, the present
study aims to self-consistently constrain both the coagulation
properties of silicate grains and the parameters reproducing the
overall 1.14 mm continuum emission.

The structure of this paper is as follows. In Section 2, we
describe the disk model, dust growth framework, and radiative
transfer method. Section 3 presents the disk structure with
grain evolution and its emergent intensities. In Section 4, we
constrain the physical parameters that best reproduce the
GGD27-MM1 observations. Section 5 explores the implica-
tions of our gndings, including their relevance to rocky
planetesimal formation. Finally, Section 6 provides a summary
of the study.

2. Model

We present our model of massive protostellar disks with
dust evolution, along with radiative transfer, to evaluate their
(sub)millimeter continuum emission. In Section 2.1, we
describe a steady-disk model with a supply of gas and dust
from the surrounding envelope. For the dust grains, key
processes such as collisional growth, fragmentation, radial

drift, and vertical settling are incorporated. In Section 2.2, we
introduce a new analytical solution for radiative transfer that
assumes isotropic scattering, allowing us to calculate the
emergent intensity while incorporating the vertical temperature
gradient of the disk. Additionally, in Section 2.3, we present a
dust opacity model that consistently accounts for grain-size
evolution, which is applied to both the disk temperature
calculation and radiative transfer.

2.1. Disk Model

The disk model used in this study is primarily based on that
developed by R. Yamamuro et al. (2023). We provide a brief
overview of the gas and dust disk model here; further details
can be found in Section 2 of R. Yamamuro et al. (2023).
We consider a steady axisymmetric disk around a central

massive protostar with the mass of M. Gas and dust are
supplied to the outer edge of the disk from the surrounding
envelope, with supply rates of Mgas and =M f Mdust dg,ISM gas,
respectively. We adopt a dust-to-gas mass ratio of
fdg, ISM = 0.01. Starting from the outer edge, degned by the
disk radius rdisk, we compute the physical properties of the
disk at each radial distance r, including the gas and dust
surface densities, Σgas and Σdust, the midplane temperature,
Tmid, and the maximum grain size, amax.
The gas surface density follows the equation of continuity of

the steady disk:

( )= =M
c

3 const., 1s
gas

2

K
gas

where α is the dimensionless viscosity parameter (N. I. Shak-
ura & R. A. Sunyaev 1973), /=c k T mmids B gas is the sound

speed, and /= GM rK
3 is the Keplerian angular speed.

Here, G, kB, and mgas represent the gravitational constant, the
Boltzmann constant, and the mean molecular mass, respec-
tively. We decompose the α parameter into two components:

( )= + , 2GI floor

where αGI accounts for turbulence driven by GI, and α1oor
represents the baseline viscosity due to other mechanisms.
Following Z. Zhu et al. (2010), we model αGI as

( ) ( )= Qexp , 3GI
4

where

( )=Q
c
G

4s K

gas

is the Toomre parameter for GI (A. Toomre 1964). When
Q ≲ 1.4, the disk becomes gravitationally unstable, causing
an increase in α and enhanced angular momentum transport.
We take α1oor = 0.01, following K. E. I. Tanaka &
K. Omukai (2014).
For the temperature calculation, we consider both stellar

irradiation and accretion heating. The disk midplane temper-
ature is approximated as

( ) ( )/= +T T T , 5mid irr
4

acc,mid
4 1 4

where Tirr and Tacc,mid are the temperatures when irradiation
heating and accretion heating dominate, respectively. The
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accretion, as seen in FU Orionis–type outbursts around low-
mass protostars (H. B. Liu et al. 2021) and in Class 0/I
protostellar disks heated by accretion (J. Zamponi et al. 2024).

Our study focuses on accretion disks around massive
protostars with ≳10M⊙. Massive protostellar disks are heated
by high stellar luminosities of ≳104 L⊙ and high accretion
rates of ∼10−4–10−3M⊙ yr−1. As a result, the snow lines
extend to distances of ∼100–1000 au, placing the entire disk
within the snow line. Despite the distances of massive
protostellar disks being ≳1 kpc, their rocky dust regions are
extensive enough to be resolved in (sub)millimeter wavelength
observations. In particular, the massive protostellar disk
GGD27-MM1 has been observed with high-resolution polar-
ization at 1.14 mm using ALMA (J. M. Girart et al. 2018).
These observations detected polarization parallel to the disk
minor axis in the southwestern part of the disk, approximately
100 au from the central star. This pattern is commonly
interpreted as originating from self-scattering by grains with
a radius of ∼100 µm (A. Kataoka et al. 2015). Additionally,
several organic molecular lines, which are thought to be
produced by ice sublimation, have been observed extending up
to ∼600 au (M. Fernández-López et al. 2023). Based on these
observations, the presence of grown silicate grains is suggested
in the disk. These observations provide an opportunity to
constrain the coagulation properties of silicate grains.

To explore this, we developed a theoretical model of a
massive protostellar disk, where the coagulation and fragmenta-
tion of silicate grains are treated self-consistently (R. Yamamuro
et al. 2023). While this model constrained the stickiness required
to reproduce the observed silicate grain sizes, it has not yet
been tested for its ability to reproduce the overall 1.14 mm
dust continuum emission of the GGD27-MM1 disk. Signigcant
variations in dust opacity due to grain-size growth require
careful consideration in the continuum modeling, as they
strongly affect the emergent intensity at (sub)millimeter
wavelengths (e.g., T. Birnstiel et al. 2018; T. Ueda et al.
2023). In contrast, N. Añez-López et al. (2020) developed a
model to reproduce the 1.14 mm emission of the GGD27-MM1
disk. Their model determined the grain size and its spatial
distribution by gtting the continuum emission, but these
parameters were not necessarily consistent with disk turbulence
or dust coagulation and fragmentation. Therefore, the present
study aims to self-consistently constrain both the coagulation
properties of silicate grains and the parameters reproducing the
overall 1.14 mm continuum emission.

The structure of this paper is as follows. In Section 2, we
describe the disk model, dust growth framework, and radiative
transfer method. Section 3 presents the disk structure with
grain evolution and its emergent intensities. In Section 4, we
constrain the physical parameters that best reproduce the
GGD27-MM1 observations. Section 5 explores the implica-
tions of our gndings, including their relevance to rocky
planetesimal formation. Finally, Section 6 provides a summary
of the study.

2. Model

We present our model of massive protostellar disks with
dust evolution, along with radiative transfer, to evaluate their
(sub)millimeter continuum emission. In Section 2.1, we
describe a steady-disk model with a supply of gas and dust
from the surrounding envelope. For the dust grains, key
processes such as collisional growth, fragmentation, radial

drift, and vertical settling are incorporated. In Section 2.2, we
introduce a new analytical solution for radiative transfer that
assumes isotropic scattering, allowing us to calculate the
emergent intensity while incorporating the vertical temperature
gradient of the disk. Additionally, in Section 2.3, we present a
dust opacity model that consistently accounts for grain-size
evolution, which is applied to both the disk temperature
calculation and radiative transfer.

2.1. Disk Model

The disk model used in this study is primarily based on that
developed by R. Yamamuro et al. (2023). We provide a brief
overview of the gas and dust disk model here; further details
can be found in Section 2 of R. Yamamuro et al. (2023).
We consider a steady axisymmetric disk around a central

massive protostar with the mass of M. Gas and dust are
supplied to the outer edge of the disk from the surrounding
envelope, with supply rates of Mgas and =M f Mdust dg,ISM gas,
respectively. We adopt a dust-to-gas mass ratio of
fdg, ISM = 0.01. Starting from the outer edge, degned by the
disk radius rdisk, we compute the physical properties of the
disk at each radial distance r, including the gas and dust
surface densities, Σgas and Σdust, the midplane temperature,
Tmid, and the maximum grain size, amax.
The gas surface density follows the equation of continuity of

the steady disk:

( )= =M
c

3 const., 1s
gas

2

K
gas

where α is the dimensionless viscosity parameter (N. I. Shak-
ura & R. A. Sunyaev 1973), /=c k T mmids B gas is the sound

speed, and /= GM rK
3 is the Keplerian angular speed.

Here, G, kB, and mgas represent the gravitational constant, the
Boltzmann constant, and the mean molecular mass, respec-
tively. We decompose the α parameter into two components:

( )= + , 2GI floor

where αGI accounts for turbulence driven by GI, and α1oor
represents the baseline viscosity due to other mechanisms.
Following Z. Zhu et al. (2010), we model αGI as

( ) ( )= Qexp , 3GI
4

where

( )=Q
c
G

4s K

gas

is the Toomre parameter for GI (A. Toomre 1964). When
Q ≲ 1.4, the disk becomes gravitationally unstable, causing
an increase in α and enhanced angular momentum transport.
We take α1oor = 0.01, following K. E. I. Tanaka &
K. Omukai (2014).
For the temperature calculation, we consider both stellar

irradiation and accretion heating. The disk midplane temper-
ature is approximated as

( ) ( )/= +T T T , 5mid irr
4

acc,mid
4 1 4

where Tirr and Tacc,mid are the temperatures when irradiation
heating and accretion heating dominate, respectively. The
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accretion, as seen in FU Orionis–type outbursts around low-
mass protostars (H. B. Liu et al. 2021) and in Class 0/I
protostellar disks heated by accretion (J. Zamponi et al. 2024).

Our study focuses on accretion disks around massive
protostars with ≳10M⊙. Massive protostellar disks are heated
by high stellar luminosities of ≳104 L⊙ and high accretion
rates of ∼10−4–10−3M⊙ yr−1. As a result, the snow lines
extend to distances of ∼100–1000 au, placing the entire disk
within the snow line. Despite the distances of massive
protostellar disks being ≳1 kpc, their rocky dust regions are
extensive enough to be resolved in (sub)millimeter wavelength
observations. In particular, the massive protostellar disk
GGD27-MM1 has been observed with high-resolution polar-
ization at 1.14 mm using ALMA (J. M. Girart et al. 2018).
These observations detected polarization parallel to the disk
minor axis in the southwestern part of the disk, approximately
100 au from the central star. This pattern is commonly
interpreted as originating from self-scattering by grains with
a radius of ∼100 µm (A. Kataoka et al. 2015). Additionally,
several organic molecular lines, which are thought to be
produced by ice sublimation, have been observed extending up
to ∼600 au (M. Fernández-López et al. 2023). Based on these
observations, the presence of grown silicate grains is suggested
in the disk. These observations provide an opportunity to
constrain the coagulation properties of silicate grains.

To explore this, we developed a theoretical model of a
massive protostellar disk, where the coagulation and fragmenta-
tion of silicate grains are treated self-consistently (R. Yamamuro
et al. 2023). While this model constrained the stickiness required
to reproduce the observed silicate grain sizes, it has not yet
been tested for its ability to reproduce the overall 1.14 mm
dust continuum emission of the GGD27-MM1 disk. Signigcant
variations in dust opacity due to grain-size growth require
careful consideration in the continuum modeling, as they
strongly affect the emergent intensity at (sub)millimeter
wavelengths (e.g., T. Birnstiel et al. 2018; T. Ueda et al.
2023). In contrast, N. Añez-López et al. (2020) developed a
model to reproduce the 1.14 mm emission of the GGD27-MM1
disk. Their model determined the grain size and its spatial
distribution by gtting the continuum emission, but these
parameters were not necessarily consistent with disk turbulence
or dust coagulation and fragmentation. Therefore, the present
study aims to self-consistently constrain both the coagulation
properties of silicate grains and the parameters reproducing the
overall 1.14 mm continuum emission.

The structure of this paper is as follows. In Section 2, we
describe the disk model, dust growth framework, and radiative
transfer method. Section 3 presents the disk structure with
grain evolution and its emergent intensities. In Section 4, we
constrain the physical parameters that best reproduce the
GGD27-MM1 observations. Section 5 explores the implica-
tions of our gndings, including their relevance to rocky
planetesimal formation. Finally, Section 6 provides a summary
of the study.

2. Model

We present our model of massive protostellar disks with
dust evolution, along with radiative transfer, to evaluate their
(sub)millimeter continuum emission. In Section 2.1, we
describe a steady-disk model with a supply of gas and dust
from the surrounding envelope. For the dust grains, key
processes such as collisional growth, fragmentation, radial

drift, and vertical settling are incorporated. In Section 2.2, we
introduce a new analytical solution for radiative transfer that
assumes isotropic scattering, allowing us to calculate the
emergent intensity while incorporating the vertical temperature
gradient of the disk. Additionally, in Section 2.3, we present a
dust opacity model that consistently accounts for grain-size
evolution, which is applied to both the disk temperature
calculation and radiative transfer.

2.1. Disk Model

The disk model used in this study is primarily based on that
developed by R. Yamamuro et al. (2023). We provide a brief
overview of the gas and dust disk model here; further details
can be found in Section 2 of R. Yamamuro et al. (2023).
We consider a steady axisymmetric disk around a central

massive protostar with the mass of M. Gas and dust are
supplied to the outer edge of the disk from the surrounding
envelope, with supply rates of Mgas and =M f Mdust dg,ISM gas,
respectively. We adopt a dust-to-gas mass ratio of
fdg, ISM = 0.01. Starting from the outer edge, degned by the
disk radius rdisk, we compute the physical properties of the
disk at each radial distance r, including the gas and dust
surface densities, Σgas and Σdust, the midplane temperature,
Tmid, and the maximum grain size, amax.
The gas surface density follows the equation of continuity of

the steady disk:

( )= =M
c

3 const., 1s
gas

2

K
gas

where α is the dimensionless viscosity parameter (N. I. Shak-
ura & R. A. Sunyaev 1973), /=c k T mmids B gas is the sound

speed, and /= GM rK
3 is the Keplerian angular speed.

Here, G, kB, and mgas represent the gravitational constant, the
Boltzmann constant, and the mean molecular mass, respec-
tively. We decompose the α parameter into two components:

( )= + , 2GI floor

where αGI accounts for turbulence driven by GI, and α1oor
represents the baseline viscosity due to other mechanisms.
Following Z. Zhu et al. (2010), we model αGI as

( ) ( )= Qexp , 3GI
4

where

( )=Q
c
G

4s K

gas

is the Toomre parameter for GI (A. Toomre 1964). When
Q ≲ 1.4, the disk becomes gravitationally unstable, causing
an increase in α and enhanced angular momentum transport.
We take α1oor = 0.01, following K. E. I. Tanaka &
K. Omukai (2014).
For the temperature calculation, we consider both stellar

irradiation and accretion heating. The disk midplane temper-
ature is approximated as

( ) ( )/= +T T T , 5mid irr
4

acc,mid
4 1 4

where Tirr and Tacc,mid are the temperatures when irradiation
heating and accretion heating dominate, respectively. The
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irradiation-dominated temperature Tirr is estimated as

( )
/ / /

= ¥T
L
L

M
M

r
1.5 10

au
K, 6irr

2
2 7 1 7 3 7

where L is the stellar luminosity (E. I. Chiang & P. Goldreich
1997). The accretion-dominated temperature Tacc,mid is given
by

( )
/ /

= +T
GMM

r
3
4

3
16

3

8
, 7acc,mid R,tot

1 4
gas

SB
3

1 4

where σSB is the Stefan–Boltzmann constant and τR,tot is the
Rosseland mean optical depth (I. Hubeny 1990). The Rosse-
land mean optical depth is calculated as

( )= , 8R,tot R dust

where κR is the Rosseland mean opacity per dust mass (details
of the opacities are described in Section 2.3).

In regions where the temperature exceeds approximately
1800 K, dust grains begin to sublimate. This sublimation
reduces the dust surface density, which in turn lowers the optical
depth and weakens the accretion heating, thereby preventing
further sublimation. As a result, the temperature stabilizes
around the sublimation threshold (e.g., K. E. I. Tanaka &
T. Nakamoto 2011). To account for this effect, we impose an
upper limit of Tsub = 1800 K for the midplane temperature.
When this threshold is reached, we reduce Σdust to a level
consistent with Tmid = Tsub, effectively simulating the inguence
of dust sublimation on the disk structure. This sublimation effect
occurs only in the innermost regions of the disk and is unlikely
to signi1cantly affect the continuum emission observed at (sub)
millimeter wavelengths.

To model the dust disk with grain evolution, we employ the
single-size approach of T. Sato et al. (2016). This method
assumes that at each orbit r, the dust surface density is
dominated by the largest grains. Therefore, we track only the
largest grains with a radius ( )a rmax . In a steady state, the
equation of continuity for dust gives

( )= =M r v2 const., 9dust dust r,dust

where vr,dust is the radial velocity of the largest grains,
including the effect of radial drift. For the grain-size evolution,
we consider both coagulation and fragmentation due to
collisions:

( )=da
dr

a
t v3

, 10max
frag

max

coll r,dust

where tcoll is the mean collisional time for the largest grains. In
estimating tcoll, we account for the effect of dust vertical
settling. The factor of ξfrag denotes the mass fraction change in
a single collision, described by

( ) ( )/
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v v
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, 11frag

frag

where Δv is the mean collisional velocity and vfrag is the
threshold velocity above which a net mass loss of the largest
grains occurs (S. Okuzumi et al. 2016). Hereafter, we simply
refer to vfrag as the fragmentation velocity. We adopt a
maximum grain radius of µ=a 0.1 mmax at the outer edge of
the disk as the boundary condition.

From the outer edge of the disk inward, we numerically
solve the basic equations presented above, evaluating both the
gas disk structure and the dust evolution self-consistently. In
this study, we stop the calculations at an inner radius of 10 au.

2.2. Radiative Transfer for Disk Emission

Based on the disk model described above, we perform
radiative transfer calculations of dust thermal emission to
investigate how these disks would be observed at (sub)
millimeter wavelengths. Given that the disk is geometrically
thin, we approximate it as a vertically one-dimensional plane-
parallel slab at each radial position. To accurately evaluate the
emission, we need to take into account the vertical thermal
structure of the disk. When accretion heating dominates, the
temperature pro1le is given by (I. Hubeny 1990)
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where τR = ∫κRdΣdust is the vertical optical depth, used as the
vertical coordinate. Here, τR = 0 corresponds to the disk
surface facing away from the observer, and τR = τR,tot denotes
the observer-facing surface. This formulation aligns with the
accretion-dominated midplane temperature Tacc,mid, given
τR = τR,tot/2 at the midplane (see Equation (7)). Since
irradiation heating does not produce a vertical pro1le, the
combined temperature pro1le is obtained as
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At the disk surfaces, τR = 0 and τR, tot, the temperature is
primarily determined by irradiation heating, i.e., T ≈ Tirr.
We consider observing the disk at an inclination angle i and

frequency ν (or wavelength λ = c/ν). Here, we account for the
effect of dust self-scattering, which is known to be important
for disk emission when grain sizes become comparable to or
larger than the observational wavelength, i.e., ( )/a 2max
(e.g., C. F. Bohren & D. R. Huffman 1983; T. Ueda et al.
2020). The radiative transfer equation along the ray to the
observer is
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d
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where µ = icos is the cosine of the inclination angle, τν is the
vertical optical depth, Iν is the intensity, Bν(T) is the Planck
function at temperature T, Jν = ∫IνdΩ/(4π) is the mean
intensity (with dΩ denoting the differential solid angle), and
eff is the absorption ef1ciency. The optical depth τν is used as
the vertical coordinate and is proportional to the Rosseland
mean one:
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where L is the stellar luminosity (E. I. Chiang & P. Goldreich
1997). The accretion-dominated temperature Tacc,mid is given
by
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where σSB is the Stefan–Boltzmann constant and τR,tot is the
Rosseland mean optical depth (I. Hubeny 1990). The Rosse-
land mean optical depth is calculated as

( )= , 8R,tot R dust

where κR is the Rosseland mean opacity per dust mass (details
of the opacities are described in Section 2.3).

In regions where the temperature exceeds approximately
1800 K, dust grains begin to sublimate. This sublimation
reduces the dust surface density, which in turn lowers the optical
depth and weakens the accretion heating, thereby preventing
further sublimation. As a result, the temperature stabilizes
around the sublimation threshold (e.g., K. E. I. Tanaka &
T. Nakamoto 2011). To account for this effect, we impose an
upper limit of Tsub = 1800 K for the midplane temperature.
When this threshold is reached, we reduce Σdust to a level
consistent with Tmid = Tsub, effectively simulating the inguence
of dust sublimation on the disk structure. This sublimation effect
occurs only in the innermost regions of the disk and is unlikely
to signi1cantly affect the continuum emission observed at (sub)
millimeter wavelengths.

To model the dust disk with grain evolution, we employ the
single-size approach of T. Sato et al. (2016). This method
assumes that at each orbit r, the dust surface density is
dominated by the largest grains. Therefore, we track only the
largest grains with a radius ( )a rmax . In a steady state, the
equation of continuity for dust gives

( )= =M r v2 const., 9dust dust r,dust

where vr,dust is the radial velocity of the largest grains,
including the effect of radial drift. For the grain-size evolution,
we consider both coagulation and fragmentation due to
collisions:

( )=da
dr

a
t v3

, 10max
frag

max

coll r,dust

where tcoll is the mean collisional time for the largest grains. In
estimating tcoll, we account for the effect of dust vertical
settling. The factor of ξfrag denotes the mass fraction change in
a single collision, described by
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v v
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, 11frag
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where Δv is the mean collisional velocity and vfrag is the
threshold velocity above which a net mass loss of the largest
grains occurs (S. Okuzumi et al. 2016). Hereafter, we simply
refer to vfrag as the fragmentation velocity. We adopt a
maximum grain radius of µ=a 0.1 mmax at the outer edge of
the disk as the boundary condition.

From the outer edge of the disk inward, we numerically
solve the basic equations presented above, evaluating both the
gas disk structure and the dust evolution self-consistently. In
this study, we stop the calculations at an inner radius of 10 au.

2.2. Radiative Transfer for Disk Emission

Based on the disk model described above, we perform
radiative transfer calculations of dust thermal emission to
investigate how these disks would be observed at (sub)
millimeter wavelengths. Given that the disk is geometrically
thin, we approximate it as a vertically one-dimensional plane-
parallel slab at each radial position. To accurately evaluate the
emission, we need to take into account the vertical thermal
structure of the disk. When accretion heating dominates, the
temperature pro1le is given by (I. Hubeny 1990)
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where τR = ∫κRdΣdust is the vertical optical depth, used as the
vertical coordinate. Here, τR = 0 corresponds to the disk
surface facing away from the observer, and τR = τR,tot denotes
the observer-facing surface. This formulation aligns with the
accretion-dominated midplane temperature Tacc,mid, given
τR = τR,tot/2 at the midplane (see Equation (7)). Since
irradiation heating does not produce a vertical pro1le, the
combined temperature pro1le is obtained as
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At the disk surfaces, τR = 0 and τR, tot, the temperature is
primarily determined by irradiation heating, i.e., T ≈ Tirr.
We consider observing the disk at an inclination angle i and

frequency ν (or wavelength λ = c/ν). Here, we account for the
effect of dust self-scattering, which is known to be important
for disk emission when grain sizes become comparable to or
larger than the observational wavelength, i.e., ( )/a 2max
(e.g., C. F. Bohren & D. R. Huffman 1983; T. Ueda et al.
2020). The radiative transfer equation along the ray to the
observer is
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µ = + +dI
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where µ = icos is the cosine of the inclination angle, τν is the
vertical optical depth, Iν is the intensity, Bν(T) is the Planck
function at temperature T, Jν = ∫IνdΩ/(4π) is the mean
intensity (with dΩ denoting the differential solid angle), and
eff is the absorption ef1ciency. The optical depth τν is used as
the vertical coordinate and is proportional to the Rosseland
mean one:

( )=
+
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κν,abs and ,sca
eff are the absorption and scattering opacities,
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where L is the stellar luminosity (E. I. Chiang & P. Goldreich
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where σSB is the Stefan–Boltzmann constant and τR,tot is the
Rosseland mean optical depth (I. Hubeny 1990). The Rosse-
land mean optical depth is calculated as

( )= , 8R,tot R dust

where κR is the Rosseland mean opacity per dust mass (details
of the opacities are described in Section 2.3).

In regions where the temperature exceeds approximately
1800 K, dust grains begin to sublimate. This sublimation
reduces the dust surface density, which in turn lowers the optical
depth and weakens the accretion heating, thereby preventing
further sublimation. As a result, the temperature stabilizes
around the sublimation threshold (e.g., K. E. I. Tanaka &
T. Nakamoto 2011). To account for this effect, we impose an
upper limit of Tsub = 1800 K for the midplane temperature.
When this threshold is reached, we reduce Σdust to a level
consistent with Tmid = Tsub, effectively simulating the inguence
of dust sublimation on the disk structure. This sublimation effect
occurs only in the innermost regions of the disk and is unlikely
to signi1cantly affect the continuum emission observed at (sub)
millimeter wavelengths.

To model the dust disk with grain evolution, we employ the
single-size approach of T. Sato et al. (2016). This method
assumes that at each orbit r, the dust surface density is
dominated by the largest grains. Therefore, we track only the
largest grains with a radius ( )a rmax . In a steady state, the
equation of continuity for dust gives

( )= =M r v2 const., 9dust dust r,dust

where vr,dust is the radial velocity of the largest grains,
including the effect of radial drift. For the grain-size evolution,
we consider both coagulation and fragmentation due to
collisions:

( )=da
dr

a
t v3

, 10max
frag

max

coll r,dust

where tcoll is the mean collisional time for the largest grains. In
estimating tcoll, we account for the effect of dust vertical
settling. The factor of ξfrag denotes the mass fraction change in
a single collision, described by
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=

v v
min 1,

ln

ln5
, 11frag

frag

where Δv is the mean collisional velocity and vfrag is the
threshold velocity above which a net mass loss of the largest
grains occurs (S. Okuzumi et al. 2016). Hereafter, we simply
refer to vfrag as the fragmentation velocity. We adopt a
maximum grain radius of µ=a 0.1 mmax at the outer edge of
the disk as the boundary condition.

From the outer edge of the disk inward, we numerically
solve the basic equations presented above, evaluating both the
gas disk structure and the dust evolution self-consistently. In
this study, we stop the calculations at an inner radius of 10 au.

2.2. Radiative Transfer for Disk Emission

Based on the disk model described above, we perform
radiative transfer calculations of dust thermal emission to
investigate how these disks would be observed at (sub)
millimeter wavelengths. Given that the disk is geometrically
thin, we approximate it as a vertically one-dimensional plane-
parallel slab at each radial position. To accurately evaluate the
emission, we need to take into account the vertical thermal
structure of the disk. When accretion heating dominates, the
temperature pro1le is given by (I. Hubeny 1990)
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where τR = ∫κRdΣdust is the vertical optical depth, used as the
vertical coordinate. Here, τR = 0 corresponds to the disk
surface facing away from the observer, and τR = τR,tot denotes
the observer-facing surface. This formulation aligns with the
accretion-dominated midplane temperature Tacc,mid, given
τR = τR,tot/2 at the midplane (see Equation (7)). Since
irradiation heating does not produce a vertical pro1le, the
combined temperature pro1le is obtained as
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At the disk surfaces, τR = 0 and τR, tot, the temperature is
primarily determined by irradiation heating, i.e., T ≈ Tirr.
We consider observing the disk at an inclination angle i and

frequency ν (or wavelength λ = c/ν). Here, we account for the
effect of dust self-scattering, which is known to be important
for disk emission when grain sizes become comparable to or
larger than the observational wavelength, i.e., ( )/a 2max
(e.g., C. F. Bohren & D. R. Huffman 1983; T. Ueda et al.
2020). The radiative transfer equation along the ray to the
observer is
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µ = + +dI
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where µ = icos is the cosine of the inclination angle, τν is the
vertical optical depth, Iν is the intensity, Bν(T) is the Planck
function at temperature T, Jν = ∫IνdΩ/(4π) is the mean
intensity (with dΩ denoting the differential solid angle), and
eff is the absorption ef1ciency. The optical depth τν is used as
the vertical coordinate and is proportional to the Rosseland
mean one:
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+
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where L is the stellar luminosity (E. I. Chiang & P. Goldreich
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where σSB is the Stefan–Boltzmann constant and τR,tot is the
Rosseland mean optical depth (I. Hubeny 1990). The Rosse-
land mean optical depth is calculated as

( )= , 8R,tot R dust

where κR is the Rosseland mean opacity per dust mass (details
of the opacities are described in Section 2.3).

In regions where the temperature exceeds approximately
1800 K, dust grains begin to sublimate. This sublimation
reduces the dust surface density, which in turn lowers the optical
depth and weakens the accretion heating, thereby preventing
further sublimation. As a result, the temperature stabilizes
around the sublimation threshold (e.g., K. E. I. Tanaka &
T. Nakamoto 2011). To account for this effect, we impose an
upper limit of Tsub = 1800 K for the midplane temperature.
When this threshold is reached, we reduce Σdust to a level
consistent with Tmid = Tsub, effectively simulating the inguence
of dust sublimation on the disk structure. This sublimation effect
occurs only in the innermost regions of the disk and is unlikely
to signi1cantly affect the continuum emission observed at (sub)
millimeter wavelengths.

To model the dust disk with grain evolution, we employ the
single-size approach of T. Sato et al. (2016). This method
assumes that at each orbit r, the dust surface density is
dominated by the largest grains. Therefore, we track only the
largest grains with a radius ( )a rmax . In a steady state, the
equation of continuity for dust gives

( )= =M r v2 const., 9dust dust r,dust

where vr,dust is the radial velocity of the largest grains,
including the effect of radial drift. For the grain-size evolution,
we consider both coagulation and fragmentation due to
collisions:

( )=da
dr

a
t v3

, 10max
frag

max

coll r,dust

where tcoll is the mean collisional time for the largest grains. In
estimating tcoll, we account for the effect of dust vertical
settling. The factor of ξfrag denotes the mass fraction change in
a single collision, described by
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=

v v
min 1,
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, 11frag

frag

where Δv is the mean collisional velocity and vfrag is the
threshold velocity above which a net mass loss of the largest
grains occurs (S. Okuzumi et al. 2016). Hereafter, we simply
refer to vfrag as the fragmentation velocity. We adopt a
maximum grain radius of µ=a 0.1 mmax at the outer edge of
the disk as the boundary condition.

From the outer edge of the disk inward, we numerically
solve the basic equations presented above, evaluating both the
gas disk structure and the dust evolution self-consistently. In
this study, we stop the calculations at an inner radius of 10 au.

2.2. Radiative Transfer for Disk Emission

Based on the disk model described above, we perform
radiative transfer calculations of dust thermal emission to
investigate how these disks would be observed at (sub)
millimeter wavelengths. Given that the disk is geometrically
thin, we approximate it as a vertically one-dimensional plane-
parallel slab at each radial position. To accurately evaluate the
emission, we need to take into account the vertical thermal
structure of the disk. When accretion heating dominates, the
temperature pro1le is given by (I. Hubeny 1990)
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where τR = ∫κRdΣdust is the vertical optical depth, used as the
vertical coordinate. Here, τR = 0 corresponds to the disk
surface facing away from the observer, and τR = τR,tot denotes
the observer-facing surface. This formulation aligns with the
accretion-dominated midplane temperature Tacc,mid, given
τR = τR,tot/2 at the midplane (see Equation (7)). Since
irradiation heating does not produce a vertical pro1le, the
combined temperature pro1le is obtained as

( ) ( ( )) ( )/= +T T T . 13R irr
4

acc
4

R
1 4

At the disk surfaces, τR = 0 and τR, tot, the temperature is
primarily determined by irradiation heating, i.e., T ≈ Tirr.
We consider observing the disk at an inclination angle i and

frequency ν (or wavelength λ = c/ν). Here, we account for the
effect of dust self-scattering, which is known to be important
for disk emission when grain sizes become comparable to or
larger than the observational wavelength, i.e., ( )/a 2max
(e.g., C. F. Bohren & D. R. Huffman 1983; T. Ueda et al.
2020). The radiative transfer equation along the ray to the
observer is
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( )

µ = + +dI
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where µ = icos is the cosine of the inclination angle, τν is the
vertical optical depth, Iν is the intensity, Bν(T) is the Planck
function at temperature T, Jν = ∫IνdΩ/(4π) is the mean
intensity (with dΩ denoting the differential solid angle), and
eff is the absorption ef1ciency. The optical depth τν is used as
the vertical coordinate and is proportional to the Rosseland
mean one:
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where L is the stellar luminosity (E. I. Chiang & P. Goldreich
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where σSB is the Stefan–Boltzmann constant and τR,tot is the
Rosseland mean optical depth (I. Hubeny 1990). The Rosse-
land mean optical depth is calculated as

( )= , 8R,tot R dust

where κR is the Rosseland mean opacity per dust mass (details
of the opacities are described in Section 2.3).

In regions where the temperature exceeds approximately
1800 K, dust grains begin to sublimate. This sublimation
reduces the dust surface density, which in turn lowers the optical
depth and weakens the accretion heating, thereby preventing
further sublimation. As a result, the temperature stabilizes
around the sublimation threshold (e.g., K. E. I. Tanaka &
T. Nakamoto 2011). To account for this effect, we impose an
upper limit of Tsub = 1800 K for the midplane temperature.
When this threshold is reached, we reduce Σdust to a level
consistent with Tmid = Tsub, effectively simulating the inguence
of dust sublimation on the disk structure. This sublimation effect
occurs only in the innermost regions of the disk and is unlikely
to signi1cantly affect the continuum emission observed at (sub)
millimeter wavelengths.

To model the dust disk with grain evolution, we employ the
single-size approach of T. Sato et al. (2016). This method
assumes that at each orbit r, the dust surface density is
dominated by the largest grains. Therefore, we track only the
largest grains with a radius ( )a rmax . In a steady state, the
equation of continuity for dust gives

( )= =M r v2 const., 9dust dust r,dust

where vr,dust is the radial velocity of the largest grains,
including the effect of radial drift. For the grain-size evolution,
we consider both coagulation and fragmentation due to
collisions:

( )=da
dr

a
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frag
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coll r,dust

where tcoll is the mean collisional time for the largest grains. In
estimating tcoll, we account for the effect of dust vertical
settling. The factor of ξfrag denotes the mass fraction change in
a single collision, described by
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where Δv is the mean collisional velocity and vfrag is the
threshold velocity above which a net mass loss of the largest
grains occurs (S. Okuzumi et al. 2016). Hereafter, we simply
refer to vfrag as the fragmentation velocity. We adopt a
maximum grain radius of µ=a 0.1 mmax at the outer edge of
the disk as the boundary condition.

From the outer edge of the disk inward, we numerically
solve the basic equations presented above, evaluating both the
gas disk structure and the dust evolution self-consistently. In
this study, we stop the calculations at an inner radius of 10 au.

2.2. Radiative Transfer for Disk Emission

Based on the disk model described above, we perform
radiative transfer calculations of dust thermal emission to
investigate how these disks would be observed at (sub)
millimeter wavelengths. Given that the disk is geometrically
thin, we approximate it as a vertically one-dimensional plane-
parallel slab at each radial position. To accurately evaluate the
emission, we need to take into account the vertical thermal
structure of the disk. When accretion heating dominates, the
temperature pro1le is given by (I. Hubeny 1990)
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where τR = ∫κRdΣdust is the vertical optical depth, used as the
vertical coordinate. Here, τR = 0 corresponds to the disk
surface facing away from the observer, and τR = τR,tot denotes
the observer-facing surface. This formulation aligns with the
accretion-dominated midplane temperature Tacc,mid, given
τR = τR,tot/2 at the midplane (see Equation (7)). Since
irradiation heating does not produce a vertical pro1le, the
combined temperature pro1le is obtained as
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At the disk surfaces, τR = 0 and τR, tot, the temperature is
primarily determined by irradiation heating, i.e., T ≈ Tirr.
We consider observing the disk at an inclination angle i and

frequency ν (or wavelength λ = c/ν). Here, we account for the
effect of dust self-scattering, which is known to be important
for disk emission when grain sizes become comparable to or
larger than the observational wavelength, i.e., ( )/a 2max
(e.g., C. F. Bohren & D. R. Huffman 1983; T. Ueda et al.
2020). The radiative transfer equation along the ray to the
observer is
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where µ = icos is the cosine of the inclination angle, τν is the
vertical optical depth, Iν is the intensity, Bν(T) is the Planck
function at temperature T, Jν = ∫IνdΩ/(4π) is the mean
intensity (with dΩ denoting the differential solid angle), and
eff is the absorption ef1ciency. The optical depth τν is used as
the vertical coordinate and is proportional to the Rosseland
mean one:
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3. Structure and Emission Characteristics of Massive
Protostellar Disks with Grain Evolution

In this section, we grst present the physical properties of the
constructed disk model,2 followed by the disk emission based
on radiative transfer calculations. The protostellar parameters
adopted for the reference model are M = 20M⊙,
L = 4 × 104 L⊙, = ¥M M1 10 yrgas

4 1, and rdisk =
300 au. The fragmentation velocity is set to be vfrag = 1 m s−1,
which is a commonly adopted value for silicate grains (e.g.,
J. Blum & G. Wurm 2000; C. Güttler et al. 2010). In the
radiative transfer process, we assume the observing wave-
length to be λ = 1.14 mm, which is the same value as for the
previous ALMA Band 6 observations of the GGD27-MM1
disk (J. M. Girart et al. 2018; N. Añez-López et al. 2020). For
simplicity, we assume a face-on disk orientation (µ = 1).

3.1. Disk Physical Properties

Figure 2 displays the key aspects of the reference model.
Panel (a) shows the maximum grain radius amax as a function
of the radial distance. At the disk outer edge of rdisk = 300 au,
where small grains are supplied from the envelope, the grains
undergo local growth and reach ≳1 µm. This growth is limited
by collisional fragmentation, as the collision velocity Δv
reaches the fragmentation velocity vfrag. As the grains accrete
inwardly, they maintain a size determined by the balance
between coagulation and fragmentation, i.e., Δv ≈ vfrag. The
resulting Stokes number of the grains remains as small as
∼10−5, nearly independent of r.

Figure 2(b) represents the gas and dust surface densities.
Both the surface densities increase inwardly, approximately
following a single power law of r−1.5. The entire disk is
marginally unstable with Q ∼ 1, inducing a strong GI torque
characterized by α ∼ 0.02–0.4. Given the small grain size, the
GI-induced turbulence is strong (α ≫ St), resulting in well-
coupled gas and dust that accrete toward the central star at the
same velocity. Consequently, the dust-to-gas surface density
ratio remains nearly constant across most of the disk, i.e.,
Σdust/Σgas ≈ fdg,ISM = 0.01. Additionally, the strong gas–dust
coupling prevents dust grains from settling in the vertical
direction of the disk (B. Dubrulle et al. 1995). At the innermost

region of r ≲ 20 au, the dust surface density decreases due to
dust sublimation.
Figure 2(c) shows the midplane temperature Tmid and the

irradiation-dominated temperature Tirr, which corresponds to
the disk surface temperature. In the outer region of r ≳ 100 au,
stellar irradiation dominates the heating, keeping the midplane
temperature close to the surface temperature, i.e., Tmid ≈ Tirr.
In the inner region of r ≲ 100 au, the midplane temperature
becomes signigcantly higher than the surface temperature, due
to enhanced accretion heating driven by the deeper gravita-
tional potential and higher optical depth. At the innermost
region around r ≲ 20au, the midplane temperature reaches the
dust sublimation threshold of Tsub = 1800 K, leading to a
decline in the dust surface density in this region (see panel
(b)). We note that the entire disk maintains temperatures above
the ice sublimation threshold of ∼200 K, consistent with the
assumption that water ice has sublimated, leaving silicate-
dominated dust grains.

3.2. (Sub)Millimeter Emission Properties

We now present the dust continuum emission from the
reference model at λ = 1.14 mm (ν = 263 GHz). To illustrate
the in1uences of the dust optical properties and the grain-size
growth, we also compare the reference model with two
variations: one without scattering and another with a constant
grain size. Figure 3 shows the following properties for these
three models—the brightness temperature TB = Iνc

2/(2kBν2)
in the Rayleigh–Jeans limit, the effective optical depth

( )= +,tot
eff

,abs ,abs ,sca
eff

dust, the absorption and scat-
tering opacities κν,abs and ,sca

eff , and the absorption efgciency
eff—as functions of r.
In the reference model, the brightness temperature increases

inwardly at r ≳ 40 au (Figure 3(a)). Outside 100 au, where the
disk is optically thin, with ,tot

eff < 1, the brightness temperature
follows TB ≈ κν,absΣdustT, increasing inwardly due to the
rising temperature and surface density. In the intermediate
region between r ≈ 40 and 80 au, the disk becomes marginally
optically thick, as ,tot

eff ≈ 1–5. Here, the brightness temper-
ature surpasses the surface temperature and approaches the
midplane temperature, which is elevated by accretion heating.
The inner region of r ≲ 40 au exhibits a distinct emission

progle compared to the outer region. Here, the inner disk is
highly optically thick, with ,tot

eff ≳ 10 (panel (b)). As a result,

Figure 2. Radial progles of physical quantities in the reference model: (a) maximum grain radius amax; (b) surface densities of gas Σgas (solid) and dust Σdust
(dashed); and (c) midplane temperature Tmid (solid) and surface temperature Tirr (dashed). The gray line in (a) indicates where the maximum grain size reaches the
critical condition =a2 max obs, with λobs = 1.14 mm.

2 For a more detailed discussion of the properties of massive protostellar
disks with dust evolution, see R. Yamamuro et al. (2023).
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the effective photosphere at this wavelength (the τν ∼ 1 layer
from the observer side) shifts from the hotter midplane to the
cooler surface. This causes the brightness temperature to
decline at r ≈ 40 au. Furthermore, for r ≲ 30 au, the brightness
temperature falls even below the disk surface temperature Tirr.
The brightness reaches a local minimum at r ≈ 20 au and then
increases, but remains about 20% lower compared to Tirr in the
innermost region. In this region, scattering becomes signig-
cant, with 0.2eff (Figure 3(d)), with grains growing
beyond the critical size of 1.14 mm/(2π) ∼ 200 µm (see also
Figures 1 and 2(a)). Signigcant scattering is known to make
disk emission dimmer than blackbody radiation, even when the
disk is optically thick (e.g., G. B. Rybicki & A. P. Light-
man 1986; A. Sierra et al. 2019; Z. Zhu et al. 2019; T. Ueda
et al. 2020).

To better illustrate the scattering-induced dimming, we also
perform the disk emission calculation without scattering, i.e.,
with the absorption efgciency gxed at eff = 1 (see the dashed
red line in Figure 3(a)). In the outer region of r ≳ 40 au, the
brightness progle of the no-scattering model follows a similar
trend to that of the reference model. However, within this
radius, where scattering signigcantly affects the emission in
the reference model, the no-scattering model appears brighter.
Specigcally, the TB of the no-scattering model remains above

the disk surface temperature even at the innermost region,
whereas it falls below Tirr in the reference model.
In the reference model, the grain size increases toward the

central star. To examine the effect of this grain evolution on
disk emission, we perform an additional transfer calculation,
where the 1.14 mm opacities are gxed to those for

µ=a 100 mmax across the entire disk (see the black line in
Figure 3(a)). The thermal and density progles are maintained
from the reference model. In the optically thin outer region
beyond r ≳ 100 au, where the grain size in the reference model
is smaller than 100 µm, the emission is more pronounced in
this no-coagulation model compared to the reference case
(Figure 3(a)). This occurs because the opacities are higher in
this region than in the reference model (Figure 3(c)). The
absorption efgciency is 0.4eff in the no-coagulation model
(Figure 3(d)), indicating that the scattering effect is moderate
but not particularly strong throughout the disk. In the
intermediate region around r ≈ 30–80 au, this moderate
scattering dimming, combined with high optical depth, results
in a lower TB for the no-coagulation model compared to the
reference model. However, in the innermost region around
r ≈ 20–30 au, where the reference model dims below Tirr, due
to signigcant scattering ( 0.2eff ), the no-coagulation model
does not exhibit such an emission drop, maintaining brightness

Figure 3. Radial progles of the physical quantities for the radiative transfer results of the reference model (solid red lines), the no-scattering model (dashed red lines),
and the model with a gxed maximum grain size of µ=a 100 mmax (black lines). (a) The brightness temperature TB; (b) the effective optical depth ,tot

eff ; (c) the dust
absorption (solid) and scattering (dashed) opacity per dust mass κν; and (d) the absorption efgciency eff . In panel (a), the yellow dashed lines represent the
irradiation temperature Tirr, while the yellow dotted lines represent the midplane temperature Tmid. The gray lines indicate where the maximum grain size reaches the
critical condition =a2 max obs, with λobs = 1.14 mm.
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Abstract
Hot accretion disks around massive protostars provide a unique opportunity to study ice-free silicate grains that
cannot be investigated in protoplanetary disks. We conduct a self-consistent investigation into grain-size
evolution and its impact on (sub)millimeter-wave emission from massive protostellar disks. Our radiative transfer
modeling accounts for dust self-scattering and includes vertical temperature gradients in the disk structure. The
results show that once silicate grains grow to sizes exceeding the observing wavelength, enhanced scattering dims
the disk emission by 20%–30% relative to the blackbody emission expected at the disk surface temperature. By
comparing our model with Atacama Large Millimeter/submillimeter Array 1.14 mm observations of the disk
around the massive protostar GGD27-MM1, we constrain the threshold velocity for collisional fragmentation of
silicate grains to approximately 15 m s−1. This fragmentation velocity is lower than the typical maximum
collisional velocities in protoplanetary disks around low-mass stars, suggesting that collisional coagulation alone
is insufgcient for silicate dust to form rocky planetesimals in such environments. Furthermore, our analysis
identiges two potential scenarios to better reproduce the bright inner-disk emission of GGD27-MM1. One
possibility is that the grain growth is limited to 160 µm by another growth barrier (e.g., collisional bouncing),
reducing scattering dimming. Alternatively, the stellar luminosity may be as much as gve times higher than
current estimates, compensating for the reduced brightness. Future multiwavelength observations, particularly at
shorter submillimeter wavelengths, will be crucial to distinguish between these scenarios and further constrain
silicate grain coagulation processes in massive protostellar disks.

Unimed Astronomy Thesaurus concepts: Protoplanetary disks (1300); Protostars (1302); Massive stars (732);
Stellar accretion disks (1579); Star formation (1569); Planetesimals (1259); Astrophysical dust processes (99)

1. Introduction

One of the key challenges in planet formation is understanding
how kilometer-sized planetesimals emerge from submicron-sized
dust grains. While the fundamental processes of dust evolution
through collisional coagulation have been intensively investi-
gated, it has been suggested that collisional coagulation alone
may be insufgcient for grains to grow into planetesimals
(T. Birnstiel 2024). A signigcant barrier against dust growth is
collisional fragmentation, where dust grains are destroyed upon
high-velocity impacts rather than sticking (E. V. Ryan et al. 1991;
J. Blum & M. Münch 1993). At sufgciently high collisional
velocities, this fragmentation limits further grain growth,
preventing grains from reaching planetesimal sizes. Overcoming
this barrier requires the gravitational collapse of dust over-
densities, which may be formed by the streaming instability and
(secular) gravitational instability (GI; e.g., P. Goldreich &
W. R. Ward 1973; A. N. Youdin & J. Goodman 2005;
A. N. Youdin 2011; R. T. Tominaga et al. 2018). Still, these
instabilities necessitate some degree of grain growth for the
grains to marginally decouple from gas motion and concentrate.
Thus, even if collisional growth alone cannot directly lead to
planetesimal formation, it is essential to understand how far dust
grains can grow through coagulation.

Both experimental and theoretical studies have investigated
the sticking properties of dust grains. Early studies suggested

that 1 µm sized silicate grains can stick at collision velocities
up to ∼0.1–1m s−1 (A. Chokshi et al. 1993; C. Dominik &
A. G. G. M. Tielens 1997; J. Blum & G. Wurm 2000;
T. Poppe et al. 2000). However, more recent studies indicate that
well-dried silicate grains are much stickier (H. Kimura
et al. 2015; T. Steinpilz et al. 2019; C. Pillich et al. 2021), possibly
because adsorbed water vapor increases the intersurface
distance between the grains in contact (Y. Nagaashi et al.
2021). Additionally, the stickiness of dust aggregates generally
increases with the increasing size of the constituent grains
(A. Chokshi et al. 1993; C. Dominik & A. G. G. M. Tielens
1997). H. Kimura et al. (2015) predict that aggregates made of
0.1 µm sized well-dried silicates can stick up to 50ms−1.
Given the varied conclusions from theory and observations,

observational constraints from protoplanetary disks are
essential to understanding the coagulation properties of silicate
grains. However, in protoplanetary disks, the region inside the
snow line, where dust is expected to be rocky silicate, is
considered to be only a few astronomical units in size
(C. Hayashi 1981; D. D. Sasselov & M. Lecar 2000; S. Mori
et al. 2021). Even with the capabilities of the Atacama Large
Millimeter/submillimeter Array (ALMA), spatially resolving
this region and obtaining information about the size and
coagulation properties of silicate grains remains challenging.
Therefore, it is still uncertain how large silicate grains can
grow within disks and what their coagulation properties are.
To address this challenge and constrain the coagulation

properties of silicate grains from observations, some recent
studies have focused on hotter disks with extensive rocky dust
regions. Disk temperatures can rise signigcantly due to
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scenarios also share similar optimal parameters, except for the
grain-size limit and stellar luminosity (Table 2).

A key result across all cases, including the gducial case, is
that the fragmentation velocity consistently falls within the
range of vfrag = 12–17 m s−1. This result is somewhat larger
than the simpliged estimate of ≈10 m s−1 presented in
R. Yamamuro et al. (2023), which was derived based solely
on grain-size constraints, without considering the brightness
progle. In any case, these results provide important insights
into the sticking properties of silicate grains and, consequently,
the formation of rocky planetesimals (Section 5.2).

The gas accretion rates derived from the two scenarios are
also nearly identical, at 5-7.9 × 10−4M⊙ yr

−1. However, this
value is about seven to ten times higher than the best-gt model
reported in the previous study (N. Añez-López et al. 2020).
The primary reason for this discrepancy likely lies in their
assumption that larger grains settle to 0.1 times the gas scale
height. Under this settling assumption, large grains with

( )/>a 2max are effectively obscured by smaller grains in
the upper layers of the disk. This reduces the impact of
scattering-induced dimming and allows the inner-disk bright-
ness to remain high, even with a lower accretion rate.
However, their best-gt model estimates a surface density of
400–1400 g cm−2 and a turbulence parameter of α = 0.1,
indicating strong turbulence and a high surface density. Even

Figure 5. The gtted model. Upper panel: the 1.14 mm continuum emission
progles of the gducial gtted model (red line) are compared with the observed
data (orange points; N. Añez-López et al. 2020). The black line in the upper
right part of the panel represents the beam size. Lower panel: the maximum
grain radius in the gducial gtted model. The vertical bar denotes the inferred
range for the maximum grain radius of =a 100max –150 µm at 100 au, based
on the assumption that the polarized emission from this region is attributable
to dust self-scattering. The dotted line indicates the maximum grain radius in
the region beyond rdisk, which was excluded from the post-processing radiative
transfer calculations.

Figure 6. The same as Figure 5 but for the model with a grain-size limit at
µ=a 160 mlim (see Section 4.3.1). The dashed lines represent the results

shown in Figure 5, included for comparison.

Figure 7. The same as Figure 5 but for the model with a higher stellar
luminosity of L = 7 × 104L⊙ (see Section 4.3.2). The dashed lines represent
the results shown in Figure 5, included for comparison.
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transfer calculations.
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R. Yamamuro et al. (2023) were the grst to demonstrate
how grain-size evolution in1uences the physical structures of
massive protostellar disks (see also Section 3.1). In this study,
we further show that grain growth also plays signigcant roles
in shaping observational features at (sub)millimeter wave-
lengths (Section 3.2), which in turn affects the inferred
protostellar parameters derived from continuum observations
(Section 4). When the maximum grain size exceeds the critical
threshold λ/(2π), the increased opacity and scattering effects
can reduce the disk brightness by ∼20%–30%. This effect
must be taken into account when estimating disk temperatures
and accretion rates. Additionally, spectral indices below 2 in
two-wavelength observations near massive protostars have
traditionally been interpreted as signatures of free–free or
synchrotron emission, often used as indicators of photoioniza-
tion and jet dynamics (A. Sanna et al. 2018; Y. Zhang et al.
2022). However, our results show that effective midplane
heating and signigcant scattering effects can lower the spectral
index to around 0.5, even when the emission originates solely
from dust (e.g., H. B. Liu 2019; A. Sierra & S. Lizano 2020).
Accurately extracting fundamental parameters of massive star
formation—such as luminosity, accretion rates, and UV
strength—from observations plays a crucial role in constrain-
ing complex evolutionary models of massive protostars

(T. Hosokawa & K. Omukai 2009; L. Haemmerlé et al.
2017). The combination of disk modeling and radiative
transfer calculations proposed in this study provides a
powerful framework for comparing with other observations,
offering valuable insights for future high-resolution studies of
massive protostellar disks.

5.4. Caveats

For GGD27-MM1, N. Añez-López et al. (2020) identiged a
compact hot source (TB ∼ 104 K) within a few astronomical
units of the disk, likely originating from ionized gas (see their
Section 2.1). To focus on the dust component, they excluded
the contribution from this compact source and derived a
corrected dust emission progle. In this study, we use their
corrected dust continuum data. It is important to note,
however, that the accuracy of this correction may affect the
resulting brightness progle, particularly within the inner
regions of r ≲ 50 au.
We interpret the polarization vector pattern in ALMA Band

6 as originating from dust self-scattering. However, the
characteristic polarization pattern—i.e., the vectors aligned
parallel to the disk’s minor axis—is observed only in the
southwestern region of the disk. Therefore, we cannot rule out
the possibility that the polarization may instead result from the

Figure 8. Upper panel: two-wavelength predictions for two models. Left: brightness temperature progles at λ = 1.14 mm (red) and 0.88 mm (blue) for the grain-
size-limit model (Section 4.3.1). Right: similar to the left panel but depicting the high-luminosity model (Section 4.3.2). These model projections suggest that future
0.88 mm observations could effectively distinguish between these two scenarios. Lower panel: spectral indices for two models—radial progles at λ = 0.88–1.14 mm
for the grain-size-limit scenario (left) and the high-luminosity scenario (right).

12

The Astrophysical Journal, 990:59 (16pp), 2025 September 1 Yamamuro, Tanaka, & Okuzumi

amax=160 µm׵ך丆▞ֿ
ⲖׂALMA Band 7ך⵱
⮯⺎耆ն
냕⩞䈱ٓעךٜظ璡峪
ꈉ泡ꯛ㓊ֿ㘃ֻյ랬⛮
䧗丗նٜعؠًتס

מvfrag=12-17 m sˑ1նFU Ori׵ךٜظٓסל
鲣ַն㵸韬ꄈ佔ס⫃泅20-50עך m sˑ1ն
à☪㍑ס鵭䈱עך㹿溍䘄佔ַם׀ךעն
┘㱦㲊׾׻מ냕㳡䈱ꯛ㓊סꄆⱱ⹜竊ֿלם
䑒釐ն

䧗丗α<2עꈉ泡ס
峪䈱䄐׼־全׾ն

׀禈ס



Draft version August 27, 2025

Typeset using LATEX preprint style in AASTeX631

Impact of gravity on changing magnetic field orientations in a sample of massive
protostellar clusters observed with ALMA

Qizhou Zhang,
1
Junhao Liu,

2
Lingzhen Zeng,

1
J. D. Soler,

3
Huei-Ru Vivien Chen,

4

Tao-Chung Ching,
5
Paul T. P. Ho,

6, 7
Josep Miquel Girart,

8, 9
Patrick M. Koch,

7

Shih-Ping Lai,
4
Shanghuo Li,

10
Zhi-Yun Li,

11
Hauyu Baobab Liu,

12, 13
Keping Qiu,

10, 14
and

Ramprasad Rao
1

1Center for Astrophysics | Harvard & Smithsonian, 60 Garden Street, Cambridge, MA, 02138, USA
2National Astronomical Observatory of Japan, 2-21-1 Osawa, Mitaka, Tokyo 181-8588, Japan

3Istituto di Astrofisica e Planetologia Spaziali (IAPS). INAF. Via Fosso del Cavaliere 100, 00133 Roma, Italy
4Institute of Astronomy and Department of Physics, National Tsing Hua University, Hsinchu 30013, Taiwan, ROC

5National Radio Astronomy Observatory, P.O. Box O, Socorro, NM 87801, USA
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ABSTRACT

The magnetic field is integral to our understanding of the formation and dynamical
evolution of molecular clouds and star formation within. We present a polarimetric
survey of 17 massive protostellar cluster forming clumps, covered in 34 pointings in the
230-GHz window using the Atacama Large Millimeter/submillimeter Array (ALMA).
The two array configurations, C43-1 and C43-4, probe linearly polarized dust emission,
hence the plane-of-the-sky orientation of magnetic fields, at resolutions of 1→→ and 0→→.4
that correspond to approximately 0.01pc core and 103 au envelope scales, respectively.
The relative orientations (ROs) of the magnetic field probed at two spatial scales are an-
alyzed for the entire protostellar cluster sample and for a subset of objects in NGC 6334.
We found a bimodal distribution of ROs with peaks at 0↑ (parallel) and 90↑(orthogonal)
for the entire sample combined as well as for NGC 6334. We investigate the physical
origin of this bimodal distribution through a projected Rayleigh statistic (PRS) analy-

qzhang@cfa.harvard.edu
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Figure 1a. Continuum emission at 225GHz and magnetic fields for NGC 6334 I, In, IV and V. The Stokes
I emission is shown in contours and in grey scales. The red line segments represent the position angle (PA)
of the magnetic field plane-of-the-sky component, produced using a cuto! threshold of 3ω in Stokes Q and
U intensities. The synthesized beam is marked at the lower-left corner of each panel. The horizontal bar
at the lower-right corner of each panel represent a linear scale of 0.05 pc. The dotted line marks the 50%
sensitivity level of the observations. Unless stated otherwise, all images in Fig. 1 were made from combined
visibilities from the configuration C43-1 and C43-4. The Stokes I intensities are contoured at (±3, ±6, 10,
20, 40, 60, 100) →ω, where ω values are listed in Table 2.
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Figure 1. (a) G192: contour levels for the Stokes I image are 0.004 × (±3,±6, 10, 20, 40, 60, 90, 120, 150) Jy beam−1, with a synthesized beam size of
2.′′22 × 1.′′74 at a positional angle of −86◦. (b) N2264C1: contour levels for the Stokes I image are 0.004 × (±3,±6, 10, 20, 40, 60, 90, 120, 150) Jy beam−1,
with a synthesized beam size of 3.′′59 × 2.′′46 at a positional angle of 67◦. (c) G240: contour levels for the Stokes I image are 0.006 ×
(±3,±6, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120) Jy beam−1, with a synthesized beam size of 2.′′39 × 1.′′92 at a positional angle of 28◦. (d) NGC 6334 I:
contour levels for the Stokes I image are 0.1 × (±3,±6, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120) Jy beam−1, with a synthesized beam size of 1.′′85 × 1.′′23 at a
positional angle of 31◦. (e) NGC 6334 In: contour levels for the Stokes I image are 0.1 × (±3,±6, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120) Jy beam−1,
with a synthesized beam size of 2.′′71 × 2.′′07 at a positional angle of 20◦. (f) NGC 6334 IV: contour levels for the Stokes I image are 0.08 ×
(±3,±6, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120) Jy beam−1, with a synthesized beam size of 6.′′84 × 3.′′08 at a positional angle of 23◦. (g) NGC 6334 V:
contour levels for the Stokes I image are 0.08 × (±3,±6, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120) Jy beam−1, with a synthesized beam size of 6.′′84 × 3.′′08 at
a positional angle of 23◦. (h) G35.2N: contour levels for the Stokes I image are 0.021 × (±3,±6, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120) Jy beam−1,
with a synthesized beam size of 1.′′61 × 1.′′49 at a positional angle of 82◦. (i) I18360: contour levels for the Stokes I image are 0.017 ×
(±3,±6, 10, 20, 40, 60, 90, 120, 150) Jy beam−1, with a synthesized beam size of 1.′′71 × 1.′′58 at a positional angle of 63◦. (j) G34.4: contour levels for the
Stokes I image are 0.015 × (±3,±6, 10, 20, 40, 60, 90, 120, 150) Jy beam−1, with a synthesized beam size of 1.′′49 × 1.′′42 at a positional angle of 69◦. (k) W51 e2:
contour levels for the Stokes I image are 0.07 × (±3,±6, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120) Jy beam−1, with a synthesized beam size of 1.′′44 × 1.′′20
at a positional angle of −50◦. (l) W51 North: contour levels for the Stokes I image are 0.017 × (±3,±6, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120) Jy beam−1,
with a synthesized beam size of 1.′′40 × 1.′′20 at a positional angle of −43◦. (m) DR 21(OH): contour levels for the Stokes I image are 0.011 ×
(±3,±6, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120) Jy beam−1, with a synthesized beam size of 1.′′43 × 1.′′21 at a positional angle of 82◦. Left: con-
tinuum emission at 345 GHz (870 µm) obtained with the SMA. The black contours mark the continuum emission in Stokes I. The color scales in units
of mJy/beam represent the polarized emission

√
Q2 + U2 − σ 2. Line segments in red denote the polarization (E field). The length of the segments is propor-

tional to the percentage of the polarization, which is marked at the upper-left corner of the panel. The linear length scale of the map is plotted at the bottom-right corner
of the panel. The synthesized beam of the images are plotted as the shaded ellipse at the lower-left corner of the panel. Right: CO outflows overlaid on the magnetic field
orientations. The gray scales in units of Jy beam−1 represent the Stokes I emission. Line segments represent the orientation of the plane-of-sky component of magnetic
fields. The blue and red contours represent the blue- and redshifted outflows, which are marked by arrows. For sources with available clump-scale polarization data,
the magnetic field orientation is marked at the upper-left corner.
(A color version of this figure is available in the online journal.)
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Figure 1f. Continuum emission at 225 GHz and magnetic fields for IRAS 18360 and IRDC G28.34. The
Stokes I emission is shown in contours and grey scales. The red line segments represent the position angles
(PA) of the plane-of-the-sky component of magnetic fields. The synthesized beam is marked at the lower-left
corner of each panel. The horizontal bar at the lower-right corner of each panel represent a linear scale of
0.05 pc. The dotted line marks the 50% sensitivity level of the observations.

Figure 2. Magnetic field orientations in NGC 6334 In made from the C43-1, C43-4, and C43-4-restricted
data that exclude visibilities with projected baseline lengths < 250m. The Stokes I emission is shown in
contours and grey scales. The red line segments represent the position angles (PA) of the plane-of-the-sky
component of magnetic fields. The synthesized beam is marked at the lower-left corner of each panel. The
horizontal bar at the lower-right corner of each panel represent a linear scale of 0.05 pc. The dotted line
marks the 50% sensitivity level of the observations.
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ABSTRACT

The magnetic field is integral to our understanding of the formation and dynamical
evolution of molecular clouds and star formation within. We present a polarimetric
survey of 17 massive protostellar cluster forming clumps, covered in 34 pointings in the
230-GHz window using the Atacama Large Millimeter/submillimeter Array (ALMA).
The two array configurations, C43-1 and C43-4, probe linearly polarized dust emission,
hence the plane-of-the-sky orientation of magnetic fields, at resolutions of 1→→ and 0→→.4
that correspond to approximately 0.01pc core and 103 au envelope scales, respectively.
The relative orientations (ROs) of the magnetic field probed at two spatial scales are an-
alyzed for the entire protostellar cluster sample and for a subset of objects in NGC 6334.
We found a bimodal distribution of ROs with peaks at 0↑ (parallel) and 90↑(orthogonal)
for the entire sample combined as well as for NGC 6334. We investigate the physical
origin of this bimodal distribution through a projected Rayleigh statistic (PRS) analy-

qzhang@cfa.harvard.edu
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Figure 3. Relative orientations of magnetic field position angles between the C43-1 and the C43-4-restricted
data that excludes visibilities with projected baselines < 250m. The histogram includes data from NGC
6334, G14, G34.43 and G35.2N.
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Figure 4 shows the distribution of ROs for NGC 6334 I, In, IV and V. NGC 6334 IR is excluded
from this analysis since there is no detection in Stokes Q and U in the C43-4-restricted data.
As shown in Figure 4, the relative orientation of magnetic fields at a 0.4→→ resolution with respect

to those at a 1→→ resolution do not appear to be randomly distributed over angles from 0↑ to 90↑,
and exhibits peaks around 0↑ and 90↑, respectively. This bimodal distribution is seen in all four
clumps in NGC 6334 I, In, IV and V. Likewise, the magnetic field data are sampled at 0.5 of the
synthesized beam of the C43-4-restricted data. A K-S test is performed for each protocluster forming
clump to determine the probability that the RO distribution and randomly distributed angles in a
3-dimensional space are drawn from the same parent population. We found a probability for the two
distributions drawn from the same population of 0.07, 0.002, 6→ 10↓5, and 0.4 for NGC 6334 I, In,
IV and V, respectively. For NGC 6334 In and IV, the hypothesis is rejected. Magnetic fields at the
103 au envelope scale are either preferentially aligned with or orthogonal to the magnetic field in the
cores.
To improve statistics, a relative orientation analysis was also carried out using the data from the

four NGC 6334 regions combined, as shown in Figure 5. A bimodal distribution of ROs remains,
with the magnetic field at small scales preferentially aligned with or perpendicular to the field in
their parental structures. A K-S test is performed for NGC 6334 to determine the probability that
this distribution and randomly distributed angles in a 3-dimensional space are drawn from the same
parent population. We find a probability of 2→10↓9 that the two are drawn from the same population.
Therefore, the ROs in NGC 6334 are not randomly distributed, and magnetic fields at 103 au envelope
scales are correlated with the magnetic fields in cores.
In addition to NGC 6334, G14 has significant detections of magnetic fields in multiple pointings,

despite the fact that the polarized emission in G14 is fainter than in NGC 6334. While the limited
detections of magnetic fields in G14 make the analysis of individual clumps not feasible, we present
the combined statistic of all pointings in the G14 cloud in Figure 5. With an order of magnitude
smaller number of data points than in NGC 6334, there appears to be a bimodal distribution of ROs,
with a large number of angles near 0↑ and 90↑. We perform a K-S test for G14 to determine the
probability that this RO distribution and randomly distributed angles in a 3-dimensional space are
drawn from the same parent population. We found a probability of 0.6 that the two are drawn from
the same population. Thus, the hypothesis that the RO distribution in G14 is randomly distributed
cannot be ruled out due to small number statistics, and it will not be discussed further.
The number of polarization segments detected in G28, G34.41, G35.2N, and I18360 are small in

each object. Therefore, we omit the RO analysis for these sources individually. Future observations
with su!cient sensitivity will produce additional detections that allow for such analyses.

4. DISCUSSIONS

4.1. RO dependence on densities

To examine the physical origin of the bimodal distribution of ROs, we analyze ROs of magnetic
fields in NGC 6334 using the projected Rayleigh statistic (PRS; see, Jow et al. 2018, and references
therein). The PRS tests non-uniformity in a distribution of angles around a particular direction, as
quantified by

Zx =
n∑

i

cos(2→ROi)√
n/2

, (2)

10

where n is the number of RO angles. The values Zx> 0 or Zx< 0 correspond to ROs clustering
around the orientation angles 0→ or 90→, respectively.
The PRS was introduced as an extension of the histogram of relative orientation (HRO) technique

(Soler et al. 2013). In its initial formulation, the HRO is based on an RO histogram. The clustering
around preferential orientations 0→ or 90→ was calculated using the histogram counts in the range from
0→ to 22→.5 and from 67→.5 to 90→, respectively. The PRS circumvents the histogram construction
and provides a direct estimate of the angle clustering significance (see, Soler 2019, for a comparison
between Z and the relative orientation parameter, ω). To enable the comparison of sources with
di!erent numbers of polarization detections, the PRS can be mapped into the range →1 to 1 through
normalization by its theoretical maximum value (see, for example, Mininni et al. 2025), that is,

Zx

Zx,max

=
n∑

i

cos(2↑ROi), (3)

which is also referred to as the alignment measure (AM; e.g., Lazarian & Yuen 2018).
Figure 6 presents the normalized PRS as a function of column densities for the NGC 6334 ob-

servations shown in Figure 5. We used the continuum image from the combined C43-1 and C43-4
configuration to derive column densities. The free-free emission from the ionized gas associated with
UCHii regions has been detected in NGC 6334 I and V. However, their contributions are negligible
compared to the flux detected in the 1.3-mm continuum emission from the ALMA band 6. Thus,
the continuum emission is mainly attributed to dust gains (e.g., Liu et al. 2023). We converted the
1.3-mm continuum emission to column densities, using the dust opacity law ε = ( ω

THz
)ε (Hildebrand

1983) and a dust emissivity spectral index ϑ of 1.5 (Beuther et al. 2007). This formulation results
in a dust opacity of 1 cm

2
g
↑1 at 230 GHz, which is consistent with the opacity for dust grains

with ice mantles at gas densities between 106 and 108 cm
↑3 (Ossenkopf & Henning 1994). The dust

temperature is approximated by the gas temperature reported in Liu et al. (2023), who derived the
temperature distribution in the region using four CH3OH transitions with upper energy levels be-
tween 45 to 508K. The derived gas temperatures are typically 100K, and reach more than 300K in
some localized cores.
For comparison, we also derive ROs between magnetic field orientations and plane-of-the-sky grav-

itational forces (see also Liu et al. 2023), which are computed using the column density data as
follows.

ϖgij =
i ↓=i

→
,j ↓=j

→∑

i→j→

G
(NH)ij(NH)i→j→

↓ϖrij → ϖri→j→↓3
(ϖrij → ϖri→j→), (4)

where the indices i, j and i
↔, j↔ correspond to pixels in each column density map (Liu et al. 2023).

Figure 7 presents the ROs between local gravity and magnetic fields as a function of column densities.
It is apparent that within the density range from 5 ↑ 1022 to 2 ↑ 1024 cm

↑2, the magnetic field is
mostly parallel to the direction of the inferred gravitational force.
It is also apparent in Figure 6 that at column densities greater than 1023 cm↑2, the magnetic field

is mostly parallel to the NH2 structures and the direction of local gravity. In this density range, the
magnetic field is also preferentially parallel to the field in the parent dense core. Previous analysis
of ROs between magnetic fields and density contours on scales between tens of parsecs and down
to 0.1 pc found a global trend in star-forming regions in the solar neighborhood: The ROs progres-
sively change from preferentially parallel to preferentially perpendicular at column densities around

20

Figure 5. Relative orientations of magnetic field position angles between the C43-1 and the C43-4 data
excluding visibilities with UV distances < 250m. The left panel shows the combined RO distribution of
NGC 6334 I, In, IV and V. The right panel shows the combined RO distribution of G14.

Figure 6. Normalized projected Rayleigh statistic of relative orientations of magnetic fields between the
C43-1 and the C43-4-restricted data that excludes visibilities with UV distances < 250m versus column
densities for NGC 6334.
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Figure 7. Normalized PRS analysis of ROs between directions of local gravity and magnetic fields for
NGC 6334.
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