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ABSTRACT

Context. Protostellar outflows exhibit large variations in their structure depending on the observed gas emission. To understand the
origin of the observed variations, it is important to analyze di↵erences in the observed morphology and kinematics of the di↵er-
ent tracers. The James Webb Space Telescope (JWST) allows us to study the physical structure of the protostellar outflow through
well-known near-infrared shock tracers in a manner unrivaled by other existing ground-based and space-based telescopes at these
wavelengths.
Aims. This study analyzes the atomic jet and molecular outflow in the Class I protostar, TMC1A, utilizing spatially resolved [Fe ii] and
H2 lines to characterize morphology and identify previously undetected spatial features, and compare them to existing observations
of TMC1A and its outflows observed at other wavelengths.
Methods. We identify a large number of [Fe ii] and H2 lines within the G140H, G235H, and G395H gratings of the NIRSpec IFU
observations. We analyze their morphology and position-velocity (PV) diagrams. From the observed [Fe ii] line ratios, the extinction
toward the jet is estimated.
Results. We have detected the bipolar Fe jet by revealing, for the first time, the presence of a red-shifted atomic jet. Similarly, the
red-shifted component of the H2 slower wide-angle outflow is observed. Both [Fe ii] and H2 red-shifted emission exhibit significantly
lower flux densities compared to their blue-shifted counterparts. Additionally, we report the detection of a collimated high-velocity
(⇠ 100 km s�1), blue-shifted H2 outflow, suggesting the presence of a molecular jet in addition to the well-known wider angle low-
velocity structure. The [Fe ii] and H2 jets show multiple intensity peaks along the jet axis, which may be associated with ongoing or
recent outburst events. In addition to the variation in their intensities, the H2 wide-angle outflow exhibits a "ring"-like structure. The
blue-shifted H2 outflow also shows a left-right brightness asymmetry likely due to interactions with the surrounding ambient medium
and molecular outflows. Using the [Fe ii] line ratios, the extinction along the atomic jet is estimated to be between AV = 10–30 on the
blue-shifted side, with a trend of decreasing extinction with distance from the protostar. A similar AV is found for the red-shifted side,
supporting the argument for an intrinsic red-blue outflow lobe asymmetry rather than environmental e↵ects such as extinction. This
intrinsic di↵erence revealed by the unprecedented sensitivity of JWST, suggests that younger outflows already exhibit the red-blue
side asymmetry more commonly observed towards jets associated with Class II disks.

Key words. Atomic data, Molecular data, Line:identification, Techniques: imaging spectroscopy, Stars: jets

1. Introduction

Protostellar outflows are an integral part of star formation, trans-
porting material, momentum, and energy from the protostar and
accretion disk, and contributing to the redistribution of mass
and angular momentum throughout the protostellar system (e.g
Frank et al. 2014; Myers et al. 2023; Pascucci et al. 2023). There
is a great deal of diversity in the structure, strength, and even
presence of atomic and molecular emission lines in protostellar
outflows, alluding to a possible diversity in the launching mech-
anisms (e.g. Arce et al. 2007; Seale & Looney 2008; Bally 2016;
Tychoniec et al. 2019). One way to improve our understanding
of protostellar outflows is by analyzing spatially resolved near-
IR atomic and molecular emission along the protostellar outflow

using state-of-the-art instruments such as the James Webb Space
Telescope (JWST).

Most protostellar outflows are observed to be bipolar (e.g.
Shu & Adams 1987; Frank 1999; Bally et al. 2007; Seale &
Looney 2008; Bally 2016), but are often asymmetric in their
brightness and morphology (e.g. Mundt et al. 1990; Ray et al.
1996, 2007; White et al. 2014; Bally 2016). It is still not under-
stood whether observed di↵erences in the sides/lobes of bipolar
outflows are due to intrinsic di↵erences in the strengths (which
we correlate with brightness) of the outflows, or due to extrin-
sic factors such as a non-uniform ambient medium. There have
been several attempts to explain these asymmetries around more
evolved (Class II) sources. For example, in the case of FS Tauri
B, Liu et al. (2012) suggested that the di↵erence in mass-loss

Article number, page 1 of 16

ar
X

iv
:2

40
4.

18
33

4v
1 

 [a
str

o-
ph

.S
R]

  2
8 

A
pr

 2
02

4• ն־梪㗞־䓪韬ס㍾僗עꪜ㵚燡䓪ס┖┕סאꄆ釐նיַֽמ鿥⮆⫋ס鉈鷞Ⳃꄈכ韬ꄈע٭ٞنعؗؓ
• 萴ַ⸉㡎佔מ㛡ַסعشؘة轿䱡嫧ס٭ٞنعؗؓעعشؿⱱ㰢מ꞊➟ն
• Class I⸉㡎佔TMC1A, JWST, NIRSpec IFU 1-5 µm, H2㍑鬇鹜燯, [Fe II], 0.1"

A&A proofs: manuscript no. main

Fig. 2. Detected [Fe ii] emission lines in order of increasing wavelength. Each panel shows a spectrum taken in the northern part of the outflow
along the jet axis (⇠0.5 arcseconds away from the protostar). The location of the spaxel is shown as an "x" in the panel of the 1.644 µm line of
Fig. 3. Meanwhile, the 4.889 µm spectrum is extracted from a location that is marked by "x" in the panel for the 4.889 µm in Fig. 3 to avoid the
contamination by the CO fundamental ro-vibrational line. Velocities are calculated independently for each line with respect to the rest wavelength
(see Table A.1). The wavelength in microns is given in the upper left of each panel, and the transition terms are given in the upper right and
summarized in Table A.1. The 1.749 µm line is blended with the H2 1-0 S(7) line and each are labeled in the inset. Similarly the Br 18 hydrogen
recombination line is denoted in the 1.534 µm line.

The 1� uncertainty including a 5% calibration uncertainty is shown by the shaded region.
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Fig. 3. Each panel shows the peak flux density map of the detected [Fe ii] lines with an SNR � 3 and bad pixels masked out. The black "x" with
white borders in the panel for the 1.644 µm line denotes the spaxel used to extract the 1D spectra in Figure 2. A di↵erent spaxel is used to extract
the 4.89 µm line profile since it is a↵ected by contamination closer to the protostar. The red-shifted or southern part of the outflow discussed in
later sections (see Sect. 3.2) will not appear in these maps since we plot the flux density maps at the velocity corresponding to the peak line flux
for a spaxel located in the blue-shifted side of the jet. The rest wavelength in microns of each line is over-plotted in the upper left of each panel.
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Fig. 5. Peak flux density maps of the detected H2 lines similar to Fig. 3. The black "x" with white borders in the 2.122 µm panel corresponds to
the spaxel where the spectra in Fig. 4 are taken.

line and the observed line ratio with respect to the 2.122 µm line
are reported in the Appendix A.

3.2. The Bipolar Atomic Jet

We investigate the spatial and velocity structure of the bright
1.644 µm [Fe ii] line to characterize the atomic jet emanating
from TMC1A. Harsono et al. (2023) revealed a bright blue-
shifted atomic jet to the northern side of the protostar in TMC1A.

In addition to this blue-shifted component, we detect a dimmer
red-shifted component of the jet on the southern side of the pro-
tostar in the 1.257, 1.644 & 1.803 µm lines, the first indication
that the atomic jet in TMC1A is bipolar.

In Figure 6, we show the flux density maps of the 1.644
µm [Fe ii] line across several velocity bins, overlaid with con-
tours at several flux levels with signal-to-noise greater than 3.
At 1.644 µm, the width of each velocity bin is approximately 40
km s�1. The flux density of the blue-shifted component peaks at
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Fig. 4. Line profiles of the detected H2 emission lines in order of increasing wavelength. Each spectrum is taken in the northern part of the outflow
marked by the black "x" in the 2.122 µm panel of Fig. 5. This location is chosen because this region is bright in H2, while the contamination from
scattered light that is worse at longer wavelengths is minimized, easing the detection of weaker line emission.

In Figures 4 and 5, we present the 26 H2 emission lines that
we detect. Figure 4 shows the 1D spectra for a bright spaxel in
the north-east section of the H2 outflow (see the black "x" in the
2.122 µm map in Fig. 5). The chosen spaxel is taken from one of
the brightest regions of the H2 outflow. This location also ben-
efits from being far from the protostar to minimize contamina-
tion from the bright scattered dust continuum. The continuum is

stronger at wavelengths > 2 µm compared to the 1–2 µm range,
where most of the [Fe ii] lines are detected. As was done for
[Fe ii], the flux density maps in Fig. 5 are shown at the velocities
given by the peak line intensities in Fig. 4. The H2 lines detected
include the S, Q, and O rotational transition branches, with upper
energies spanning from 6,000 K to 17,500 K. The details of each
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Fig. 6. Channel maps of the 1.644 µm [Fe ii] line. Contours are plotted at 1.5, 2.5, 5, and 15 µJy.

Fig. 7. Peaks in the [Fe ii] (Left) and H2 (Right) outflows. The flux density profile of the highest velocity emission as a function of the deprojected
distance along the jet’s axis (-150 km s�1 for [Fe ii], -110 km s�1 for H2) is shown normalized with respect to the dust continuum. The inset in
each panel shows the flux density maps with color maps logarithmically spaced from 10�2 to 10 µJy. The dashed vertical lines correspond to the
peak (central) position of each peak determined by fitting Gaussian profile to the flux density profile (Fline/Fcont vs distance). The same locations
are indicated by the white dashed lines in the flux density map in the inset.

around -70 km s�1, with emission detected at velocities upwards
of approximately -150 km s�1. The red-shifted side, although it
is 10-30⇥ dimmer than the blue-shifted side, has its peak flux
density at a velocity of ⇠190 km s�1 with tentative evidence of
high-velocity components close to ⇠230 km s�1. However, the
highest velocity components of the red-shifted outflow are only
found close to the edge of the IFU FOV, and need confirmation
with additional observations.

Due to the protostar being o↵set from the center of the FOV
of our observations, more of the blue-shifted jet is within the
FOV, and because the blue-shifted jet is substantially brighter,
we detect spatially distinct features in the flux density maps. The

structure of the atomic jet is characterized by a distinctive peak
in the flux density profile coinciding with the apparent jet axis,
flanked on either side by a sharp decrease. To highlight the lo-
cation of the peaks, we take 1D slices of the flux density maps
along the axis of the [Fe ii] jet and normalize the flux density at
the highest velocity component of the jet (Fline) to the continuum
flux density at that velocity (Fcont). This shows the flux density
of the fastest component of the jet for the 1.644 µm line in terms
of its strength in comparison to the continuum and makes it eas-
ier to determine the location of the peaks.

Within the FOV of these observations, we identify three dis-
tinct intensity peaks visible in the brightest [Fe ii] lines (e.g.,
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Fig. 8. PV diagrams of the 1.644 µm [Fe ii] (Top Row) and 2.803 µm H2 (Bottom row) lines at di↵erent locations in the bipolar jet. The distance
o↵set from the jet axis is calculated by adopting a distance of 140 pc without de-projection since the slices are taken perpendicular to the jet. The
de-projected o↵sets are shown in the bottom left of each panel. In each panel, the integrated flux density or moment-0 maps are shown in the inset
along with the region that the PV diagram was taken which has a width of 4-spaxels.

1.257, 1.644, 1.810 µm) on the northern side of the atomic jet,
as shown in Figure 7. For brevity, we only show the 1.644 µm
line and note that the location of the peaks does not change sig-
nificantly in the other lines. We determine the location of these
peaks by fitting Gaussian profiles to the normalized 1D flux den-
sity profiles. The distances of each peak are reported in AU from
the central star and de-projecting each point along the jet adopt-
ing an inclination with respect to the plane of the sky of ⇠ 35�
for the jet, based on the disk inclination of ⇠ 55� (where 90�
would be edge-on) (Harsono et al. 2021).

The first peak (1F) appears as as an extended structure with
a maximum in its flux density profile at a de-projected distance
of ⇠ 200 AU (see Figure 7). The second emission feature (2F)
is only visible in the brighter [Fe ii] lines and is considerably
smaller than the other two, located at a distance of approxi-
mately 270 AU from the protostar. The third emission feature
(3F) is observed in several [Fe ii] lines and is located close to the
edge of the FOV at ⇠370 au from the protostar. Adopting a de-
projected line-of-sight tangential velocity vgas = vobs/ sin(35�) =
-150 km s�1/sin(35�)⇡ -260 km s�1, the location of these peaks
correspond to dynamical timescales (tdyn =

d
vgas

) of 4, 5, and 7
years, respectively, implying a ⇠1-2 year dynamical time di↵er-
ence between adjacent peaks.

We employ position-velocity (PV) diagrams to examine ve-
locity profiles perpendicular the jet axis for each distinct emis-
sion feature in the bright 1.644 µm line (Figure 8, top row). Uti-
lizing the Astropy PV Extractor, we construct PV diagrams by
defining a line perpendicular to the jet axis with a width of 3 pix-
els, and the velocity space is computed using the rest wavelength
of the line. Solid white dots overlaid on the diagrams represent
velocities at the peak line flux density. At this spectral resolu-
tion, no clear indication of a velocity gradient can be discerned.

Theoretically, protostellar outflows are expected to rotate, and
indeed there is evidence to support it (e.g. Frank et al. 2014).
We would expect the rotation to show up as an increasing or de-
creasing velocity gradient perpendicular to the jet axis, as seen in
some sources (e.g., DG Tau, Zapata et al. 2015; De Valon et al.
2020). In these observations, the velocity at peak flux density re-
mains constant across the jet axis within the velocity resolution
and does not change significantly from one peak to the next.

3.3. The Molecular Jet and Wider Angle Outflow

As discussed in Harsono et al. (2023), extended molecular hy-
drogen (H2) emission is detected towards TMC1A with a nearly
conical shape that appears to enclose the blue-shifted [Fe ii] jet.
Similar to our analysis of the [Fe ii] lines, we investigate the mor-
phology of two of the bright H2 lines (2.122 & 2.803 µm) in
detail. For both lines, the structure of the outflow depends on ve-
locity. To examine the kinematic structure of the H2 emission,
we plot flux density maps for each velocity channel with signifi-
cant H2 emission in Figure 9. In the highest velocity bins of both
2.122 & 2.803 µm lines, there is evidence for a collimated struc-
ture coincident with the axis of the [Fe ii] jet. Beyond the jet axis,
there is little to no emission at higher velocities (leftmost panel
in the top and bottom row of Fig. 9). The line-of-sight velocity
for the 2.122 µm H2 line reaches -90 km s�1, and -110 km s�1 for
the 2.803 µm, corresponding to -160 km/s and -190 km/s respec-
tively after de-projection. This lends evidence for a molecular jet
component in addition to the atomic jet in TMC1A.

The slower velocity components (⇠ -30 - +20 km/s) of the H2
lines make up the wider angle ("shell") outflow. In comparison
to the atomic jet, the width of the H2 outflow is approximately
240 AU at a deprojected distance of 350 AU (2") from the star
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1. Introduction

Protostellar outflows are an integral part of star formation, trans-
porting material, momentum, and energy from the protostar and
accretion disk, and contributing to the redistribution of mass
and angular momentum throughout the protostellar system (e.g
Frank et al. 2014; Myers et al. 2023; Pascucci et al. 2023). There
is a great deal of diversity in the structure, strength, and even
presence of atomic and molecular emission lines in protostellar
outflows, alluding to a possible diversity in the launching mech-
anisms (e.g. Arce et al. 2007; Seale & Looney 2008; Bally 2016;
Tychoniec et al. 2019). One way to improve our understanding
of protostellar outflows is by analyzing spatially resolved near-
IR atomic and molecular emission along the protostellar outflow

using state-of-the-art instruments such as the James Webb Space
Telescope (JWST).

Most protostellar outflows are observed to be bipolar (e.g.
Shu & Adams 1987; Frank 1999; Bally et al. 2007; Seale &
Looney 2008; Bally 2016), but are often asymmetric in their
brightness and morphology (e.g. Mundt et al. 1990; Ray et al.
1996, 2007; White et al. 2014; Bally 2016). It is still not under-
stood whether observed di↵erences in the sides/lobes of bipolar
outflows are due to intrinsic di↵erences in the strengths (which
we correlate with brightness) of the outflows, or due to extrin-
sic factors such as a non-uniform ambient medium. There have
been several attempts to explain these asymmetries around more
evolved (Class II) sources. For example, in the case of FS Tauri
B, Liu et al. (2012) suggested that the di↵erence in mass-loss
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Fig. 9. Channel maps of the 2.122 (top panels) & 2.803 µm (bottom panels) H2 lines. Contours are plotted at flux levels of 3 ,5,10, and 30 µJy
shown by the cyan lines.

Fig. 10. Line profiles of the 1.644 µm [Fe ii] (Left) and 2.803 µm H2 (Right) lines at di↵erent locations. The spectra are color-coded and correspond
to the locations marked by "x" in the moment-0 maps shown in the insets. The spectra are extracted in di↵erent locations for the [Fe ii] and H2 lines
to highlight particular characteristics. In the left panel, these correspond to the 3 brightness peaks along the blue-shifted jet axis (blue, steel blue,
purple) and red-shifted jet (red). In the right panel, the spectra correspond to the central spine with higher velocity emission detected (purple), the
left (steel blue) and right (blue) wings of the ring-like structure and the red-shifted outflow (red).

while the [Fe ii] has a width of ⇠70 AU at this distance. There
is also low velocity H2 emission present on the red-shifted side
of the outflow, demonstrating that the H2 outflow is also bipolar,
similar to the atomic jet. The southern part of the H2 outflow is
also dimmer than the northern part by more than a factor of 10.
However, unlike the narrow atomic jet, the red-shifted compo-
nent of the H2 outflow is wider (a width of ⇠ 250 AU at 150 AU
from star compared to ⇠50 AU for the redshifted [Fe ii] outflow
at the same distance) and only apparent at lower velocities. The
redshifted H2 outflow is also wider than its northern counterpart

at the same distance (⇠250 AU compared to ⇠ 110 AU at 150
AU from the star).

In the northern H2 outflow, a ring-like structure is observed
that exhibits a brightness asymmetry where the right side is 3-4⇥
brighter than the left side (see Figure 10). The right side includes
more red-shifted flux compared to the left, which shows little
emission at ⇠ 60 km s�1 (see Figure 9,10). This may indicate an
unresolved velocity gradient associated with the asymmetry.

We further examine the velocity structure using PV diagrams
of the 2.803 µm line taken perpendicular to the jet/outflow axis.
As with [Fe ii], in Fig. 8 (bottom row), solid white dots mark the
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Fig. 8. PV diagrams of the 1.644 µm [Fe ii] (Top Row) and 2.803 µm H2 (Bottom row) lines at di↵erent locations in the bipolar jet. The distance
o↵set from the jet axis is calculated by adopting a distance of 140 pc without de-projection since the slices are taken perpendicular to the jet. The
de-projected o↵sets are shown in the bottom left of each panel. In each panel, the integrated flux density or moment-0 maps are shown in the inset
along with the region that the PV diagram was taken which has a width of 4-spaxels.

1.257, 1.644, 1.810 µm) on the northern side of the atomic jet,
as shown in Figure 7. For brevity, we only show the 1.644 µm
line and note that the location of the peaks does not change sig-
nificantly in the other lines. We determine the location of these
peaks by fitting Gaussian profiles to the normalized 1D flux den-
sity profiles. The distances of each peak are reported in AU from
the central star and de-projecting each point along the jet adopt-
ing an inclination with respect to the plane of the sky of ⇠ 35�
for the jet, based on the disk inclination of ⇠ 55� (where 90�
would be edge-on) (Harsono et al. 2021).

The first peak (1F) appears as as an extended structure with
a maximum in its flux density profile at a de-projected distance
of ⇠ 200 AU (see Figure 7). The second emission feature (2F)
is only visible in the brighter [Fe ii] lines and is considerably
smaller than the other two, located at a distance of approxi-
mately 270 AU from the protostar. The third emission feature
(3F) is observed in several [Fe ii] lines and is located close to the
edge of the FOV at ⇠370 au from the protostar. Adopting a de-
projected line-of-sight tangential velocity vgas = vobs/ sin(35�) =
-150 km s�1/sin(35�)⇡ -260 km s�1, the location of these peaks
correspond to dynamical timescales (tdyn =

d
vgas

) of 4, 5, and 7
years, respectively, implying a ⇠1-2 year dynamical time di↵er-
ence between adjacent peaks.

We employ position-velocity (PV) diagrams to examine ve-
locity profiles perpendicular the jet axis for each distinct emis-
sion feature in the bright 1.644 µm line (Figure 8, top row). Uti-
lizing the Astropy PV Extractor, we construct PV diagrams by
defining a line perpendicular to the jet axis with a width of 3 pix-
els, and the velocity space is computed using the rest wavelength
of the line. Solid white dots overlaid on the diagrams represent
velocities at the peak line flux density. At this spectral resolu-
tion, no clear indication of a velocity gradient can be discerned.

Theoretically, protostellar outflows are expected to rotate, and
indeed there is evidence to support it (e.g. Frank et al. 2014).
We would expect the rotation to show up as an increasing or de-
creasing velocity gradient perpendicular to the jet axis, as seen in
some sources (e.g., DG Tau, Zapata et al. 2015; De Valon et al.
2020). In these observations, the velocity at peak flux density re-
mains constant across the jet axis within the velocity resolution
and does not change significantly from one peak to the next.

3.3. The Molecular Jet and Wider Angle Outflow

As discussed in Harsono et al. (2023), extended molecular hy-
drogen (H2) emission is detected towards TMC1A with a nearly
conical shape that appears to enclose the blue-shifted [Fe ii] jet.
Similar to our analysis of the [Fe ii] lines, we investigate the mor-
phology of two of the bright H2 lines (2.122 & 2.803 µm) in
detail. For both lines, the structure of the outflow depends on ve-
locity. To examine the kinematic structure of the H2 emission,
we plot flux density maps for each velocity channel with signifi-
cant H2 emission in Figure 9. In the highest velocity bins of both
2.122 & 2.803 µm lines, there is evidence for a collimated struc-
ture coincident with the axis of the [Fe ii] jet. Beyond the jet axis,
there is little to no emission at higher velocities (leftmost panel
in the top and bottom row of Fig. 9). The line-of-sight velocity
for the 2.122 µm H2 line reaches -90 km s�1, and -110 km s�1 for
the 2.803 µm, corresponding to -160 km/s and -190 km/s respec-
tively after de-projection. This lends evidence for a molecular jet
component in addition to the atomic jet in TMC1A.

The slower velocity components (⇠ -30 - +20 km/s) of the H2
lines make up the wider angle ("shell") outflow. In comparison
to the atomic jet, the width of the H2 outflow is approximately
240 AU at a deprojected distance of 350 AU (2") from the star
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velocity at peak line emission, which are observed at approxi-
mately -30 km s�1 and 20 km s�1 for the blue-shifted and red-
shifted components, respectively. In the first and third columns
of the PV diagrams for H2, a transition in peak velocity from -30
km s�1 to 20 km s�1 is observed at the location of the bright-
ness asymmetry in the ring of the H2 shell. However, this shift is
not discernible at an intermediate location (the second column)
due to marginal di↵erences in the peak flux density between the
blue-shifted and red-shifted velocity bins. Nonetheless, the in-
tensity of the PV diagram still shows an increasing flux density
towards the first red-shifted velocity bin at this location.

To provide more detailed insights, we plot the 1D spectra at
individual spaxels for the 2.803 µm H2 line in the right panel of
Figure 10. The left-side (cyan) of the outflow covers ⇠3 spectral
channels (-70 - +20 km s�1) with the peak emission observed at
⇠ -30 km s�1. This is in contrast to the right side of the outflow
which covers ⇠4 channels (-70 - + 60 km s�1) and peaks at ⇠20
km s�1 (light red). However, in the southern outflow, the emis-
sion includes ⇠3 spectral channels which lean towards more red-
shifted velocities (⇠-30 - +60 km s�1) (dark red), presumably be-
cause the spectra at this location traces the red-shifted outflow.
Toward the central axis of the northern outflow (dark blue), the
line appears broader (⇠5 channels wide) and shows emission at a
notably higher blue-shifted velocity, approximately -110 km s�1,
corresponding to the jet.

Using the same method as for the [Fe ii] 1.644 µm line, peaks
in the flux density of the H2 jet are determined by constructing a
normalized flux density profile along the jet’s axis at the highest
velocity emission (-110 km s�1) of the 2.803 µm line and normal-
ize by the continuum (right panel, Figure 7). We find that there
are similarly three peaks (1H, 2H, 3H) in the blue-shifted H2 jet.
However, each peak is located at a farther distance from the pro-
tostar with respect to the observed [Fe ii] peaks (see Sect. 3.2).
With a deprojected velocity of ⇠-190 km s�1, the three identified
peaks in the molecular jet are located at de-projected distances
of 245, 350, and 410 AU, corresponding to dynamical timescales
of 6, 9, and 10 years. Notably, the locations of the H2 peaks are
found in the brightness dips of the atomic jet (left panel, Fig-
ure 7) suggesting they are situated in between the [Fe ii] peaks,
although higher spatial resolution observations are needed for
confirmation.

3.4. Extinction of the Jet

The extinction of radiation is a fundamental measure represent-
ing the absorption and scattering of light by foreground dust,
causing a reddening e↵ect. Accurate determination of the extinc-
tion towards the jet is crucial to knowing the actual brightness of
several lines used for constraining physical conditions, such as
excitation temperatures and densities. We estimate the extinc-
tion towards the jet using the observed [Fe ii] ratios. The inten-
sity ratio of optically thin lines of the same atom that originate
from the same upper level does not depend on the temperature or
density of the emitting gas, but rather the ratio of their Einstein
A-coe�cients via I1/I2 = A1⌫1/(A2⌫2) (Gredel 1994; Giannini
et al. 2015; Erkal et al. 2021), where ⌫1 and ⌫2 are the frequen-
cies of the two lines. A di↵erence between an observed line ratio
value and the intrinsic ratio can therefore be attributed to line-of-
sight extinction. Since we detect several transitions of [Fe ii] in
the jet of TMC1A, we use them to probe extinction. The obser-
vations of TMC1A are su�ciently good that we can estimate the
extinction of the jet using four separate line ratio pairs.We adopt
a similar methodology to Erkal et al. (2021) for determining the
extinction of the jet by comparing observed line ratios to the in-

Fig. 11. Visual extinction (AV ) towards the jet determined from the ob-
served [Fe ii] line ratios with respect to their intrinsic ratios. We calcu-
late the line ratios at peak line flux for spaxels along the northern (blue-
shifted) jet axis. We use the ratio at peak line flux since the lines are
only marginally resolved in wavelength (3–4 channels). The observed
trends are consistent with the values derived from taking line ratios with
zeroth-moment maps which have higher uncertainty due to spaxels that
contain faint emission.

trinsic ratios tabulated in Giannini et al. (2015), and then using
the parameterized extinction curve from Cardelli et al. (1989) to
determine the visual extinction, AV, in magnitudes.

We use Equation 21.1 of Draine (2011), which describes how
the extinction at a given wavelength, A�, reduces the observed
flux Fobs(�) = Fint(�)⇥10�0.4A� = Fint(�)⇥10�0.4��AV , where Fint
is the intrinsic flux and �� = A�/AV. The � terms are determined
using the extinction curve from Cardelli et al. (1989), which
demonstrated that extinction can be determined solely based on
the parameter RV that describes the slope of the extinction at
visible wavelengths. We adopt RV=5.5 as in McClure (2019).
Given the well-established intrinsic flux ratios for certain [Fe ii]
lines (Giannini et al. 2015), it is useful to take the ratio of the
previous equation at two of these specific wavelengths to then
solve for AV (Giannini et al. 2015):

AV = �2.5 log10

 
Fobs,�1/Fobs,�2

Fint,�1/Fint,�1

!
(��1 � ��2 )�1, (1)

where ��1 and ��2 represent the ratio of A(�)/A(V) calculated
from the extinction curve of Cardelli et al. (1989) (their eq. 1).
To estimate the uncertainty in the extintion, we propagate uncer-
tainties in the standard way for the intrinsic ratio (Fint,�1/Fint,�2 )
using the standard deviations reported in Giannini et al. (2015),
and the observed peak flux (Fobs,�1 , Fobs,�2 ).

Due to the lines spanning only 3-5 velocity bins, we de-
termine the ratio of observed intensities by taking the ratio
of the maximum flux densities of each line along the jet’s
axis at several di↵erent locations/spaxels. The intrinsic ratios of
the 1.257/1.644, 1.321/1.644, 1.533/1.677, and 1.599/1.712 µm
pairs used in this study are taken from Giannini et al. (2015), and
are taken to be 1.1, 0.32, 1.25, and 3.6, respectively. However,
the intrinsic line ratio can vary as a result of how the transition
probabilities are calculated. For example, the 1.257/1.644 ratio
can vary between 0.98-1.49 (Rodríguez-Ardila et al. 2004; Smith
& Hartigan 2006; Giannini et al. 2015) and more recently an
even higher value of 2.6 has been proposed (Rubinstein 2021).
For the same observed flux ratio, a di↵erence in the intrinsic
ratio of 0.98 to 1.49 corresponds to a di↵erence in AV of ⇠4
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ABSTRACT

Context. Dust polarization observations of the massive protocluster G31.41+0.31 carried out at ⇠100 (⇠3750 au) resolution with the
SMA at 870µm have revealed one of the clearest examples to date of an hourglass-shaped magnetic field morphology in the high-mass
regime. Additionally, ⇠0.0024 (⇠900 au) resolution observations with ALMA at 1.3 mm have confirmed these results. The next step is to
investigate whether the magnetic field maintains its hourglass-shaped morphology down to circumstellar scales.
Aims. To study the magnetic field morphology toward the four (proto)stars A, B, C, and D contained in G31.41+0.31 and examine
whether the self-similarity observed at core scales (100 and 0.0024 resolution) still holds at circumstellar scales, we carried out ALMA
observations of the polarized dust continuum emission at 1.3 mm and 3.1 mm at an angular resolution of ⇠0.00068 (⇠250 au), sufficient
to resolve the envelope emission of the embedded protostars.
Methods. We used ALMA to perform full polarization observations at 233 GHz (Band 6) and 97.5 GHz (Band 3) with a synthesized
beam of 0.00072 ⇥ 0.00064. We carried out polarization observations at two different wavelengths to confirm that the polarization traces
magnetically aligned dust grains and is not due to dust self-scattering.
Results. The polarized emission and the direction of the magnetic field obtained at the two wavelengths are basically the same, except
for an area between the embedded sources C and B. In such an area, the emission at 1.3 mm could be optically thick and affected
by dichroic extinction. In the rest of the core, the similarity of the emission at the two wavelengths suggests that the polarized emis-
sion is due to magnetically aligned grains. The polarized emission has been successfully modeled with a poloidal field with a small
toroidal component on the order of 10% of the poloidal component, with a position angle � = �63�, an inclination i = 50�, and a
mass-to-flux ratio � = 2.66. The magnetic field axis is oriented perpendicular to the NE–SW velocity gradient detected in the core.
The strength of the plane-of-the-sky component of the mean magnetic field, estimated using both the Davis-Chandrasekhar-Fermi and
the polarization-intensity gradient methods, is in the range ⇠10–80 mG, for a density range 1.4 ⇥ 107–5 ⇥ 108 cm�3. The mass-to-flux
ratio is in the range �⇠1.9–3.0, which suggests that the core is “supercritical”. The polarization-intensity gradient method indicates
that the magnetic field cannot prevent gravitational collapse inside the massive core. The collapse in the external part of the core is
(slightly) sub-Alfvénic and becomes super-Alfvénic close to the center.
Conclusions. Dust polarization measurements from large core scales to small circumstellar scales, in the hot molecular core
G31.41+0.31 have confirmed the presence of a strong magnetic field with an hourglass-shaped morphology. This result suggests that
the magnetic field could have a relevant role in regulating the star-forming process of massive stars at all scales, although it cannot
prevent the collapse. However, it cannot be ruled out that the large opacity of the central region of the core may hinder the study of the
magnetic field at circumstellar scales. Therefore, high-angular resolution observations at longer wavelengths, tracing optically thinner
emission, are needed to confirm this self-similarity.

Key words. polarization – techniques: interferometric – stars: formation – ISM: magnetic fields –
ISM: individual objects: G31.41+0.31

1. Introduction

Magnetic fields, along with gravity and turbulence are the
main actors involved in the process of star formation accord-
ing to theory, and depending on which of them dominates, the
outcome of such a process might be different. This is espe-
cially valid for high-mass star-forming regions, where the forces

involved are typically stronger than those in low-mass regions
(e.g., Tan et al. 2014; Beltrán & de Wit 2016). According to
Tang et al. (2019), the relative importance of magnetic field,
gravity, and turbulence over different physical scales drives the
different modes of fragmentation seen at sub-pc scales, with
a decreasing level of fragmentation expected for increasing
magnetic field strength (e.g., Commerçon et al. 2011, 2022).
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Fig. 1. Stokes I and polarized intensity at both wavelengths in G31. Top panels: ALMA Stokes I map of the G31 HMC at 1.3 mm (left) and 3.1 mm
(right). The contours are �5, 5, 10, 30, 60, 120, 160, and 200 times � at 1.3 mm and �5, 5, 10, 30, 60, 120, 160, 240 and 320 times � at 3.1 mm,
where 1� is 0.15 mJy beam�1 and 0.02 mJy beam�1, at 1.3 mm and 3.1 mm, respectively. Crosses (top panels) and white dots (lower panels) mark
the position of four continuum sources embedded in the Main core, named A, B, C, and D, observed at 1.4 mm and 3.5 mm (Beltrán et al. 2021).
White numbers indicate the other continuum sources identified in the region by Beltrán et al. (2021). The red cross indicates the peak of the UC HII
region imaged by Cesaroni et al. (1994). The synthesized beam is shown in the lower left corner. Bottom panels: Linearly polarized intensity P
(colors) and dust continuum emission map (contours) at 1.3 mm (left) and 3.1 mm (right). 1� is 8.1µJy beam�1 and 2.6µJy beam�1, at 1.3 mm and
3.1 mm, respectively. The contours indicate the 5� level of Stokes I at each wavelength.

Table 1. Position, flux densities, and peak brightness temperature of sources A, B, C, and D, embedded in the Main core of G31.41+0.31.

Position(a)

↵(J2000) �(J2000) Ipeak
1.3 mm Ipeak

3.1 mm T 1.3 mm
B T 3.1 mm

B
Source h m s � 0 00 (mJy beam�1) (mJy beam�1) (K) (K)

A 18 47 34.304 �01 12 46.08 30.3±3.0 6.9±0.4 160±16 223±13
B 18 47 34.313 �01 12 45.94 31.6±3.2 6.0±0.4 167±17 194±13
C 18 47 34.335 �01 12 46.00 23.4±2.3 3.7±0.2 124±12 120±6
D 18 47 34.304 �01 12 46.53 11.7±1.2 2.6±0.2 62±6 84±6

Notes. (a)Position of the dust emission peak at 3.1 mm.

expect taking into account that the synthesized beams of both
observations were almost the same. As seen in Table 1, sources
A and B are the brightest at both wavelengths, and have similar
peak intensities.

3.2. Polarized emission

Figure 1 shows the linearly polarized emission, P, at both wave-
lengths. The polarized emission at 1.3 mm is quite similar to

the one obtained at lower angular resolution (⇠0.002) by Beltrán
et al. (2019). These authors show that the main peak of P is
eastward of source C. At our higher angular resolution, the peak
of P is also found to the east of source C, but these new obser-
vations have clearly resolved the emission as compared to the P
map of Beltrán et al. (2019). Secondary peaks to the north of
source C, and toward the position of sources A and B are also
visible at both ⇠0.002 and 0.0007 angular resolution. The P map
at 1.3 mm also shows some polarized detections associated with

A281, page 4 of 15

A-D: 鷨⸻3.5 ,1.4ס mmؠ٭م
䄅┕+: UC HII

IעA, Bך䍚ַ
PעD♓㛙1.3עך mmך䍚ַ

Beltrán, M. T., et al.: A&A, 686, A281 (2024)

Fig. 2. Spectral indices. Color images of the spectral indices between 3.1
and 1.3 mm of the Stokes I (left top panel) and of the polarized intensity
(left bottom panel). The associated uncertainties images are shown in
the right panels. The scale is the same for the two images (shown in the
wedge at the top of the panels). The contours in both panels show the
Stokes I emission at 3.1 mm. Contours are 1, 3, 6, 12, 24, 48 and 96%
of the peak intensity, 12 mJy beam�1. The images presented here were
obtained using a common uv-range for the 3.1 and 1.3 mm data (see
text).

source 1, which again is also visible in the lower resolution map
of Beltrán et al. (2019).

The polarized emission at 3.1 mm is weaker than at 1.3 mm
and is only visible to the east of source C, associated with sources
A, B, and D and very weakly with source 1. As seen in Fig. 1, P
at 3.1 mm is not detected to the north and to the west of the Main
core, where, instead, polarized emission is seen at 1.3 mm. On
the contrary, the polarized emission associated with source D is
much weaker at 1.3 mm than at 3.1 mm.

3.3. Spectral index map

Figure 2 presents a map of the spectral index ↵ and its uncer-
tainty, where S ⌫ / ⌫↵, computed using the 3.1 and 1.3 mm
Stokes I (top panels) and the polarized emission (bottom panels).
As seen in this figure, the spectral map is completely different
if calculated from Stokes I or from P. For Stokes I, there is a
gradual decrease of the spectral index toward the center, from
⇠eq4.0 on the outer part of the envelope down to 2.0 at the peak
of the four massive protostars (source B has a spectral index of
1.87 ± 0.02). Given the uncertainties (from 0.2–0.3 at the bor-
der down to ⌧ 0.1 at the center), this spectral index gradient is
significant. The temperature in the core at the observed scales is
expected to be ⇠100 K or more (Osorio et al. 2009; Beltrán et al.
2018). Therefore, the dust continuum emission is in the Rayleigh-
Jeans regime. This means, that in the regions where the emission
is optically thin, ↵ is related to the power-law index � of the
dust opacity coefficient ⌫ / ⌫�, through ↵ = � + 2. At the peak
position of sources A, B, C and D, the spectral index indicates

optically thick emission. This suggests that the spectral index
increase at larger radius could be due to a smooth decrease of the
optical depth. In this case, Fig. 2 suggests a � of 1.0–1.5, which is
the typical value in molecular clouds (e.g., D’Alessio et al. 2001;
Sadavoy et al. 2013). Alternatively, the observed variation of the
spectral index across the core could be due to an increase of �
at outer radius, or by a combination of both. Because the four
embedded sources are optically thick, we can obtain a lower limit
of the dust temperature Td from the peak brightness temperature
TB of the sources (see Table 1). TB is high for all sources embed-
ded in the Main core, on the order of ⇠100–200 K. If the peak
emission arises from a compact, only partially resolved emis-
sion, then Td should be higher, which is consistent with typical
temperatures of embedded massive young stellar objects such as
sources A, B, C, and D (Beltrán et al. 2021).

In the regions of the Main core where it was possible to
calculate the P spectral index, the values obtained are differ-
ent, clearly lower than those obtained from Stokes I. Similarly
to what observed for Stokes I, the spectral index appears to
decrease toward the inner part of the core, but it is not as clear as
in Stokes I. This may be due to the lower signal-to-noise ratio of
the emission. Outside the center, the values range between 2 and
3 (the typical uncertainty is in most cases between 0.1 and 0.3).
Near the center, the spectral index appears to be between 1.2 and
2.5. This is not expected if the polarized signal follows the same
opacity law as the dust emission (see Sect. 5.2).

3.4. Polarization angles

Figure 3 shows the magnetic field orientation at 1.3 mm and
3.1 mm obtained by rotating by 90� the polarization segments.
From now on, when we mention magnetic field orientation, we
refer to this (although see Sect. 5.2). The polarization angles
have been calculated for Stokes Q and Stokes U > 3�. As seen
in this figure, the magnetic field is better sampled at 1.3 mm.
This is consistent with the fact that the observations at 1.3 mm
trace better the polarized emission in the core, as seen in Fig. 1
and already mentioned in Sect. 3.2. The orientations of the mag-
netic field lines at 1.3 mm coincide with those at 3.1 mm over
the whole core (Fig. 3) except for an area between sources
C and B that we discuss below. To better distinguish regions
exhibiting significant dispersion, in Fig. 4 we show the map
of the polarization angle residuals, obtained from the differ-
ence between the polarization angles at 1.3 mm and 3.1 mm,
as well as the corresponding histogram. As seen in this figure,
in a few areas, especially between sources C and B, the polar-
ization angle residuals are |� | > 45�. The histogram of the
polarization angle residuals shows that the average difference
between the orientation of the magnetic field at the two wave-
lengths is �6.43� ± 25.22� considering the whole range of � ,
and �4.45� ± 14.15� if limited to |� |  45�. The fact that the
polarization maps and the magnetic field orientations are basi-
cally the same at the two wavelengths indicates that the polarized
observations are probably tracing the emission of magnetically
aligned grains and are not affected by dust self-scattering.

The orientation of the magnetic field lines coincides with
that probed at 1.3 mm and ⇠0.0024 angular resolution by
Beltrán et al. (2019) and is also consistent with the orientation
observed at 870µm with the SMA at an angular resolution of
100 (Girart et al. 2009), which trace a region ⇠15 times larger
than that traced by the ALMA 0.00068 observations. This agree-
ment on the global orientation of the magnetic field points to a
self-similarity of the magnetic field from large to small scales.
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ABSTRACT

Context. Dust polarization observations of the massive protocluster G31.41+0.31 carried out at ⇠100 (⇠3750 au) resolution with the
SMA at 870µm have revealed one of the clearest examples to date of an hourglass-shaped magnetic field morphology in the high-mass
regime. Additionally, ⇠0.0024 (⇠900 au) resolution observations with ALMA at 1.3 mm have confirmed these results. The next step is to
investigate whether the magnetic field maintains its hourglass-shaped morphology down to circumstellar scales.
Aims. To study the magnetic field morphology toward the four (proto)stars A, B, C, and D contained in G31.41+0.31 and examine
whether the self-similarity observed at core scales (100 and 0.0024 resolution) still holds at circumstellar scales, we carried out ALMA
observations of the polarized dust continuum emission at 1.3 mm and 3.1 mm at an angular resolution of ⇠0.00068 (⇠250 au), sufficient
to resolve the envelope emission of the embedded protostars.
Methods. We used ALMA to perform full polarization observations at 233 GHz (Band 6) and 97.5 GHz (Band 3) with a synthesized
beam of 0.00072 ⇥ 0.00064. We carried out polarization observations at two different wavelengths to confirm that the polarization traces
magnetically aligned dust grains and is not due to dust self-scattering.
Results. The polarized emission and the direction of the magnetic field obtained at the two wavelengths are basically the same, except
for an area between the embedded sources C and B. In such an area, the emission at 1.3 mm could be optically thick and affected
by dichroic extinction. In the rest of the core, the similarity of the emission at the two wavelengths suggests that the polarized emis-
sion is due to magnetically aligned grains. The polarized emission has been successfully modeled with a poloidal field with a small
toroidal component on the order of 10% of the poloidal component, with a position angle � = �63�, an inclination i = 50�, and a
mass-to-flux ratio � = 2.66. The magnetic field axis is oriented perpendicular to the NE–SW velocity gradient detected in the core.
The strength of the plane-of-the-sky component of the mean magnetic field, estimated using both the Davis-Chandrasekhar-Fermi and
the polarization-intensity gradient methods, is in the range ⇠10–80 mG, for a density range 1.4 ⇥ 107–5 ⇥ 108 cm�3. The mass-to-flux
ratio is in the range �⇠1.9–3.0, which suggests that the core is “supercritical”. The polarization-intensity gradient method indicates
that the magnetic field cannot prevent gravitational collapse inside the massive core. The collapse in the external part of the core is
(slightly) sub-Alfvénic and becomes super-Alfvénic close to the center.
Conclusions. Dust polarization measurements from large core scales to small circumstellar scales, in the hot molecular core
G31.41+0.31 have confirmed the presence of a strong magnetic field with an hourglass-shaped morphology. This result suggests that
the magnetic field could have a relevant role in regulating the star-forming process of massive stars at all scales, although it cannot
prevent the collapse. However, it cannot be ruled out that the large opacity of the central region of the core may hinder the study of the
magnetic field at circumstellar scales. Therefore, high-angular resolution observations at longer wavelengths, tracing optically thinner
emission, are needed to confirm this self-similarity.

Key words. polarization – techniques: interferometric – stars: formation – ISM: magnetic fields –
ISM: individual objects: G31.41+0.31

1. Introduction

Magnetic fields, along with gravity and turbulence are the
main actors involved in the process of star formation accord-
ing to theory, and depending on which of them dominates, the
outcome of such a process might be different. This is espe-
cially valid for high-mass star-forming regions, where the forces

involved are typically stronger than those in low-mass regions
(e.g., Tan et al. 2014; Beltrán & de Wit 2016). According to
Tang et al. (2019), the relative importance of magnetic field,
gravity, and turbulence over different physical scales drives the
different modes of fragmentation seen at sub-pc scales, with
a decreasing level of fragmentation expected for increasing
magnetic field strength (e.g., Commerçon et al. 2011, 2022).
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Fig. 5. Comparison of magnetic field orientations at 1.3 mm and 3.1 mm. Left: Magnetic field segments at 1.3 mm (blue) and 3.1 mm (red). Segments
shown every ten pixels. Contours show the 5�-level dust continuum emission at 1.3 mm. The synthesized beam is shown in the lower left corner.
The black rectangle indicates the zoomed region shown in the right panel. Right: Close-up of the central region toward sources A, B, and C.
Segments are shown every five pixels. The green rectangle shows the region where the polarization segments at 1.3 mm and 3.1 mm are almost
perpendicular.

observations at 1.3 mm by Beltrán et al. (2019). For this reason,
we decided to use the same model used by these authors. The
model is based on Li & Shu (1996) and Padovani & Galli (2011)
and describes an axially symmetric singular toroid threaded by a
poloidal magnetic field. In order to take into account the impact
of rotation, we incorporated a modified force-free toroidal mag-
netic field component as described in Padovani et al. (2013).
While we refer to Sect. 4.1 of Beltrán et al. (2019) for the details
of the model, here we recall the main parameters such as the
mass-to-flux ratio (�), the ratio between the toroidal and poloidal
component of the magnetic field (b0), the orientation of the pro-
jection of the magnetic axis on the plane of the sky measured
from north to east ('), and the inclination of the magnetic field
with respect to the plane of the sky (i), which is assumed to be
positive (negative) if the magnetic field in the northern sector
points toward (away from) the observer.

To begin with, we fixed the values of � and b0 at � = 2.66
and b0 = 0.1, as done in Beltrán et al. (2019), and used DustPol
(Padovani et al. 2012) to create images of the Stokes parameters
I, Q and U for each combination of i and '. Models were then
fed into the simobserve and simanalyze tasks of the CASA
software, using the same antenna configuration as in our obser-
vations. Finally, the convolved models have been compared to
the two new sets of observations by computing the reduced chi
squared, �̄2.

Figure 7 shows the distribution of �̄2 at 1.3 mm as a func-
tion of i and '. Since the model is symmetric with respect to
the mid-plane, that is with respect to i = 0�, we show results
only for i 2 [0, 90]�. The minimum �̄2 is achieved for ' = �63�,
close to what we found with previous observations (' = �44�).
As for the inclination, here we obtain i = 50� against the pre-
vious value of �45�. However, the symmetry of the model
does not allow to discriminate between positive and negative

inclinations for optically thin emission, so the new results in
absolute value are in agreement with the previous ones. The
situation is less clear at 3.1 mm, and as shown in Fig. 8, the
distribution of �̄2 is much flatter. The minimum �̄2 is quite shal-
low and is obtained for a positive value of ', in contrast to the
expected orientation of G31. However, this discrepancy can eas-
ily be explained because the region is not uniformly sampled at
3.1 mm. As shown in the right panel of Fig. 3, the observations
are not sensitive to the polarization of the northern and western
regions of the core and the magnetic field morphology cannot
be properly modeled. To possibly increase the signal-to-noise of
the 3.1 mm observations and check whether we could recover
some low-intensity extended emission, we applied a uv-taper of
0.0015 ⇥ 0.0015 to the visibility data when running tclean. The
resulting synthesized beam of the maps is 0.0019 ⇥ 0.0016. After
performing the uv-tapering, the distribution of �̄2 remains flat
over the same range of inclinations, although the minimum value
of �̄2 is now obtained for a negative value of ' (see Fig. B.1),
in agreement with the observations at 1.3 mm and the predic-
tions of Beltrán et al. (2019). For all these reasons, we decided
to model only the 1.3 mm observations. The best fit model has
been obtained with b0 = 0.1, � = 2.66, i = 50�, and � = �63�
(see Fig. 9).

4.2. Magnetic field strength

Following Beltrán et al. (2019), we used the results of our model
fit to the 1.3 mm observations to measure the magnetic field
strength using the Davis-Chandrasekhar-Fermi (DCF) method
(Davis 1951; Chandrasekhar & Fermi 1953). For this purpose,
we used the dispersion of the polarization angle with respect
to the model (see Sect. 4.1). We considered the region inside
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Fig. 6. Polarization fraction at both wavelengths. Top: Polarization frac-
tion p (colors) and dust continuum emission map (contours) at 1.3 mm.
The synthesized beam is shown in the lower left corner. Contours and
symbols are the same as in Fig. 1. Bottom: Same as top panel, at 3.1 mm.

the 5� contour level to focus only on the Main core. The aver-
age uncertainty on the observed polarization angles is � obs =

0.5 �QU/
p

Q2 + U2, where �QU = 15µJy beam�1 is the noise
on the observed Stokes Q and U. This expression is valid for
high (> 5) signal-to-noise ratios (e.g., Vaillancourt 2006), which
is the case of our data. As seen in Fig. 1 (bottom right panel),
the linearly polarized intensity, P, of the G31 core is &5�QU =

0.07 mJy beam�1 in the region inside the 5� contour of the
1.3 mm dust continuum map, and in such a region � obs . 4�,
therefore, we used a histogram bin of 6�.

The average value of the distribution of residuals is � =
�7.18� ± 38.41� or � = �5.32� ± 21.45� considering the whole
range of � or only that where |� | < 45�, respectively. In the
area between sources B and C, the 1.3 mm polarization observa-
tions are likely affected by dichroic extinction (see Sect. 5.2).
If so, the 1.3 mm data in that area do not properly trace the
magnetic field and, in such an area, the polarization segments
do not have to be rotated by 90� to recover the magnetic field
orientation. This explains why the difference in angle between
the observations and the model of the magnetic field obtained

Fig. 7. Reduced chi-squared values, �̄2, for 1.3 mm observations as a
function of the inclination (i) and the orientation of the projection of the
magnetic axis on the plane of the sky ('). Black isocontours show values
of the difference between the observed and modeled position angles,
� , between �10� and 10� in steps of 5�. The black-filled cyan circle
shows the position of the �̄2 minimum.

Fig. 8. Same as Fig. 7, but for 3.1 mm observations.

by us is so large, as can be seen in Fig. 9. For this reason, we
decided to limit the range of � between �45� and +45�, and
use the standard deviation on the polarization angle dispersion,
� = 21.45�. Since the measurement uncertainty of the polar-
ization angle � obs is .4�, the intrinsic dispersion is � int =
(�2

 � � 2
obs)

1/2 ⇠ � .
The DCF method is based on the assumption that the pertur-

bations responsible for the polarization angle dispersion � int are
Alfvén waves of amplitude �B =

p
4⇡⇢�, where ⇢ is the density

and � is the velocity dispersion. This gives

Bpos = ⇠
�los

� int

p
4⇡⇢, (1)

where Bpos is the component of the magnetic field on the plane
of the sky, �los is the component of the velocity dispersion along
the line of sight, and ⇠ = 0.5 is a correction factor derived from
turbulent cloud simulations (Ostriker et al. 2001). According to
Ostriker et al. (2001), the DCF method is a valid approximation
as long as � int < 25�, that would correspond to cases for which
the uniform component of the magnetic field is much larger than
the random components. In our case, � int = 21.45� is large but
still within the limit. Note that recent simulations of Liu et al.
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Fig. 9. Comparison of magnetic field orientations between model and
observations. Upper panel: magnetic field configuration inside a radius
of 3700 au, corresponding to the radius of the Main core in G31,
obtained with b0 = 0.1, � = 2.66, i = 50�, and � = �63�. Lower panel:
magnetic field segments from observations at 1.3 mm (red) and the
best model (blue). The grey-scale map shows the polarized intensity,
P, while black contours show the 1.3 mm dust emission at 5, 10, 30,
60, 120, 160, and 200 times �, which is 0.15 mJy beam�1. Yellow areas
show the regions where the difference between the observed and mod-
eled polarization angle is |� | > 45�. The inset shows the distribution
of the polarization angle residuals obtained considering the whole range
of � (green) and limited to |� |  45 deg (magenta). The solid lines
show the corresponding Gaussian fits to the histograms.

(2021) indicate that, statistically, the average ratio between the
directly measured angular dispersion in polarization maps and
the turbulent-to-ordered magnetic field strength ratio (i.e., the
correction factor ⇠) is ⇠0.25 at clump and core scales if � obs <
25�, which is smaller than the value reported by Ostriker et al.
(2001).

Following Beltrán et al. (2019), we used ALMA observations
of continuum and line emission carried out with similar angu-
lar resolutions, ⇠0.001, to estimate �los and ⇢. The line-of-sight
dispersion has been computed from the full width half max-
imum �V of different K transitions of CH3CN and CH13

3 CN
observed by Beltrán et al. (2022) as �los = �V/

p
8 ln 2. To

avoid the effects of rotation on the line broadening, we esti-
mated �V at different pixel positions of the core and then
averaged the values. As already noticed by Beltrán et al. (2019),

the thermal contribution to the velocity dispersion is negligible
for the temperatures >⇠100 K estimated for the Main core (e.g.,
Beltrán et al. 2018). Using �V ' 5.6 ± 0.15 km s�1, the value
of �los is 2.4 ± 0.06 km s�1. This value is similar to the value
of 2.1 km s�1 estimated by Beltrán et al. (2019) from observa-
tions of CH3CN carried out with ALMA at an angular resolution
of ⇠0.0022 by Beltrán et al. (2018). As for the mean density,
Beltrán et al. (2019) used a value of n = 1.4 ⇥ 107 cm�3, cor-
responding to the volume density of the Main core averaged
inside a radius of ⇠100. This radius corresponds to that of the
Main core inside the 5� contour level (see Fig. 1). Beltrán et al.
(2021), with ALMA observations at an angular resolution of
⇠0.001, estimated average values of the number density toward
the embedded continuum sources A to D of n & 5 ⇥ 109 cm�3

(see their Table 4). Because these are average densities inside
the embedded sources, these values have to be taken as upper
limits of the densities in the inner region of the core (R ⇠ 0.003)
containing sources A, B, and C, which we assume to be an
order of magnitude lower, n ⇠ 5 ⇥ 108 cm�3. Using the range
of number densities of 1.4⇥107–5⇥108 cm�3, �los=2.4 km s�1,
and � int = 21.45�, we obtain a magnetic field strength in the
plane-of-sky of Bpos = 8.3–50 mG, which taking into account the
inclination with respect to the plane of the sky, i = 50�, obtained
from our modeling (see Sect. 4.1), corresponds to a total mag-
netic field strength B = Bpos/ cos i ⇠13–78 mG. Note that these
values are consistent with those reported in Fig. 12 of Cruchter
(2012) for a sample of molecular clouds if extrapolated to the
densities of ⇠107–108 cm�3 estimated in G31, and with those
reported in Fig. 3 of Liu et al. (2022).

4.3. The polarization-intensity gradient method

As seen in the previous section, the magnetic field strength is
usually estimated from maps of polarized emission using the
DCF method. However, this method leads to a single value of
the field strength statistically averaged over an entire region,
and does not allow to trace a position-dependent field strength.
To derive a position-dependent strength based on the observed
magnetic field morphology, one can use instead the polarization-
intensity gradient method developed and successfully applied to
observations by Koch et al. (2012a,b, 2013, 2014). Based on the
MHD force equation, this method uses the measurable angle
between the direction of the field and the intensity gradient,
together with the direction of gravity, to derive a local magnetic
field strength at every location where polarization is detected.
The relative importance of magnetic and gravitational forces is
represented by the non-dimensional quantity ⌃B, defined by

⌃B =
sin 
sin↵

(2)

where is the angle in the plane of the sky between the direction
of the local gravity and the intensity gradient, and ↵ is the angle
between the polarization direction and the intensity gradient. The
local gravity direction is computed through the distribution of
all surrounding mass, at any map position, under the assumption
that the dust emission is proportional to the gas mass. Values of
⌃B greater or less than unity indicate whether or not the magnetic
force is able to prevent gravitational collapse.

The map of ⌃B at 1.3 mm is shown in Fig. 10. For this cal-
culation we have reduced the number of pixels contained in each
beam surface to <3, and we have considered only polarization
measurements above 5�.
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Fig. 9. Comparison of magnetic field orientations between model and
observations. Upper panel: magnetic field configuration inside a radius
of 3700 au, corresponding to the radius of the Main core in G31,
obtained with b0 = 0.1, � = 2.66, i = 50�, and � = �63�. Lower panel:
magnetic field segments from observations at 1.3 mm (red) and the
best model (blue). The grey-scale map shows the polarized intensity,
P, while black contours show the 1.3 mm dust emission at 5, 10, 30,
60, 120, 160, and 200 times �, which is 0.15 mJy beam�1. Yellow areas
show the regions where the difference between the observed and mod-
eled polarization angle is |� | > 45�. The inset shows the distribution
of the polarization angle residuals obtained considering the whole range
of � (green) and limited to |� |  45 deg (magenta). The solid lines
show the corresponding Gaussian fits to the histograms.

(2021) indicate that, statistically, the average ratio between the
directly measured angular dispersion in polarization maps and
the turbulent-to-ordered magnetic field strength ratio (i.e., the
correction factor ⇠) is ⇠0.25 at clump and core scales if � obs <
25�, which is smaller than the value reported by Ostriker et al.
(2001).

Following Beltrán et al. (2019), we used ALMA observations
of continuum and line emission carried out with similar angu-
lar resolutions, ⇠0.001, to estimate �los and ⇢. The line-of-sight
dispersion has been computed from the full width half max-
imum �V of different K transitions of CH3CN and CH13

3 CN
observed by Beltrán et al. (2022) as �los = �V/

p
8 ln 2. To

avoid the effects of rotation on the line broadening, we esti-
mated �V at different pixel positions of the core and then
averaged the values. As already noticed by Beltrán et al. (2019),

the thermal contribution to the velocity dispersion is negligible
for the temperatures >⇠100 K estimated for the Main core (e.g.,
Beltrán et al. 2018). Using �V ' 5.6 ± 0.15 km s�1, the value
of �los is 2.4 ± 0.06 km s�1. This value is similar to the value
of 2.1 km s�1 estimated by Beltrán et al. (2019) from observa-
tions of CH3CN carried out with ALMA at an angular resolution
of ⇠0.0022 by Beltrán et al. (2018). As for the mean density,
Beltrán et al. (2019) used a value of n = 1.4 ⇥ 107 cm�3, cor-
responding to the volume density of the Main core averaged
inside a radius of ⇠100. This radius corresponds to that of the
Main core inside the 5� contour level (see Fig. 1). Beltrán et al.
(2021), with ALMA observations at an angular resolution of
⇠0.001, estimated average values of the number density toward
the embedded continuum sources A to D of n & 5 ⇥ 109 cm�3

(see their Table 4). Because these are average densities inside
the embedded sources, these values have to be taken as upper
limits of the densities in the inner region of the core (R ⇠ 0.003)
containing sources A, B, and C, which we assume to be an
order of magnitude lower, n ⇠ 5 ⇥ 108 cm�3. Using the range
of number densities of 1.4⇥107–5⇥108 cm�3, �los=2.4 km s�1,
and � int = 21.45�, we obtain a magnetic field strength in the
plane-of-sky of Bpos = 8.3–50 mG, which taking into account the
inclination with respect to the plane of the sky, i = 50�, obtained
from our modeling (see Sect. 4.1), corresponds to a total mag-
netic field strength B = Bpos/ cos i ⇠13–78 mG. Note that these
values are consistent with those reported in Fig. 12 of Cruchter
(2012) for a sample of molecular clouds if extrapolated to the
densities of ⇠107–108 cm�3 estimated in G31, and with those
reported in Fig. 3 of Liu et al. (2022).

4.3. The polarization-intensity gradient method

As seen in the previous section, the magnetic field strength is
usually estimated from maps of polarized emission using the
DCF method. However, this method leads to a single value of
the field strength statistically averaged over an entire region,
and does not allow to trace a position-dependent field strength.
To derive a position-dependent strength based on the observed
magnetic field morphology, one can use instead the polarization-
intensity gradient method developed and successfully applied to
observations by Koch et al. (2012a,b, 2013, 2014). Based on the
MHD force equation, this method uses the measurable angle
between the direction of the field and the intensity gradient,
together with the direction of gravity, to derive a local magnetic
field strength at every location where polarization is detected.
The relative importance of magnetic and gravitational forces is
represented by the non-dimensional quantity ⌃B, defined by

⌃B =
sin 
sin↵

(2)

where is the angle in the plane of the sky between the direction
of the local gravity and the intensity gradient, and ↵ is the angle
between the polarization direction and the intensity gradient. The
local gravity direction is computed through the distribution of
all surrounding mass, at any map position, under the assumption
that the dust emission is proportional to the gas mass. Values of
⌃B greater or less than unity indicate whether or not the magnetic
force is able to prevent gravitational collapse.

The map of ⌃B at 1.3 mm is shown in Fig. 10. For this cal-
culation we have reduced the number of pixels contained in each
beam surface to <3, and we have considered only polarization
measurements above 5�.
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Fig. 10. Map of ⌃B at 1.3 mm (color) superimposed to intensity con-
tours. Contour levels are 5, 10, 30, 60, 120, 160, 200 times � (�=
0.15 mJy beam�1).

The magnetic field strength in the plane of the sky is given
in terms of ⌃B by

Bpos =
p
⌃B (rP + ⇢r�) 4⇡Rc, (3)

(Koch et al. 2012a,b), where rP is the pressure gradient, r� is
the gravity acceleration, and Rc is the radius of curvature of the
magnetic field line. The latter is defined by

1
Rc
=

2
d

cos
"
1
2

(⇡ � �PA)
#
, (4)

where d is the distance between two contiguous magnetic field
segments, and �PA is the difference between their position
angles. The radius of curvature is calculated by averaging the
local curvatures between two adjacent segments over all nearest
neighbors. In Eq. (3), we assume that local changes in temper-
ature and density are minor compared to gravity and therefore
the pressure gradient rP to be negligible compared to the grav-
itational force ⇢r�. Using the average value of ⌃B, r� and Rc
over the map for Eqs. (3) and (4), and a uniform value of ⇢
corresponding to the density range of the Main core, n = 1.4 ⇥
107–5⇥ 108 cm�3, we obtain Bpos = 9–55 mG. This result is con-
sistent with the range obtained with the DCF method in Sect. 4.2
(Bpos = 8.3–50 mG). We note that only values of ⌃B < 2 have
been considered to avoid artificially high values of the magnetic
field strength due to sin↵ ⇠ 0 values in Eq. (2). If we increase
the threshold of ⌃B to 5, the average magnetic field strength Bpos
increases by ⇠6%. Figure 11 presents the magnetic field strength
map at 1.3 mm derived for a uniform density of 1.4 ⇥ 107 cm�3.
The bulk of the Bpos values are in the range ⇠0.2–50 mG.

5. Discussion

5.1. Wavelength polarization dependence

The polarization spectral index has a behaviour quite distinctive
from the total dust emission. At first, the polarization spectral
index follows the same trend as the dust emission spectral emis-
sion, i.e., the value increases outwards (from the dust intensity
peaks). However, the absolute values are significantly smaller for
the polarization spectral index, reaching a maximum between 2.5
and 3.0, whereas the dust spectral index maximum is between 3.0

Fig. 11. Magnetic field strength estimated with the polarization-
intensity gradient method. Map of Bpos derived from Eq. (3) for a
uniform density n = 1.4 ⇥ 107 cm�3 (color map) superimposed to inten-
sity contours. Contours levels are 5, 10, 30, 60, 120, 160, 200 times �
(� = 0.15 mJy beam�1).

and 3.5. The decrease with radius, could be due to the decrease of
the optical depth of total dust (Hildebrand et al. 2000; Yang et al.
2017), but in this case one would expect similar values where the
emission is optically thin. Therefore, this suggests an increase
of the polarization fraction, or of the polarization efficiency,
with wavelength. This has also been observed in the circumbi-
nary disk around the low mass YSO binary BHB2007-11 (Alves
et al. 2018) and in the HL Tau disk (Lin et al. 2023). However,
the origin of this increase is not understood. Further theoretical
studies and more observations are need to better understand and
characterize the increase of polarized fraction with increasing
wavelengths.

5.2. Dichroic extinction

Figure 5 shows the magnetic field segments at 1.3 mm and
3.1 mm. As seen in the zoom-in, the magnetic field orienta-
tions obtained from the two wavelengths differ from each other
by almost 90� in the area located between sources B and C.
This can also be seen in the histogram of Fig. A.1 which shows
the average difference between the orientations of the magnetic
field at 1.3 mm and 3.1 mm only for the area between sources
B and C. One sees that for most of the segments � is > 75�
or <�75�. The fact that the polarization directions at the two
wavelengths are almost perpendicular, suggests that in this inner
area of the Main core, the polarization mechanism could be
affected by dichroic extinction, in which linear polarization orig-
inates when light travels through an optically thick medium with
dust grains aligned by the magnetic field in the presence of
a temperature gradient (e.g., Wood 1997). Dichroic extinction,
which has been observed in low-mass star-forming regions (e.g.,
Ko et al. 2020; Liu 2021), occurs because the component of the
electric vector parallel to the long axis of the dust grains is more
efficiently absorbed, and this results in polarization being par-
allel to the magnetic field orientation. In the case of G31, the
polarized emission at 1.3 mm between sources B and C could
be optically thick and dominated by dichroic extinction, while
the polarized emission at 3.1 mm would be optically thinner and
dominated by dust grains aligned by the magnetic field. It is
worth mentioning that, despite G31 being a high-mass core with
high dust opacity, the area affected by dichroic extinction is very
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Fig. 10. Map of ⌃B at 1.3 mm (color) superimposed to intensity con-
tours. Contour levels are 5, 10, 30, 60, 120, 160, 200 times � (�=
0.15 mJy beam�1).

The magnetic field strength in the plane of the sky is given
in terms of ⌃B by

Bpos =
p
⌃B (rP + ⇢r�) 4⇡Rc, (3)

(Koch et al. 2012a,b), where rP is the pressure gradient, r� is
the gravity acceleration, and Rc is the radius of curvature of the
magnetic field line. The latter is defined by
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where d is the distance between two contiguous magnetic field
segments, and �PA is the difference between their position
angles. The radius of curvature is calculated by averaging the
local curvatures between two adjacent segments over all nearest
neighbors. In Eq. (3), we assume that local changes in temper-
ature and density are minor compared to gravity and therefore
the pressure gradient rP to be negligible compared to the grav-
itational force ⇢r�. Using the average value of ⌃B, r� and Rc
over the map for Eqs. (3) and (4), and a uniform value of ⇢
corresponding to the density range of the Main core, n = 1.4 ⇥
107–5⇥ 108 cm�3, we obtain Bpos = 9–55 mG. This result is con-
sistent with the range obtained with the DCF method in Sect. 4.2
(Bpos = 8.3–50 mG). We note that only values of ⌃B < 2 have
been considered to avoid artificially high values of the magnetic
field strength due to sin↵ ⇠ 0 values in Eq. (2). If we increase
the threshold of ⌃B to 5, the average magnetic field strength Bpos
increases by ⇠6%. Figure 11 presents the magnetic field strength
map at 1.3 mm derived for a uniform density of 1.4 ⇥ 107 cm�3.
The bulk of the Bpos values are in the range ⇠0.2–50 mG.

5. Discussion

5.1. Wavelength polarization dependence

The polarization spectral index has a behaviour quite distinctive
from the total dust emission. At first, the polarization spectral
index follows the same trend as the dust emission spectral emis-
sion, i.e., the value increases outwards (from the dust intensity
peaks). However, the absolute values are significantly smaller for
the polarization spectral index, reaching a maximum between 2.5
and 3.0, whereas the dust spectral index maximum is between 3.0

Fig. 11. Magnetic field strength estimated with the polarization-
intensity gradient method. Map of Bpos derived from Eq. (3) for a
uniform density n = 1.4 ⇥ 107 cm�3 (color map) superimposed to inten-
sity contours. Contours levels are 5, 10, 30, 60, 120, 160, 200 times �
(� = 0.15 mJy beam�1).

and 3.5. The decrease with radius, could be due to the decrease of
the optical depth of total dust (Hildebrand et al. 2000; Yang et al.
2017), but in this case one would expect similar values where the
emission is optically thin. Therefore, this suggests an increase
of the polarization fraction, or of the polarization efficiency,
with wavelength. This has also been observed in the circumbi-
nary disk around the low mass YSO binary BHB2007-11 (Alves
et al. 2018) and in the HL Tau disk (Lin et al. 2023). However,
the origin of this increase is not understood. Further theoretical
studies and more observations are need to better understand and
characterize the increase of polarized fraction with increasing
wavelengths.

5.2. Dichroic extinction

Figure 5 shows the magnetic field segments at 1.3 mm and
3.1 mm. As seen in the zoom-in, the magnetic field orienta-
tions obtained from the two wavelengths differ from each other
by almost 90� in the area located between sources B and C.
This can also be seen in the histogram of Fig. A.1 which shows
the average difference between the orientations of the magnetic
field at 1.3 mm and 3.1 mm only for the area between sources
B and C. One sees that for most of the segments � is > 75�
or <�75�. The fact that the polarization directions at the two
wavelengths are almost perpendicular, suggests that in this inner
area of the Main core, the polarization mechanism could be
affected by dichroic extinction, in which linear polarization orig-
inates when light travels through an optically thick medium with
dust grains aligned by the magnetic field in the presence of
a temperature gradient (e.g., Wood 1997). Dichroic extinction,
which has been observed in low-mass star-forming regions (e.g.,
Ko et al. 2020; Liu 2021), occurs because the component of the
electric vector parallel to the long axis of the dust grains is more
efficiently absorbed, and this results in polarization being par-
allel to the magnetic field orientation. In the case of G31, the
polarized emission at 1.3 mm between sources B and C could
be optically thick and dominated by dichroic extinction, while
the polarized emission at 3.1 mm would be optically thinner and
dominated by dust grains aligned by the magnetic field. It is
worth mentioning that, despite G31 being a high-mass core with
high dust opacity, the area affected by dichroic extinction is very
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Fig. 10. Map of ⌃B at 1.3 mm (color) superimposed to intensity con-
tours. Contour levels are 5, 10, 30, 60, 120, 160, 200 times � (�=
0.15 mJy beam�1).

The magnetic field strength in the plane of the sky is given
in terms of ⌃B by

Bpos =
p
⌃B (rP + ⇢r�) 4⇡Rc, (3)

(Koch et al. 2012a,b), where rP is the pressure gradient, r� is
the gravity acceleration, and Rc is the radius of curvature of the
magnetic field line. The latter is defined by
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where d is the distance between two contiguous magnetic field
segments, and �PA is the difference between their position
angles. The radius of curvature is calculated by averaging the
local curvatures between two adjacent segments over all nearest
neighbors. In Eq. (3), we assume that local changes in temper-
ature and density are minor compared to gravity and therefore
the pressure gradient rP to be negligible compared to the grav-
itational force ⇢r�. Using the average value of ⌃B, r� and Rc
over the map for Eqs. (3) and (4), and a uniform value of ⇢
corresponding to the density range of the Main core, n = 1.4 ⇥
107–5⇥ 108 cm�3, we obtain Bpos = 9–55 mG. This result is con-
sistent with the range obtained with the DCF method in Sect. 4.2
(Bpos = 8.3–50 mG). We note that only values of ⌃B < 2 have
been considered to avoid artificially high values of the magnetic
field strength due to sin↵ ⇠ 0 values in Eq. (2). If we increase
the threshold of ⌃B to 5, the average magnetic field strength Bpos
increases by ⇠6%. Figure 11 presents the magnetic field strength
map at 1.3 mm derived for a uniform density of 1.4 ⇥ 107 cm�3.
The bulk of the Bpos values are in the range ⇠0.2–50 mG.

5. Discussion

5.1. Wavelength polarization dependence

The polarization spectral index has a behaviour quite distinctive
from the total dust emission. At first, the polarization spectral
index follows the same trend as the dust emission spectral emis-
sion, i.e., the value increases outwards (from the dust intensity
peaks). However, the absolute values are significantly smaller for
the polarization spectral index, reaching a maximum between 2.5
and 3.0, whereas the dust spectral index maximum is between 3.0

Fig. 11. Magnetic field strength estimated with the polarization-
intensity gradient method. Map of Bpos derived from Eq. (3) for a
uniform density n = 1.4 ⇥ 107 cm�3 (color map) superimposed to inten-
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and 3.5. The decrease with radius, could be due to the decrease of
the optical depth of total dust (Hildebrand et al. 2000; Yang et al.
2017), but in this case one would expect similar values where the
emission is optically thin. Therefore, this suggests an increase
of the polarization fraction, or of the polarization efficiency,
with wavelength. This has also been observed in the circumbi-
nary disk around the low mass YSO binary BHB2007-11 (Alves
et al. 2018) and in the HL Tau disk (Lin et al. 2023). However,
the origin of this increase is not understood. Further theoretical
studies and more observations are need to better understand and
characterize the increase of polarized fraction with increasing
wavelengths.

5.2. Dichroic extinction

Figure 5 shows the magnetic field segments at 1.3 mm and
3.1 mm. As seen in the zoom-in, the magnetic field orienta-
tions obtained from the two wavelengths differ from each other
by almost 90� in the area located between sources B and C.
This can also be seen in the histogram of Fig. A.1 which shows
the average difference between the orientations of the magnetic
field at 1.3 mm and 3.1 mm only for the area between sources
B and C. One sees that for most of the segments � is > 75�
or <�75�. The fact that the polarization directions at the two
wavelengths are almost perpendicular, suggests that in this inner
area of the Main core, the polarization mechanism could be
affected by dichroic extinction, in which linear polarization orig-
inates when light travels through an optically thick medium with
dust grains aligned by the magnetic field in the presence of
a temperature gradient (e.g., Wood 1997). Dichroic extinction,
which has been observed in low-mass star-forming regions (e.g.,
Ko et al. 2020; Liu 2021), occurs because the component of the
electric vector parallel to the long axis of the dust grains is more
efficiently absorbed, and this results in polarization being par-
allel to the magnetic field orientation. In the case of G31, the
polarized emission at 1.3 mm between sources B and C could
be optically thick and dominated by dichroic extinction, while
the polarized emission at 3.1 mm would be optically thinner and
dominated by dust grains aligned by the magnetic field. It is
worth mentioning that, despite G31 being a high-mass core with
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ABSTRACT

Context. Dust polarization observations of the massive protocluster G31.41+0.31 carried out at ⇠100 (⇠3750 au) resolution with the
SMA at 870µm have revealed one of the clearest examples to date of an hourglass-shaped magnetic field morphology in the high-mass
regime. Additionally, ⇠0.0024 (⇠900 au) resolution observations with ALMA at 1.3 mm have confirmed these results. The next step is to
investigate whether the magnetic field maintains its hourglass-shaped morphology down to circumstellar scales.
Aims. To study the magnetic field morphology toward the four (proto)stars A, B, C, and D contained in G31.41+0.31 and examine
whether the self-similarity observed at core scales (100 and 0.0024 resolution) still holds at circumstellar scales, we carried out ALMA
observations of the polarized dust continuum emission at 1.3 mm and 3.1 mm at an angular resolution of ⇠0.00068 (⇠250 au), sufficient
to resolve the envelope emission of the embedded protostars.
Methods. We used ALMA to perform full polarization observations at 233 GHz (Band 6) and 97.5 GHz (Band 3) with a synthesized
beam of 0.00072 ⇥ 0.00064. We carried out polarization observations at two different wavelengths to confirm that the polarization traces
magnetically aligned dust grains and is not due to dust self-scattering.
Results. The polarized emission and the direction of the magnetic field obtained at the two wavelengths are basically the same, except
for an area between the embedded sources C and B. In such an area, the emission at 1.3 mm could be optically thick and affected
by dichroic extinction. In the rest of the core, the similarity of the emission at the two wavelengths suggests that the polarized emis-
sion is due to magnetically aligned grains. The polarized emission has been successfully modeled with a poloidal field with a small
toroidal component on the order of 10% of the poloidal component, with a position angle � = �63�, an inclination i = 50�, and a
mass-to-flux ratio � = 2.66. The magnetic field axis is oriented perpendicular to the NE–SW velocity gradient detected in the core.
The strength of the plane-of-the-sky component of the mean magnetic field, estimated using both the Davis-Chandrasekhar-Fermi and
the polarization-intensity gradient methods, is in the range ⇠10–80 mG, for a density range 1.4 ⇥ 107–5 ⇥ 108 cm�3. The mass-to-flux
ratio is in the range �⇠1.9–3.0, which suggests that the core is “supercritical”. The polarization-intensity gradient method indicates
that the magnetic field cannot prevent gravitational collapse inside the massive core. The collapse in the external part of the core is
(slightly) sub-Alfvénic and becomes super-Alfvénic close to the center.
Conclusions. Dust polarization measurements from large core scales to small circumstellar scales, in the hot molecular core
G31.41+0.31 have confirmed the presence of a strong magnetic field with an hourglass-shaped morphology. This result suggests that
the magnetic field could have a relevant role in regulating the star-forming process of massive stars at all scales, although it cannot
prevent the collapse. However, it cannot be ruled out that the large opacity of the central region of the core may hinder the study of the
magnetic field at circumstellar scales. Therefore, high-angular resolution observations at longer wavelengths, tracing optically thinner
emission, are needed to confirm this self-similarity.

Key words. polarization – techniques: interferometric – stars: formation – ISM: magnetic fields –
ISM: individual objects: G31.41+0.31

1. Introduction

Magnetic fields, along with gravity and turbulence are the
main actors involved in the process of star formation accord-
ing to theory, and depending on which of them dominates, the
outcome of such a process might be different. This is espe-
cially valid for high-mass star-forming regions, where the forces

involved are typically stronger than those in low-mass regions
(e.g., Tan et al. 2014; Beltrán & de Wit 2016). According to
Tang et al. (2019), the relative importance of magnetic field,
gravity, and turbulence over different physical scales drives the
different modes of fragmentation seen at sub-pc scales, with
a decreasing level of fragmentation expected for increasing
magnetic field strength (e.g., Commerçon et al. 2011, 2022).

A281, page 1 of 15
Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),

which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.



Thermal Structure and Millimeter Emission from a Protoplanetary Disk with Embedded
Protoplanets from Radiative Transfer Modeling

Felipe Alarcón and Edwin A. Bergin
Department of Astronomy, University of Michigan, 323 West Hall, 1085 S University Ave., Ann Arbor, MI 48109, USA; falarcon@umich.edu

Received 2023 October 2; revised 2024 April 9; accepted 2024 April 9; published 2024 May 29

Abstract

The discovery of protoplanets and circumplanetary disks provides a unique opportunity to characterize planet
formation through observations. Massive protoplanets shape the physical and chemical structure of their host
circumstellar disk by accretion, localized emission, and disk depletion. In this work, we study the thermal changes
induced within the disk by protoplanet accretion and synthetic predictions through hydrodynamical simulations
with postprocessed radiative transfer with an emphasis on radio millimeter emission. We explored distinct growth
conditions and varied both planetary accretion rates and the local dust-to-gas mass ratios for a protoplanet at
1200 K. The radiative transfer models show that beyond the effect of disk gaps, in most cases, the circumplanetary
disk (CPD) and the planet’s emission locally increase the disk temperature. Moreover, depending on the local dust-
to-gas depletion and accretion rate, the presence of the CPD may have detectable signatures in millimeter emission.
It also has the power to generate azimuthal asymmetries that are important for continuum subtraction. Thus, if other
means of detection of protoplanets are proven, the lack of corresponding evidence at other wavelengths can set
limits on their growth timescales through a combined analysis of the local dust-to-gas ratio and the accretion rate.

Unified Astronomy Thesaurus concepts: Protoplanetary disks (1300); Submillimeter astronomy (1647); Planetary-
disk interactions (2204)

1. Introduction

The observational detection of protoplanets through different
means has become a reality in the present decade. A handful of
protoplanets have been confirmed or nominated through direct
imaging methods, including PDS 70 b and c (Keppler et al.
2018; Haffert et al. 2019), AB Aur b (Currie et al. 2022), and
HD 169142 b (Gratton et al. 2019; Hammond et al. 2023).
Additionally, a larger number of protoplanet candidates have
been proposed through velocity “kinks” and footprints in disk
gas kinematics (Pinte et al. 2019, 2020) and more recently via
detections of circumplanetary disks (CPDs) in gas or dust
emission (Benisty et al. 2021; Bae et al. 2022). While existing
facilities (e.g., Atacama Large Millimeter/submillimeter
Array/ALMA, the James Webb Space Telescope/JWST, and
ground-based optical/infrared telescopes) will continue to push
this field, the upcoming large ground-based optical observa-
tories, such as the European Extremely Large Telescope, the
Thirty Meter Telescope, and the Giant Magellan Telescope,
will further revolutionize our knowledge of planet formation.
This increased observational capacity can potentially help to
achieve characterization of young planet-forming systems at
multiple wavelengths. This means we will be able to observe
and analyze (proto)planets and their natal disks across a wide
range of wavelengths, ranging from optical light to infrared.

During their formation, giant planets change the physical and
chemical conditions in their surroundings by carving gaps in the
gas and dust, which leads to radial differences in the temperature
and radiation fields (Facchini et al. 2018; van der Marel et al.
2018; Alarcón et al. 2022; Broome et al. 2023). They cause
chemical exchange between layers through distinct meridional

flows of gas and dust (Szulágyi et al. 2014, 2022; Dong et al.
2019) and locally elevate the temperature in the surrounding
disk, potentially inducing changes in the chemical composition
(Cleeves et al. 2015). Much of the extant work in the references
above is based on ALMA images of gas and dust in disk
combined with theoretical models. However, additional observa-
tional constraints are becoming available. As an example, the
detection of UV continuum toward PDS 70 b supplies
information about its accretion rate and possibly about its CPD
(Zhou et al. 2022). From a chemical point of view, determining
the effective accretion rate is important for determining the UV
and Hα luminosity, which sets up the thermal and photo-
chemical equilibrium of the planet-feeding gas, where atomic
tracers may be dominant (Alarcón et al. 2022).
In this investigation, we explore the thermal effects of a

growing planet and the expected emission at millimeter
wavelengths by postprocessing models with different accretion
rates and local levels of dust depletion both inside and outside
the millimeter/pebble disk. We then use these predictions to
study the effective protoplanet footprint within the current
capabilities of ALMA.
This paper is organized as follows: we present the

methodology applied in the work to study the effect of the
radiative transfer of a planetary source in a circumstellar disk in
Section 2. In Section 3 we present the main results of our
simulations, exploring different parameters relevant in planet-
forming settings. We discuss the main findings of our work in
Section 4 and we summarize the present paper in Section 5.

2. Methods

We explore the thermal differences associated with the
emission from a protoplanet within a protoplanetary disk. We
first run 3D hydrodynamical simulations with FARGO3D
(Benítez-Llambay & Masset 2016), and then postprocess these
simulations with RADMC-3D (Dullemond et al. 2012) by
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• ⸉㡎䘄佔ס泡䫘䲯⥼PDS 70, AB Aur, HD 169142ն⸉㡎䘄佔؅وشٔ؟עꝧׄ׽ג峪䈱׾׌׽גׅ┕؅ն
• ꡸浓曍עUV, Hαס䍚؅׈婊״յ䘄佔׫孱⪌סت؝׾׌掂⩞⴫㰢䇖辅؅婊׾״ն
• 3D HD, FARGO3D, RADMC-3D, λ=1.3 mm, θ=3 au
• DSHARPסHD 163296⫃泅ٜٓظٛوشٔ؟ء٤鱮ײնα=10ˑ3նM*=2.1 Mo.
• 10, 48, 86 au0.14 ,2.18 ,0.7מ MJն⮯מmmך釤ֻ150ַם au2מ MJײסն
• 0.69x10ˑ7 Mo/yrך睳䓪ⱶ掂ն
• 99ס韬ꄈֿamax=2.5 mm, 15ע µmն
• 䘄佔ٜكסⶐ䏦⫂סd/g10ע^ˑ2, ˑ3, ˑ4כ㚺ֻ׾ն
• 䘄佔1200ע K랬⛮յ睳䓪յؠش٘بն10^ˑ5, ˑ6, ˑ7 MJ/yrն

including the blackbody emission from a protoplanet, accretion
shocks, and the spectrum of a circumplanetary disk. We then
produced synthetic continuum emission images of the hosting
disk at λ= 1.3 mm observable by ALMA at typical angular
resolutions of dust continuum emission, ∼3 au (Andrews 2020).

2.1. Hydrodynamical Simulation Setup

We ran two 3D hydrodynamical simulations with FARGO3D
(Benítez-Llambay & Masset 2016), which is built by expand-
ing the FARGO algorithm (Masset 2000), which is particularly
efficient for advection flows in Keplerian disks. Using a
dedicated hydrodynamics code provides a more realistic
physical setup for the radiative transfer models. One of them
replicated the best-fit 2D model of the dust continuum emission
from HD 163296 from the DSHARP survey (Andrews et al.
2018; Zhang et al. 2018). We also embedded a planet beyond
the edge of the observable millimeter disk for the other run. We
decided to replicate the HD 163296 disk as our starting point
because it presents a well-known and thoroughly characterized
protoplanetary disk, particularly at high resolution in millimeter
wavelengths as part of both the DSHARP and MAPS surveys
(Andrews et al. 2018; Öberg et al. 2021). The HD 163296 disk
presents a rich substructure in dust emission with crescents,
dark dust gaps, and bright emission rings (Isella et al. 2018).
Given this structure, it has been proposed in the literature that
the HD 163296 disk hosts several protoplanets, which are
predicted via simulations that match the structures seen in dust
continuum emission (Isella et al. 2018; Zhang et al. 2018;
Garrido-Deutelmoser et al. 2023). Additional evidence for
protoplanets is found in the gas kinematics acting as planetary
footprints (Pinte et al. 2019, 2020; Teague et al. 2019;
Izquierdo et al. 2022, 2023) and from the emission from atomic
tracers (Alarcón et al. 2022). In particular, for our hydro-
dynamical run, we located three planets of 0.7, 2.18, and 0.14
MJup at 10, 48, and 86 au respectively, although we focus on
the effect of the planet at 48 au, which is the most massive
inside the millimeter disk.

In our second modeling setup, we analyze the effects of a
circumstellar disk with a massive planet located beyond the
edge of the millimeter dust disk, i.e., where dust emission falls
below a given sensitivity limit. In this model, we embedded a 2
MJup planet at 150 au beyond the observable millimeter disk. It
is expected that the effects, in this case, will be more noticeable
and easier to decouple from the stellar-disk interactions as the
disk becomes colder in the outer regions. A mass tapering for
planetary growth in both models was included over the first 100
orbits.

Our models assume a constant α-viscosity prescription
(Shakura & Sunyaev 1973) across the disk with α= 10−3. The
3D grids for the two hydrodynamical simulations have (256,
512, 64) cells in spherical coordinates (r, f, θ). The colatitude
f spans from 1.17 to π/2, assuming mirror symmetry with
respect to the midplane, while the azimuthal coordinate covers
the whole range from 0 to 2π. The radial coordinate ranged
from 7 to 200 au for the HD 163296 disk model and from 20 to
400 au for the single-planet model with a logarithmic spacing.
The radial velocity has antisymmetric boundary conditions at
the radial edges and symmetric at both ends of the colatitude
range, while the colatitude velocity is symmetric in radius and
antisymmetric at the colatitude boundaries. The hydrodynami-
cal simulation ran for 500 orbits of the most massive planet at

48 au in the HD 163296 model and for the same number of
orbits for the model with one planet at 150 au. An aspect ratio
of 0.08 with a flaring index ψ= 0.08 was considered in the
initial density distribution of the disk. The planets were input in
fixed circular orbits using the planet-to-star mass ratio, q,
assuming a stellar mass of 2.1 Me. We show the dust density
fields of our 3D hydrodynamical simulation of HD 163296 in
Figure 1. In the simulation, we see the density depletion in the
gaps as expected at the location of the massive planets along
with the planet-driven spirals.

2.2. Radiative Transfer Setup

We studied the effects of the emission from a protoplanet
and its CPD by postprocessing the output from the hydro-
dynamical simulations of FARGO3D with RADMC-3D (Dullemond
et al. 2012; Benítez-Llambay & Masset 2016). Within the
heating components in the modeling, we took into account the
viscous heating associated with the stellar accretion rate,
assuming a stellar accretion rate of M M0.69 10 yr7 1 = ´ - -

(Donehew & Brittain 2011). The viscous heating was modeled
by adding concentric rings following the standard temperature

Figure 1. Top: density field in the midplane of the disk after 500 orbits of the
HD 163296 model using the FARGO3D code (Benítez-Llambay &
Masset 2016). Bottom: meridional cut of the density field along the azimuth
of the planet at 48 au showing the gap and density structure of the disk in the
radial and vertical directions.
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distribution of an accretion disk (Calvet et al. 1994):
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We used 108 photons to calculate the thermal equilibrium.
The stellar spectrum is the one corresponding to the HD
163296 star given that we set up the hydrodynamical
simulations based on that disk. The input spectra for the star
and the protoplanet are shown in Figure 2.

We modeled the dust opacity in the disk using two dust
populations for the radiative transfer modeling. The first
population corresponds to large grains holding 99% of the
disk dust mass, and the other population represents only small
grains with 1% of the disk dust mass. The two populations have
the same composition, which corresponds to a water ice mass
fraction of 20%, 40% in organics, 33% astrosilicates, and
∼7.8% in troilites. The opacity values were taken from Warren
& Brandt (2008) for water ice, Henning & Stognienko (1996)
for organics and troilite, and Draine (2003) for the
astrosilicates.

We set a constant dust-to-gas mass ratio across the disk of
0.01 (Sandstrom et al. 2013) with the exception of the Hill
sphere around the planet at 48 au, which is a free parameter in
our modeling that will be detailed below. Zhu et al. (2012)
demonstrate that planet-induced gaps filter the drifting of large
grains; additionally, Zhu et al. (2018) show that the drifting
timescale of millimeter and submillimeter dust grains in
massive CPDs can be as short as tdrift∼ 1000 yr. Thus, we
explored different scenarios, varying the local depletion of
large grains, which is reflected in the local dust-to-gas mass
ratio, assuming values of 10−2, 10−3, and 10−4. As part of the
radiative transfer simulation with RADMC-3D, anisotropic
scattering with the Henyey–Greenstein phase function was
considered (Henyey & Greenstein 1941). The dust size
distribution for the two populations follows the Mathis et al.
(1977) power law proportional to the dust grain size, i.e.,

( ) ( )n a a da, 2p
0 µ -

with a the grain size, and p the power-law index, which we set
to 3.5. The first dust population ranges from amin = 0.05 μm to

amax = 2.5 mm, while the second spans sizes between
amin = 0.05 μm and amax = 5 μm.

2.2.1. Protoplanetary Spectra

We added an additional point source representing the
emission from the protoplanet and its associated CPD. The
spectrum of the planet is a combination of three components:

1. Thermal emission coming from the protoplanet itself,
which is modeled as a blackbody emitting with a
temperature of Tp= 1200 K.

2. The emission coming from the accretion of the CPD
using the viscous heating from Equation (1) inside the
Hill sphere of the planet. For this case, viscous heating
will be dependent on the mass of the planet, MP, the
planetary accretion rate, MP , treated as a free parameter,
the radius of the planet, RP, and the separation between
the star and the planet, R.

3. The shock emission is estimated following the prescrip-
tion of Calvet & Gullbring (1998) and Zhu (2015). The
temperature of the shocked gas, Tsh, is
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where mH, μ, and k are the hydrogen mass, the mean
molecular weight, and the Boltzmann constant respec-
tively; vs is the freefall velocity at the planetary surface:
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with G the gravitational constant, RP the planetary radius,
and Ri the inner radius of the accretion disk.

We added an extra emitting point source in the radiative
transfer modeling to explore the effects of thermal emission from
a massive protoplanet, the CPD, and the emission of shocks. The
additional point source corresponds to the most massive planet at
the same location as the hydrodynamical simulation, i.e., at 48 au
for the HD 163296 model and at 150 au for the single-planet
one. The spectral energy distribution of the planets is dependent
on multiple factors such as the accretion rate, M , and the
assumed effective shock area over the surface of the planet.
Hence, we explored three different values for the accretion rate:
M =10−7, 10−6, and 10−5 Me yr−1.
To account for the drift of large dust (Zhu 2015) we also

change the local dust-to-gas ratio inside the typical size of a
CPD, which is around one-third of the planet’s sphere of
influence, i.e., the Hill sphere (Ayliffe & Bate 2009; Szulágyi
et al. 2014; Perez et al. 2015). The Hill radius, rH, in the
circular orbits of the embedded planets in our simulations is
characterized by

( )r a
M
M3

, 5P
H 3=

*

where a is the orbital radius of the planet, MP the planetary
mass, and M* the stellar mass, which in our case matches the
mass of HD 163296, i.e., M* = 2.1 Me (Öberg et al. 2021).
Given our assumption of a planet of mass 2MJup at 48 au and at
150 au, the Hill sphere has a size of 3.27 au and 10.2 au for
each model respectively. We used three different values for the
dust-to-gas ratio inside the CPD: an interstellar medium value

Figure 2. Input spectra of the model for different planetary accretion rates,
which include the circumplanetary disk and the accretion shocks. The stellar
spectrum of the HD 163296 star is also shown for reference and comparison
with the protoplanetary spectra.
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The thermal increases in the disk may have a significant
effect that can create a localized sublimation effect, further
creating azimuthal asymmetries in the disk. However, such
thermal changes are not critical when considered together with
the temperature gains due to the gap itself (van der Marel et al.
2018; Alarcón et al. 2020). Figures 4 and 5 also show that the
extent of the thermal differences is dependent on the
parameters of the CPD, and there is an overall thermal increase
in the disk due to the protoplanetary emission; however, this
net thermal increase should not be significant enough because it
is of the order of 1–2 K in regions far from the planet. When
the temperature field is compared between azimuthally opposed
extremes of the disk, the difference is only noticed as a bright
hot spot surrounding the planet. Therefore, the overall 1–2 K
increase across the disks within 20–70 au from the star is
coming from the blackbody emission from the protoplanet.
This effect is not really detectable with current state-of-the-art
observatories, but it points to an overall heating of the disk just
produced by the localized blackbody emission from the planet.

In Figures 6 and 7, we show the same thermal differences
but compare the single-planet model at 150 au instead of the
HD 163296 disk. We observe that many of the trends observed
in the simulation with the massive planet inside the pebble disk
persist. One of those trends is that by boosting the planetary
accretion rate, the local temperature rises as the overall energy
input from the shocks and CPD increases. However, there are

also important distinctions related to the extent of these
changes and their absolute values.
One of the main differences is the trend with the local dust-

to-gas ratio. With a similar planetary accretion rate, local dust
depletion has the potential to produce drastic changes in the
disk temperature around the planet that is found beyond the
edge of the dust disk. Such changes can be extended to more
than 10 au with temperature increases over 25 K. Thus, these
changes are within achievable spatial scales resolvable with
ALMA. Additionally, in the presence of a massive gaseous
CPD, or detectable line emission, molecular tracers could probe
changes in the local line ratios or in the abundance of volatile
species.
When the planet is beyond the pebble disk, the overall

heating of 1–2 K over the surrounding material disappears. The
probable reason behind this phenomenon is the lack of
processes scattering the blackbody emission due to a much
lower dust density, i.e., the mean free path of dust scattering is
large enough for the thermally emitted photons to escape
the disk.

3.2. Millimeter Synthetic Emission

In our synthetic predictions of the 1.3 mm dust continuum
emission in Figure 8, under the right combination of
parameters, the CPD will not show a significant difference in

Figure 4. Changes in dust temperature in the disk caused by the additional input spectra for the different conditions of the protoplanet and protoplanetary accretion
rates along meridional cuts at the location of the planet. The differences show that for accretion rates M M10 7

Jup > - yr−1 the thermal increase is noticeable, while for
accretion rates M M10 7

Jup - yr−1 it is probable that the effect is milder and not significant, even taking into account the blackbody emission from the protoplanet at
1200 K.

5

The Astrophysical Journal, 967:144 (11pp), 2024 June 1 Alarcón & Bergin

• 48 auס䘄佔⼽鱨5 auס峪䈱ֿ┕伭ն
• d/gֿ㵸כַ׈峪䈱ֿ׾׿׈ױםն
• 䘄佔ֿ150 auכ׾ֵמ⼽鱨10 auֿ25 K┕伭ն
• 150 auס亠ֿd/gמ䷧䚉ךյ吾⭳⺎耆ն
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increase across the disks within 20–70 au from the star is
coming from the blackbody emission from the protoplanet.
This effect is not really detectable with current state-of-the-art
observatories, but it points to an overall heating of the disk just
produced by the localized blackbody emission from the planet.

In Figures 6 and 7, we show the same thermal differences
but compare the single-planet model at 150 au instead of the
HD 163296 disk. We observe that many of the trends observed
in the simulation with the massive planet inside the pebble disk
persist. One of those trends is that by boosting the planetary
accretion rate, the local temperature rises as the overall energy
input from the shocks and CPD increases. However, there are
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changes and their absolute values.
One of the main differences is the trend with the local dust-

to-gas ratio. With a similar planetary accretion rate, local dust
depletion has the potential to produce drastic changes in the
disk temperature around the planet that is found beyond the
edge of the dust disk. Such changes can be extended to more
than 10 au with temperature increases over 25 K. Thus, these
changes are within achievable spatial scales resolvable with
ALMA. Additionally, in the presence of a massive gaseous
CPD, or detectable line emission, molecular tracers could probe
changes in the local line ratios or in the abundance of volatile
species.
When the planet is beyond the pebble disk, the overall

heating of 1–2 K over the surrounding material disappears. The
probable reason behind this phenomenon is the lack of
processes scattering the blackbody emission due to a much
lower dust density, i.e., the mean free path of dust scattering is
large enough for the thermally emitted photons to escape
the disk.

3.2. Millimeter Synthetic Emission

In our synthetic predictions of the 1.3 mm dust continuum
emission in Figure 8, under the right combination of
parameters, the CPD will not show a significant difference in

Figure 4. Changes in dust temperature in the disk caused by the additional input spectra for the different conditions of the protoplanet and protoplanetary accretion
rates along meridional cuts at the location of the planet. The differences show that for accretion rates M M10 7
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Jup - yr−1 it is probable that the effect is milder and not significant, even taking into account the blackbody emission from the protoplanet at
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are within detectable sensitivity thresholds (Andrews et al.
2018). Even though dust substructures can have multiple
causes, under the assumption that a protoplanet causes them,
the low detection rate of CPDs with current facilities and
surveys implies two possible scenarios:

1. The first explanation is that high-accretion-rate states are
temporary and relatively short, which can be explained by
planets being formed on very short timescales. Lubow &
Martin (2012) predict possible timescales if planetary
growth undergoes accretion outbursts similar to FU Ori
objects. They proposed that massive planets can undergo
these states on timescales of 103–105 yr. As the detection
of more protoplanets and characterizations of their
masses and accretion rates become more ubiquitous,
constraints on the timescales of their formation will be
more accurate, which will lead to a better understanding
of planet formation.

2. The second scenario is that planets accrete large grains in
their CPDs on relatively short timescales. Significant
depletion of large grains within translates into lower
emission from optically thin CPDs, which would seem
like azimuthally darker spots inside dust gaps due to the
lack of effective millimeter emitters. Despite the fact
there is one detection of a millimeter CPD from PDS 70 c
(Benisty et al. 2021), it required deep integrations to
observe a massive planet in a severely depleted disk with
confirmed emission from accretion tracers, so they are

likely caught in their ongoing assembly. Regardless of
PDS 70, in many other observations, deep campaigns for
the detection of CPDs in dust continuum emission have
been unsuccessful. Thus, millimeter emission from deep
dust gaps, associated with massive planets, is already
low, making the detection of azimuthal dips within them
a hard task (Andrews et al. 2021).

If we take a closer look at the protoplanet’s orbital radius in
the HD 163296 model by making an azimuthal cut at a
separation of 2 MJup, we show that the planet creates a global
emission effect at all azimuths, which follows from the global
thermal increase. Nevertheless, there are still local modulations
at the location of the planet that depend on the accretion rate
and local dust-to-gas ratio. As mentioned above, when there is
strong dust depletion within the Hill sphere of the planet, the
local emission is lower, matching that from the models without
the planet present, which may look like an effective
“absorption” in the azimuthal profile. If we focus on the
accretion rate, the viscous heating and shock emission only
play a major role if the accretion rate is very high and the local
dust-to-gas ratio is kept similar to the fiducial value of the disk.
The lack of detections of CPDs in dust continuum images
suggests that either planets do not have constant high accretion
rates, i.e., they go through accretion outbursts analogous to FU
Ori objects, or there is a constant replenishment of dust grains
to the CPD, keeping the dust-to-gas ratio roughly constant
inside it.

Figure 6. Meridional cut at the azimuth where the planet is located. The shift in trends from the embedded planet compared to when is located at 48 au is caused
mainly by changes in the dust optical depth.
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• 䘄佔扛؅ٜظٓ׊䌕ׂכյ⛥꡸浓曍ךd/gכַ⛥׵⻸⹜מֹ׻ס釤ֻ׾ն
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by the protoplanet emission, the CPD, and possible accretion
onto the planet. Therefore, such changes may still be traceable
by other means; temperature increases have the potential to
lead to thermal desorption of otherwise absent volatiles,
making them easier to observe due to the weak continuum
emission and isolated emission. Moreover, the local density of
dust can be low enough that the millimeter emission is
negligible while making the CPD brighter than its surroundings
at infrared wavelengths. A more thorough analysis of this
behavior will be the topic of a subsequent paper.

Beyond the edge of pebble (millimeter) disks, It is possible
that the changes linked to the planet’s emission may present
themselves through the sublimation of key volatiles (Cleeves
et al. 2015). More sensitivity and deeper studies of line
emission in their optically thin regions may point to the
presence of otherwise hidden CPDs. Shocked gas during the
accretion of massive planets can reach very high temperatures
(>3000 K), producing optically thick atomic blankets that hide
emission from the protoplanet (Szulágyi & Mordasini 2017).
Shocks can also play a major role in local photochemistry
through photodissociation and photodesorption as well, which

could be probed by the emission from other tracers such as SO
or CI (Alarcón et al. 2022; Law et al. 2023). A tentative
detection of a CPD beyond the pebble disk has been suggested
in the AS 209 disk, where there is a local enhancement of the
predicted gas density, but also a slight increase in the
temperature of the emission measured by CO isotopologues
(Bae et al. 2022). The measurement of this thermal increase is a
key ingredient in determining the CPD mass, and therefore the
properties of the protoplanet.
The observable effects in the millimeter dust continuum

emission from the Jovian planet at 150 au are negligible.
However, in most cases, when there is a lack of significant
replenishment and/or a strong accretion rate, there will be a
significant increase in gas temperature, which should make a
strong imprint on the local gas emission. So, even though the
dust millimeter continuum emission will not show strong
observable footprints, the footprints of a planet should be
traceable by analysis of molecular line emission from different
transitions for the same tracers as well.
Overall, when high accretion rates and strong dust depletion

are combined, important effects are expected in both physics

Figure 8. Comparison of synthetic 1.3 mm dust continuum images using SIMIO between the different models and a standard model without protoplanetary emission
for ∼1 hr integration time. Apart from one case, there is no strong additional signature of the CPD. Furthermore, when the CPD is severely depleted of large grains, the
millimeter emission from dust is lower than that from the surroundings. From the models with low accretion rate we also infer that the 1200 K blackbody
protoplanetary spectrum does not produce a significant change in synthetic ALMA images.
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for ∼1 hr integration time. Apart from one case, there is no strong additional signature of the CPD. Furthermore, when the CPD is severely depleted of large grains, the
millimeter emission from dust is lower than that from the surroundings. From the models with low accretion rate we also infer that the 1200 K blackbody
protoplanetary spectrum does not produce a significant change in synthetic ALMA images.
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and chemistry. Those changes include multiple conditions such
as high-energy radiation fields, local temperature, thermal
desorption rates, line ratios, line emission, and reaction rates of
the gas chemistry.

4.2. The Low Number of CPD Detections

The low number of CPDs detected to date through
millimeter continuum observations can point to a lack of
millimeter grains if massive planets are actually carving the
dust gaps or to low accretion rates. A possible reason for the
lack of CPD detections is that massive planets accrete the solid
reservoir in CPDs on very short timescales, together with some
level of dust replenishment or very efficient dust growth.
Nevertheless, the net effect of the blackbody emission on their
surroundings, in particular in dust-depleted gaps, may be
leading to an overestimation of the local dust surface density.
This means that the actual local depletion may be stronger,
which can have strong implications for our understanding of
the values of disk viscosity, disk shape, and predicted planetary
masses from observations.

Another possible explanation for the lack of CPD detections
is that most of the observed dust substructures are not actually
being carved by massive planets, but are being caused by other

mechanisms and/or physical instabilities (see Bae et al. 2023
for a detailed overview of substructure-forming mechanisms).
Many of these instabilities will lead to structures resembling
the ones produced by massive planets, i.e., gaps, rings, and
spirals. It is only through deep observation and/or multiple
analytical approaches involving continuum and line emission
coupled with modeling that the presence of a planet, or the
absence of instabilities, can be tackled.

4.3. Hydrodynamics Simulation: Caveats

In our initial hydrodynamics simulations we assumed
isothermal structures. It is important to note that the actual
distribution of infalling material into the planet will depend on
whether an adiabatic or isothermal equation of state is chosen,
producing a more spherical or a flatter matter distribution
respectively (Szulágyi et al. 2016; Fung et al. 2019;
Paardekooper et al. 2023). The same changes in the assumed
thermodynamics caused different densities around the planet.
The isothermal solution produced lower densities in the CPD
than the adiabatic regime. Thus, depending on the thermo-
dynamic behavior of the gas around the protoplanet, the
signature may change due to optical depth effects.
We also opted not to use FARGO3D multifluid module to

study the dust distribution, in particular, because we focus on
the regions close to the protoplanet. Multifluid modules
generally rely on the Stokes number, St, although that depends
on the stopping time and Keplerian velocity, and it does not
trace a uniform grain size. Since the stopping time depends on
the local surface density and the Keplerian velocity, the grain
size can range over more than one order of magnitude for the
same Stokes number. Thus, it is not a reliable tracer of the dust
content in the CPD, unless a dedicated study is conducted,
which goes beyond the scope of this paper. Krapp et al.
(2022, 2024b) emphasize the need for global radiation
hydrodynamics to fully understand the dust distribution and
dynamics in the vicinity of the planet. Krapp et al. (2024a) also

Figure 9. Top: 1.3 mm continuum emission image from the ALMA DSHARP
Large program (Andrews et al. 2021). The ellipse in the bottom left illustrates
the beam size of the observations. Bottom: azimuthal cut inside the gap at 48 au
for the different models. It is shown that the undepleted case with a high
accretion rate produces a noticeable bright structure in the disk. Moreover,
there is some degeneracy between the local depletion in the CPD and the
accretion rate that hides the presence of the CPD at millimeter wavelengths,
making it not noticeable.

Figure 10. Expected deviations in brightness temperature in our suite of
models with respect to the baseline emission compared with deep high-
resolution continuum data from ALMA programs. Black squares show that our
models predict localized deviations with a brightness temperature lower than
2 K. Blue triangles show the 3σ levels from the Andrews et al. (2021) limits,
while the red triangle is the one from Pérez et al. (2020) and the red circle is the
observed emission from PDS 70 c.
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Abstract

The discovery of protoplanets and circumplanetary disks provides a unique opportunity to characterize planet
formation through observations. Massive protoplanets shape the physical and chemical structure of their host
circumstellar disk by accretion, localized emission, and disk depletion. In this work, we study the thermal changes
induced within the disk by protoplanet accretion and synthetic predictions through hydrodynamical simulations
with postprocessed radiative transfer with an emphasis on radio millimeter emission. We explored distinct growth
conditions and varied both planetary accretion rates and the local dust-to-gas mass ratios for a protoplanet at
1200 K. The radiative transfer models show that beyond the effect of disk gaps, in most cases, the circumplanetary
disk (CPD) and the planet’s emission locally increase the disk temperature. Moreover, depending on the local dust-
to-gas depletion and accretion rate, the presence of the CPD may have detectable signatures in millimeter emission.
It also has the power to generate azimuthal asymmetries that are important for continuum subtraction. Thus, if other
means of detection of protoplanets are proven, the lack of corresponding evidence at other wavelengths can set
limits on their growth timescales through a combined analysis of the local dust-to-gas ratio and the accretion rate.

Unified Astronomy Thesaurus concepts: Protoplanetary disks (1300); Submillimeter astronomy (1647); Planetary-
disk interactions (2204)

1. Introduction

The observational detection of protoplanets through different
means has become a reality in the present decade. A handful of
protoplanets have been confirmed or nominated through direct
imaging methods, including PDS 70 b and c (Keppler et al.
2018; Haffert et al. 2019), AB Aur b (Currie et al. 2022), and
HD 169142 b (Gratton et al. 2019; Hammond et al. 2023).
Additionally, a larger number of protoplanet candidates have
been proposed through velocity “kinks” and footprints in disk
gas kinematics (Pinte et al. 2019, 2020) and more recently via
detections of circumplanetary disks (CPDs) in gas or dust
emission (Benisty et al. 2021; Bae et al. 2022). While existing
facilities (e.g., Atacama Large Millimeter/submillimeter
Array/ALMA, the James Webb Space Telescope/JWST, and
ground-based optical/infrared telescopes) will continue to push
this field, the upcoming large ground-based optical observa-
tories, such as the European Extremely Large Telescope, the
Thirty Meter Telescope, and the Giant Magellan Telescope,
will further revolutionize our knowledge of planet formation.
This increased observational capacity can potentially help to
achieve characterization of young planet-forming systems at
multiple wavelengths. This means we will be able to observe
and analyze (proto)planets and their natal disks across a wide
range of wavelengths, ranging from optical light to infrared.

During their formation, giant planets change the physical and
chemical conditions in their surroundings by carving gaps in the
gas and dust, which leads to radial differences in the temperature
and radiation fields (Facchini et al. 2018; van der Marel et al.
2018; Alarcón et al. 2022; Broome et al. 2023). They cause
chemical exchange between layers through distinct meridional

flows of gas and dust (Szulágyi et al. 2014, 2022; Dong et al.
2019) and locally elevate the temperature in the surrounding
disk, potentially inducing changes in the chemical composition
(Cleeves et al. 2015). Much of the extant work in the references
above is based on ALMA images of gas and dust in disk
combined with theoretical models. However, additional observa-
tional constraints are becoming available. As an example, the
detection of UV continuum toward PDS 70 b supplies
information about its accretion rate and possibly about its CPD
(Zhou et al. 2022). From a chemical point of view, determining
the effective accretion rate is important for determining the UV
and Hα luminosity, which sets up the thermal and photo-
chemical equilibrium of the planet-feeding gas, where atomic
tracers may be dominant (Alarcón et al. 2022).
In this investigation, we explore the thermal effects of a

growing planet and the expected emission at millimeter
wavelengths by postprocessing models with different accretion
rates and local levels of dust depletion both inside and outside
the millimeter/pebble disk. We then use these predictions to
study the effective protoplanet footprint within the current
capabilities of ALMA.
This paper is organized as follows: we present the

methodology applied in the work to study the effect of the
radiative transfer of a planetary source in a circumstellar disk in
Section 2. In Section 3 we present the main results of our
simulations, exploring different parameters relevant in planet-
forming settings. We discuss the main findings of our work in
Section 4 and we summarize the present paper in Section 5.

2. Methods

We explore the thermal differences associated with the
emission from a protoplanet within a protoplanetary disk. We
first run 3D hydrodynamical simulations with FARGO3D
(Benítez-Llambay & Masset 2016), and then postprocess these
simulations with RADMC-3D (Dullemond et al. 2012) by
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ABSTRACT

Context. Star formation drives the evolution of galaxies and the cycling of matter between di↵erent phases of the interstellar medium
and stars. The support of interstellar clouds against gravitational collapse by magnetic fields has been proposed as a possible expla-
nation for the low observed star formation e�ciency in galaxies and the Milky Way. The Planck satellite provided the first all-sky
map of the magnetic field geometry in the di↵use interstellar medium on angular scales of 5-150. However, higher spatial resolution
observations are required to understand the transition from di↵use, subcritical gas to dense, gravitationally unstable filaments.
Aims. NGC 2024, also known as the Flame nebula, is located in the nearby Orion B molecular cloud. It contains a young, expanding
HII region and a dense supercritical filament. This filament harbors embedded protostellar objects and is likely not supported by the
magnetic field against gravitational collapse. Therefore, NGC 2024 provides an excellent opportunity to study the role of magnetic
fields in the formation, evolution, and collapse of dense filaments, the dynamics of young HII regions, and the e↵ects of mechanical
and radiative feedback from massive stars on the surrounding molecular gas.
Methods. We combined new 154 and 216 µm dust polarization measurements carried out using the HAWC+ instrument aboard SOFIA
with molecular line observations of 12CN(1–0) and HCO+(1–0) from the IRAM 30-meter telescope to determine the magnetic field
geometry, and to estimate the plane of the sky magnetic field strength across the NGC 2024 HII region and the surrounding molecular
cloud.
Results. The HAWC+ observations show an ordered magnetic field geometry in NGC 2024 that follows the morphology of the
expanding HII region and the direction of the main dense filament. The derived plane of the sky magnetic field strength is moderate,
ranging from 30 to 80 µG. The strongest magnetic field is found at the east edge of the HII region, characterized by the highest gas
densities and molecular line widths. In contrast, the weakest field is found toward the main, dense filament in NGC 2024.
Conclusions. We find that the magnetic field has a non-negligible influence on the gas stability at the edges of the expanding HII shell
(gas impacted by stellar feedback) and the filament (site of current star formation).

Key words. ISM: magnetic fields – ISM: molecules – Galaxies: star formation

1. Introduction

The question of what controls the star formation e�ciency in
molecular clouds has long been at the center of star formation
research. Early studies (Zuckerman & Evans 1974) showed that
if all the gas within dense interstellar clouds were to collapse
freely under self-gravity, the star formation rate in the Milky
Way would be two orders of magnitude higher than the ob-
served rate of 2 M�/year (Robitaille & Whitney 2010). Theories
proposed to explain such a low star formation rate invoke the
presence of turbulence or magnetic fields supporting interstel-
lar clouds against gravitational collapse. In some models (Tan

et al. 2006), turbulent or magnetic pressure gradients are strong
enough to maintain clouds in approximate hydrostatic equilib-
rium on all spatial scales for tens of free-fall times. In other
models, high-density regions are rapidly contracting, converting
a large fraction (as high as 40%; Bonnell et al. 2011) of their
mass into stars in only a few free-fall times. However, the low-
density parts of the cloud, which contain up to 90% of the cloud
mass (Battisti & Heyer 2014), disperse over the scales of free
fall time as a result of turbulence generated by galactic shear or
by energy input from supernova explosions (Dobbs et al. 2011;
Walch & Naab 2015), or due to radiative and mechanical stellar
feedback from high-mass stars that formed early on during the
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molecular clouds has long been at the center of star formation
research. Early studies (Zuckerman & Evans 1974) showed that
if all the gas within dense interstellar clouds were to collapse
freely under self-gravity, the star formation rate in the Milky
Way would be two orders of magnitude higher than the ob-
served rate of 2 M�/year (Robitaille & Whitney 2010). Theories
proposed to explain such a low star formation rate invoke the
presence of turbulence or magnetic fields supporting interstel-
lar clouds against gravitational collapse. In some models (Tan

et al. 2006), turbulent or magnetic pressure gradients are strong
enough to maintain clouds in approximate hydrostatic equilib-
rium on all spatial scales for tens of free-fall times. In other
models, high-density regions are rapidly contracting, converting
a large fraction (as high as 40%; Bonnell et al. 2011) of their
mass into stars in only a few free-fall times. However, the low-
density parts of the cloud, which contain up to 90% of the cloud
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fall time as a result of turbulence generated by galactic shear or
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ABSTRACT

Context. Predicting the star formation rate (SFR) in galaxies is crucial to understand their evolution and morphology. To do so requires
a fine understanding of how dense structures of gas are created and collapse. In that, turbulence and gravity play a major role.
Aims. Within the gravo-turbulent framework, we assume that turbulence shapes the ISM, creating density fluctuations that, if gravita-
tionally unstable, will collapse and form stars. The goal of this work is to quantify how di↵erent regimes of turbulence, characterized
by the strength and compressibility of the driving, shape the density field. We are interested in the outcome in terms of SFR and how
it compares with existing analytical models for the SFR.
Methods. We run a series of hydrodynamical simulations of turbulent gas. The simulations are first conducted without gravity, so that
the density and velocity are shaped by the turbulence driving. Gravity is then switched on, and the SFR is measured and compared
with analytical models. The physics included in these simulations is very close to the one assumed in the classical gravo-turbulent
SFR analytical models, which makes the comparison straightforward.
Results. We found that the existing analytical models convincingly agree with simulations at low Mach number, but we measure a
much lower SFR in the simulation with a high Mach number. We develop, in a companion paper, an updated physically-motivated
SFR model that reproduces well the ine�cient high Mach regime of the simulations.
Conclusions. Our work demonstrates that accurate estimations of the turbulent-driven replenishment time of dense structures and the
dense gas spatial distribution are necessary to correctly predict the SFR in the high Mach regime. The ine�cient high-Mach regime
is a possible explanation for the low SFR found in dense and turbulent environments such as the centers of our Milky Way and other
galaxies.

Key words. stars: formation — ISM: clouds — physical processes: turbulence

1. Introduction

How fast a self-gravitating gaseous system converts its mass into
stars is a major question that needs to be addressed to understand
the history of our Universe. Determining the star formation rate
(SFR), which is the mass of stars formed per unit of time, has led
to a vast number of observational studies (e.g. Schmidt 1959;
Lada et al. 2010; Kennicutt & Evans 2012; Sun et al. 2023).
From the theoretical side, numerous e↵orts have also been dedi-
cated to this question, either using analytical models or perform-
ing numerical simulations.

The analytical models, more extensively described in our
companion paper (Hennebelle et al. submitted), henceforth re-
ferred to as Paper I, are all based on an estimate of the fraction of
self-gravitating gas and a characteristic time, usually the freefall
time, in which the dense gas eventually collapses. For instance,
several models consider a lognormal PDF, sometimes with a
power-law tail, and integrate the fraction of gas that is above
a given density threshold (Krumholz & McKee 2005; Padoan
& Nordlund 2011; Hennebelle & Chabrier 2011; Renaud et al.
2012; Padoan et al. 2012; Burkhart 2018). This threshold is usu-

ally determined by invoking a density or a scale for gravitational
instability.

Turbulence is thought to be a key player in the generation of
self-gravitating structures. From the numerical simulation side,
studies that investigate the role of turbulence on the SFR can be
divided into two types: simulations with a prescribed large-scale
driving and simulations that explicitly treat various stellar feed-
back processes. When large-scale driving is employed (Mac Low
& Klessen 2004; Padoan & Nordlund 2011; Federrath & Klessen
2012, 2013), the goal has usually been to understand basic phys-
ical principles in a relatively idealised setup. Typical approxi-
mations in the numerical models are isothermality and periodic
boundary conditions. Detailed comparisons between the various
analytical predictions and the simulation results have been per-
formed by Padoan & Nordlund (2011) and Federrath & Klessen
(2012), concluding that, by adjusting some fudge factors, good
agreement between models and simulations has been inferred.

Simulations that include stellar feedback can be further di-
vided into two categories. The first category of simulations con-
siders relatively large computational boxes of several hundreds
of parsecs and mainly relies on supernova remnants to limit star
formation (e.g. Kim et al. 2011; Hennebelle & I↵rig 2014; Walch
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ABSTRACT

Context. Predicting the star formation rate (SFR) in galaxies is crucial to understand their evolution and morphology. To do so requires
a fine understanding of how dense structures of gas are created and collapse. In that, turbulence and gravity play a major role.
Aims. Within the gravo-turbulent framework, we assume that turbulence shapes the ISM, creating density fluctuations that, if gravita-
tionally unstable, will collapse and form stars. The goal of this work is to quantify how di↵erent regimes of turbulence, characterized
by the strength and compressibility of the driving, shape the density field. We are interested in the outcome in terms of SFR and how
it compares with existing analytical models for the SFR.
Methods. We run a series of hydrodynamical simulations of turbulent gas. The simulations are first conducted without gravity, so that
the density and velocity are shaped by the turbulence driving. Gravity is then switched on, and the SFR is measured and compared
with analytical models. The physics included in these simulations is very close to the one assumed in the classical gravo-turbulent
SFR analytical models, which makes the comparison straightforward.
Results. We found that the existing analytical models convincingly agree with simulations at low Mach number, but we measure a
much lower SFR in the simulation with a high Mach number. We develop, in a companion paper, an updated physically-motivated
SFR model that reproduces well the ine�cient high Mach regime of the simulations.
Conclusions. Our work demonstrates that accurate estimations of the turbulent-driven replenishment time of dense structures and the
dense gas spatial distribution are necessary to correctly predict the SFR in the high Mach regime. The ine�cient high-Mach regime
is a possible explanation for the low SFR found in dense and turbulent environments such as the centers of our Milky Way and other
galaxies.

Key words. stars: formation — ISM: clouds — physical processes: turbulence

1. Introduction

How fast a self-gravitating gaseous system converts its mass into
stars is a major question that needs to be addressed to understand
the history of our Universe. Determining the star formation rate
(SFR), which is the mass of stars formed per unit of time, has led
to a vast number of observational studies (e.g. Schmidt 1959;
Lada et al. 2010; Kennicutt & Evans 2012; Sun et al. 2023).
From the theoretical side, numerous e↵orts have also been dedi-
cated to this question, either using analytical models or perform-
ing numerical simulations.

The analytical models, more extensively described in our
companion paper (Hennebelle et al. submitted), henceforth re-
ferred to as Paper I, are all based on an estimate of the fraction of
self-gravitating gas and a characteristic time, usually the freefall
time, in which the dense gas eventually collapses. For instance,
several models consider a lognormal PDF, sometimes with a
power-law tail, and integrate the fraction of gas that is above
a given density threshold (Krumholz & McKee 2005; Padoan
& Nordlund 2011; Hennebelle & Chabrier 2011; Renaud et al.
2012; Padoan et al. 2012; Burkhart 2018). This threshold is usu-

ally determined by invoking a density or a scale for gravitational
instability.

Turbulence is thought to be a key player in the generation of
self-gravitating structures. From the numerical simulation side,
studies that investigate the role of turbulence on the SFR can be
divided into two types: simulations with a prescribed large-scale
driving and simulations that explicitly treat various stellar feed-
back processes. When large-scale driving is employed (Mac Low
& Klessen 2004; Padoan & Nordlund 2011; Federrath & Klessen
2012, 2013), the goal has usually been to understand basic phys-
ical principles in a relatively idealised setup. Typical approxi-
mations in the numerical models are isothermality and periodic
boundary conditions. Detailed comparisons between the various
analytical predictions and the simulation results have been per-
formed by Padoan & Nordlund (2011) and Federrath & Klessen
(2012), concluding that, by adjusting some fudge factors, good
agreement between models and simulations has been inferred.

Simulations that include stellar feedback can be further di-
vided into two categories. The first category of simulations con-
siders relatively large computational boxes of several hundreds
of parsecs and mainly relies on supernova remnants to limit star
formation (e.g. Kim et al. 2011; Hennebelle & I↵rig 2014; Walch
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ABSTRACT
T Tauri stars are known to be magnetically active stars subject to strong flares observed in X-rays. These flares are likely
due to intense magnetic reconnection events during which a part of the stored magnetic energy is converted into kinetic
energy of supra-thermal particles. Since T Tauri stars are surrounded by an accretion disc, these particles may influence the
disc dynamics and chemistry. This work continues on a previous stationary model, which showed that energetic particles
accelerated during flares can produce a strong ionisation rate at high column densities in the inner accretion disc. The
present model includes non-stationary sequences of flaring events sampled by a Chandra X-ray survey of nearby young
stellar objects. We calculate the averaged ionisation rate expected in a radius range from 0.08 to 0.6 au from the central star.
We confirm that energetic particles produced by the flares dominate the ionisation of the disc up to column densities of
1025 cm°2. We further study the main consequences of this additional source of ionisation on the viscosity, the accretion rate,
the volumetric heating rate and the chemical complexity of inner protoplanetary discs.

Key words: acceleration of particles – magnetic reconnection – stars: flare – accretion, accretion discs

1 INTRODUCTION

T Tauri stars are young stars, typically of a few million years old,
still contracting and accreting material from their surrounding
circumstellar discs. The way T Tauri stars accrete the surrounding
infalling matter is still an open subject in astrophysics (Venuti et al.
2014; Hartmann et al. 2016; Manara et al. 2016). All mechanisms
that describe accretion-ejection processes involve the interaction
between magnetic fields and ionised disc matter (e.g., Shakura &
Sunyaev 1973; Blandford & Payne 1982).

The magnetic field geometry of these stars is much more com-
plex than those of non-accreting cool stars (Donati et al. 2007;
Gregory et al. 2008). Some field lines might become twisted due
to the differential rotation between the disc and the star, causing
them to bulge outwards and possibly even eject matter (Zanni &
Ferreira 2013). This process possibly leads to very strong flaring
events observed in X-rays (Feigelson & Montmerle 1999; Getman
et al. 2008; Getman & Feigelson 2021). It is thought to be caused
by magnetic reconnection events. Magnetic reconnection trans-
forms a fraction of the system magnetic energy into particle kinetic
energy, producing bursts of high-energy particles and radiation
as observed in our Sun (Shibata & Magara 2011; Benz 2017; Oka
et al. 2018). T Tauri flares appear to be thousands of times more
energetic than solar flares (Getman & Feigelson 2021). They are ex-

? e-mail: valentin.brunn@umontpellier.fr

pected to produce particle fluxes that are five orders of magnitude
higher than those produced by the Sun (Feigelson et al. 2002; Rab
et al. 2017). The high-energy particle flux produced by T Tauri stars
strongly impacts the surrounding environment (Rodgers-Lee et al.
2017; Rab et al. 2017; Offner et al. 2019; Waterfall et al. 2020; Brunn
et al. 2023). In particular, these particles can ionise the gas in the
surrounding disc (Brunn et al. 2023). Disc ionisation is a critical
process in T Tauri discs, as it couples the disc material to mag-
netic fields, which affects the dynamics and chemistry of the whole
disc (Cleeves et al. 2013; Offner et al. 2019; Waggoner & Cleeves
2022) and jets (Sauty 2019; Jacquemin-Ide et al. 2019; Ray & Fer-
reira 2021). Magnetic fields can also trigger instabilities in the gas
that can drive accretion of disc material onto the star (Hartmann
et al. 2016; Lesur 2021a). Besides, ionisation drives chemistry in the
disc, leading to the formation of molecules and complex organic
compounds like amino acids (Semenov et al. 2004), which are the
building blocks of prebiotic chemistry. Ionisation also plays a role
in the heating and cooling of discs (Glassgold et al. 2012), a process
known to be essential in the launching of jets (Ray & Ferreira 2021).
Understanding the mechanisms that drive disc ionisation appears
then necessary for understanding the formation and evolution of
stars and the dynamics of accretion-ejection processes.

In a first article (Brunn et al. 2023, hereafter B23), we studied in
stationary framework, the ionisation rate produced by magnetic
reconnection events occurring above the inner disc. We call inner
disc the region at a radial distance between R = 0.08 au and 0.6

© 2024 The Authors
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1 INTRODUCTION
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still contracting and accreting material from their surrounding
circumstellar discs. The way T Tauri stars accrete the surrounding
infalling matter is still an open subject in astrophysics (Venuti et al.
2014; Hartmann et al. 2016; Manara et al. 2016). All mechanisms
that describe accretion-ejection processes involve the interaction
between magnetic fields and ionised disc matter (e.g., Shakura &
Sunyaev 1973; Blandford & Payne 1982).

The magnetic field geometry of these stars is much more com-
plex than those of non-accreting cool stars (Donati et al. 2007;
Gregory et al. 2008). Some field lines might become twisted due
to the differential rotation between the disc and the star, causing
them to bulge outwards and possibly even eject matter (Zanni &
Ferreira 2013). This process possibly leads to very strong flaring
events observed in X-rays (Feigelson & Montmerle 1999; Getman
et al. 2008; Getman & Feigelson 2021). It is thought to be caused
by magnetic reconnection events. Magnetic reconnection trans-
forms a fraction of the system magnetic energy into particle kinetic
energy, producing bursts of high-energy particles and radiation
as observed in our Sun (Shibata & Magara 2011; Benz 2017; Oka
et al. 2018). T Tauri flares appear to be thousands of times more
energetic than solar flares (Getman & Feigelson 2021). They are ex-
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pected to produce particle fluxes that are five orders of magnitude
higher than those produced by the Sun (Feigelson et al. 2002; Rab
et al. 2017). The high-energy particle flux produced by T Tauri stars
strongly impacts the surrounding environment (Rodgers-Lee et al.
2017; Rab et al. 2017; Offner et al. 2019; Waterfall et al. 2020; Brunn
et al. 2023). In particular, these particles can ionise the gas in the
surrounding disc (Brunn et al. 2023). Disc ionisation is a critical
process in T Tauri discs, as it couples the disc material to mag-
netic fields, which affects the dynamics and chemistry of the whole
disc (Cleeves et al. 2013; Offner et al. 2019; Waggoner & Cleeves
2022) and jets (Sauty 2019; Jacquemin-Ide et al. 2019; Ray & Fer-
reira 2021). Magnetic fields can also trigger instabilities in the gas
that can drive accretion of disc material onto the star (Hartmann
et al. 2016; Lesur 2021a). Besides, ionisation drives chemistry in the
disc, leading to the formation of molecules and complex organic
compounds like amino acids (Semenov et al. 2004), which are the
building blocks of prebiotic chemistry. Ionisation also plays a role
in the heating and cooling of discs (Glassgold et al. 2012), a process
known to be essential in the launching of jets (Ray & Ferreira 2021).
Understanding the mechanisms that drive disc ionisation appears
then necessary for understanding the formation and evolution of
stars and the dynamics of accretion-ejection processes.

In a first article (Brunn et al. 2023, hereafter B23), we studied in
stationary framework, the ionisation rate produced by magnetic
reconnection events occurring above the inner disc. We call inner
disc the region at a radial distance between R = 0.08 au and 0.6
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η Cha be?

V. V. Bobylev, A. T. Bajkova

Pulkovo Astronomical Observatory, St.-Petersburg 196140, Russia; bob-v-vzz@rambler.ru
G Received 20XX Month Day; accepted 20XX Month Day

Abstract The trajectories of the clusters η Cha, ϵ Cha and Cha I, Cha II, constructed
backward in time, have been studied. We concluded that the hypothesis about the joint
formation of all four of these clusters from one molecular cloud cannot be completely ex-
cluded. However, 10–15 Myr ago, all these four clusters were located at approximately the
same height above the plane of the Galaxy. Thus, the gas-dust clouds from which all these
four clusters were formed were located on one broad front. It is possible that the appear-
ance of the Cha I, Cha II, ϵ Cha and η Cha clusters may be associated with the impact on
such a front of shock waves formed after supernova explosions in the Scorpius-Centauri
association. New estimates of the kinematic ages of the clusters Cha I and Cha II are ob-
tained as 0.12± 0.19 and 0.05± 0.15, respectively. It is shown that the minimum size of
the Cha I-north and Cha I-south clusters corresponded to the time of 0.55± 0.24 Myr and
0.04± 0.18 Myr ago, respectively, and approximately 1.5 Myr ago the distance between
the trajectories of these two groupings was minimal.

Key words: (Stars:) distances: open clusters and associations (Galaxy:) kinematics and
dynamics

1 INTRODUCTION

Close to the Sun (at a distance of about 100–250 pc), the fourth galactic quadrant is occupied by the
Scorpius-Centauri OB association (Blaauw 1946, 1964). It has three main structural components LCC:
(Lower Centaurus Crux), UCL (Upper Centaurus Lupus) and US (Upper Scorpius). A large number of
publications have been devoted to the study of the stellar composition and kinematics of the Sco–Cen OB
association (de Geus et al. 1989; de Geus 1992; Bruijne 1999; de Zeeuw et al. 1999; Sartori et al. 2003;
Fernández et al. 2008; Pöppel et al. 2010; Rizzuto et al. 2011; Pecaut et al. 2012; Pecaut & Mamajek
2016; Bobylev & Bajkova 2020, 2023). The association has a complex morphology and evolutionary
history — some of its components (LCC, UCL, etc.) have an age of 10–25 Myr, in which the star
formation process has already completed. There are also structures (for example, US with an age of
∼5 Myr), where star formation is still occurring.

The star formation process in the Sco–Cen OB association generally fits well with the sequential
star formation model (Preibish & Zinnecker 1999). This model is based on the assumption that shock
waves from explosions of massive stars in one part of the association lead to compression of hydrogen
clouds in another part, thus triggering the process of star formation.

The velocity field in the Sco–Cen association is very heterogeneous. The study of spatial and kine-
matic features showed that a whole complex of very young moving stellar groups, small associations
and open star clusters is associated with the Sco–Cen OB association, for example, ρ Oph/L1688, ν Sco,
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history — some of its components (LCC, UCL, etc.) have an age of 10–25 Myr, in which the star
formation process has already completed. There are also structures (for example, US with an age of
∼5 Myr), where star formation is still occurring.

The star formation process in the Sco–Cen OB association generally fits well with the sequential
star formation model (Preibish & Zinnecker 1999). This model is based on the assumption that shock
waves from explosions of massive stars in one part of the association lead to compression of hydrogen
clouds in another part, thus triggering the process of star formation.
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ABSTRACT

Context. Regularly-spaced, star-forming regions along the spiral arms of nearby galaxies provide insight into the early stages and
initial conditions of star formation. The regular separation of these star-forming regions suggests spiral arm instability as their origin.
Aims. We explore the e↵ects of magnetic fields on the spiral arm instability.
Methods. We use three-dimensional global magnetohydrodynamical simulations of isolated spiral galaxies, comparing three di↵erent
initial plasma � values (ratios of thermal to magnetic pressure) of � = 1, 50, and 10. We perform Fourier analysis to calculate the
separation of the over-dense regions formed as a result of the spiral instability. We then compare the separations with observations.
Results. We find that the spiral arms in the hydro case (� = 1) are unstable, with the fragments initially connected by gas streams,
reminiscent of Kelvin-Helmholtz instability. In the � = 50 case, the spiral arms also fragment, but the fragments separate earlier and
tend to be slightly elongated in the direction perpendicular to the spiral arms. However, in the � = 10 run the arms are stabilised
against fragmentation by magnetic pressure. Despite the di↵erence in the initial magnetic field strengths of the � = 50 and 10 runs,
the magnetic field is amplified to �arm ⇠ 1 inside the spiral arms for both runs. The spiral arms in the unstable cases (hydro and � = 50)
fragment into regularly-spaced, over-dense regions. We determine their separation to be ⇠ 0.5 kpc in the hydro and ⇠ 0.65 kpc in the
� = 50 case, both in agreement with the observed values found in nearby galaxies. We find a smaller median characteristic wavelength
of the over-densities along the spiral arms of 0.73+0.31

�0.36 kpc in the hydro case, compared to 0.98+0.49
�0.46 kpc in the � = 50 case. Moreover,

we find a higher growth rate of the over-densities in the � = 50 run compared to the hydro run. We observe magnetic hills and valleys
along the fragmented arms in the � = 50 run, which is characteristic of the Parker instability.

Key words. ISM – magnetic fields – star formation – Magnetohydrodynamics (MHD) – Instabilities

1. Introduction

Star formation in spiral galaxies is driven by their spiral arms
(Nguyen et al. 2017). Star-forming regions that resemble beads-
on-a-string pattern are ubiquitous in spiral arms of numerous
nearby galaxies, despite having a broad range of morphological
features and physical properties (e.g. Elmegreen & Elmegreen
1983; Elmegreen et al. 2006). Recently, also seen in rings of
barred (Gusev & Shimanovskaya 2020) and lenticular galax-
ies (Proshina et al. 2022). These star-forming regions are found
to be bright in IR (Elmegreen et al. 2006, 2018; Elmegreen &
Elmegreen 2019), and at times also in FUV and H↵ (Efremov
2009, 2010; Gusev & Efremov 2013; Gusev et al. 2022) emis-
sion, tracing various stages of star formation. Despite the va-
riety in spiral galaxies that host these regular star-forming re-
gions, the adjacent separations of these regions fall in the range
350 � 500 pc and (or) integer multiples of this range (see Gusev
et al. 2022). For example, it was found that adjacent separation
of star-forming regions in the spiral arms of NGC 628 and M100
were both ⇠ 400 pc (Gusev & Efremov 2013; Elmegreen et al.
2018). Another prominent example being the North-Western arm
of M31, where star complexes with a spacing twice this value
⇠ 1.1 kpc were found (Efremov 2009, 2010). The presence of
this characteristic separation of these star-forming regions in spi-
ral arms hints that their origin could be through a spiral arm
instability. Another interesting feature observed in unison with
regular star-forming regions in M31 were the presence of mag-

netic fields out of the plane of the galaxy with a wavelength twice
that of the adjacent separation of these regions (Efremov 2009,
2010). This indicates that magnetic fields could play an impor-
tant role in their formation.

Beads-on-a-string patterns have been observed along spi-
ral arms in numerical simulations (e.g. Chakrabarti et al. 2003;
Wada & Koda 2004; Kim & Ostriker 2006; Shetty & Ostriker
2006; Wada 2008; Renaud et al. 2013). The physical mecha-
nism responsible, however, has been debated. It was hypothe-
sized to be the Kelvin-Helmholtz (KH) hydrodynamical instabil-
ity (Wada & Koda 2004), an artifact of numerical noise (Hanawa
& Kikuchi 2012) or of infinitesimally flat 2D discs (Kim &
Ostriker 2006), a magnetic-jeans instability (MJI) (Kim & Os-
triker 2006) which was also called the feathering instability (Lee
2014), or a hydro instability along spiral shocks distinct from
the KH instability named as the Wiggle Instability (Kim et al.
2014, WI). Its physical nature was established recently to be a
combination of KHI (as proposed in Wada & Koda 2004) and a
vorticity generating instability due to repeated passages of spiral
shocks (Mandowara et al. 2021). Using a subset or restricting to
di↵erent physical processes, these works saw facets of the same
physical instability around the spiral shock. However, we also
know from 2D local simulations and linear analysis (Mandowara
et al. 2021), that the spiral instability is highly non-linear and
sensitive to the physical properties of the interstellar medium
(ISM). This includes the sound speed (cs), the strength of the spi-
ral shock etc. One such important factor are the magnetic fields.
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ABSTRACT

Context. Regularly-spaced, star-forming regions along the spiral arms of nearby galaxies provide insight into the early stages and
initial conditions of star formation. The regular separation of these star-forming regions suggests spiral arm instability as their origin.
Aims. We explore the e↵ects of magnetic fields on the spiral arm instability.
Methods. We use three-dimensional global magnetohydrodynamical simulations of isolated spiral galaxies, comparing three di↵erent
initial plasma � values (ratios of thermal to magnetic pressure) of � = 1, 50, and 10. We perform Fourier analysis to calculate the
separation of the over-dense regions formed as a result of the spiral instability. We then compare the separations with observations.
Results. We find that the spiral arms in the hydro case (� = 1) are unstable, with the fragments initially connected by gas streams,
reminiscent of Kelvin-Helmholtz instability. In the � = 50 case, the spiral arms also fragment, but the fragments separate earlier and
tend to be slightly elongated in the direction perpendicular to the spiral arms. However, in the � = 10 run the arms are stabilised
against fragmentation by magnetic pressure. Despite the di↵erence in the initial magnetic field strengths of the � = 50 and 10 runs,
the magnetic field is amplified to �arm ⇠ 1 inside the spiral arms for both runs. The spiral arms in the unstable cases (hydro and � = 50)
fragment into regularly-spaced, over-dense regions. We determine their separation to be ⇠ 0.5 kpc in the hydro and ⇠ 0.65 kpc in the
� = 50 case, both in agreement with the observed values found in nearby galaxies. We find a smaller median characteristic wavelength
of the over-densities along the spiral arms of 0.73+0.31

�0.36 kpc in the hydro case, compared to 0.98+0.49
�0.46 kpc in the � = 50 case. Moreover,

we find a higher growth rate of the over-densities in the � = 50 run compared to the hydro run. We observe magnetic hills and valleys
along the fragmented arms in the � = 50 run, which is characteristic of the Parker instability.

Key words. ISM – magnetic fields – star formation – Magnetohydrodynamics (MHD) – Instabilities

1. Introduction

Star formation in spiral galaxies is driven by their spiral arms
(Nguyen et al. 2017). Star-forming regions that resemble beads-
on-a-string pattern are ubiquitous in spiral arms of numerous
nearby galaxies, despite having a broad range of morphological
features and physical properties (e.g. Elmegreen & Elmegreen
1983; Elmegreen et al. 2006). Recently, also seen in rings of
barred (Gusev & Shimanovskaya 2020) and lenticular galax-
ies (Proshina et al. 2022). These star-forming regions are found
to be bright in IR (Elmegreen et al. 2006, 2018; Elmegreen &
Elmegreen 2019), and at times also in FUV and H↵ (Efremov
2009, 2010; Gusev & Efremov 2013; Gusev et al. 2022) emis-
sion, tracing various stages of star formation. Despite the va-
riety in spiral galaxies that host these regular star-forming re-
gions, the adjacent separations of these regions fall in the range
350 � 500 pc and (or) integer multiples of this range (see Gusev
et al. 2022). For example, it was found that adjacent separation
of star-forming regions in the spiral arms of NGC 628 and M100
were both ⇠ 400 pc (Gusev & Efremov 2013; Elmegreen et al.
2018). Another prominent example being the North-Western arm
of M31, where star complexes with a spacing twice this value
⇠ 1.1 kpc were found (Efremov 2009, 2010). The presence of
this characteristic separation of these star-forming regions in spi-
ral arms hints that their origin could be through a spiral arm
instability. Another interesting feature observed in unison with
regular star-forming regions in M31 were the presence of mag-

netic fields out of the plane of the galaxy with a wavelength twice
that of the adjacent separation of these regions (Efremov 2009,
2010). This indicates that magnetic fields could play an impor-
tant role in their formation.

Beads-on-a-string patterns have been observed along spi-
ral arms in numerical simulations (e.g. Chakrabarti et al. 2003;
Wada & Koda 2004; Kim & Ostriker 2006; Shetty & Ostriker
2006; Wada 2008; Renaud et al. 2013). The physical mecha-
nism responsible, however, has been debated. It was hypothe-
sized to be the Kelvin-Helmholtz (KH) hydrodynamical instabil-
ity (Wada & Koda 2004), an artifact of numerical noise (Hanawa
& Kikuchi 2012) or of infinitesimally flat 2D discs (Kim &
Ostriker 2006), a magnetic-jeans instability (MJI) (Kim & Os-
triker 2006) which was also called the feathering instability (Lee
2014), or a hydro instability along spiral shocks distinct from
the KH instability named as the Wiggle Instability (Kim et al.
2014, WI). Its physical nature was established recently to be a
combination of KHI (as proposed in Wada & Koda 2004) and a
vorticity generating instability due to repeated passages of spiral
shocks (Mandowara et al. 2021). Using a subset or restricting to
di↵erent physical processes, these works saw facets of the same
physical instability around the spiral shock. However, we also
know from 2D local simulations and linear analysis (Mandowara
et al. 2021), that the spiral instability is highly non-linear and
sensitive to the physical properties of the interstellar medium
(ISM). This includes the sound speed (cs), the strength of the spi-
ral shock etc. One such important factor are the magnetic fields.
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1Centro de Astrobioloǵıa (CAB), INTA-CSIC, Carretera de Ajalvir km 4, Torrejón de Ardoz, 28850, Madrid, Spain
2Star and Planet Formation Laboratory, Cluster for Pioneering Research, RIKEN, 2–1 Hirosawa, Wako, Saitama, 351–0198, Japan
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ABSTRACT

We report the first detection in the interstellar medium of N -cyanomethanimine (H2CNCN), the
stable dimer of HCN of highest energy, and the most complex organic molecule identified in space con-
taining the prebiotically relevant NCN backbone. We have identified a plethora of a-type rotational
transitions with 3  Jup  11 and Ka  2 that belong to this species towards the Galactic Cen-
ter G+0.693-0.027 molecular cloud, the only interstellar source showing the three cyanomethanimine
isomers (including the Z- and E- isomers of C-cyanomethanimine, HNCHCN). We have derived a
total column density for H2CNCN of (2.9± 0.1)⇥1012 cm�2, which translates into a total molecular
abundance with respect to H2 of (2.1± 0.3)⇥10�11. We have also revisited the previous detection of
E- and Z-HNCHCN, and found a total C/N -cyanomethanimine abundance ratio of 31.8± 1.8 and a
Z/E-HNCHCN ratio of 4.5± 0.2. While the latter can be explained on the basis of thermodynamic
equilibrium, chemical kinetics are more likely responsible for the observed C/N -cyanomethanimine
abundance ratio, where the gas-phase reaction between methanimine (CH2NH) and the cyanogen rad-
ical (CN) arises as the primary formation route.

Keywords: Pre-biotic astrochemistry(2079); Astrochemistry(75); Galactic center(565); Interstellar
clouds(834); Interstellar molecules(849); Spectral line identification(2073)

1. INTRODUCTION

How life originated on Earth is one of the key open
questions still lingering in the astrobiological commu-
nity. One of the most accepted hypothesis is the

Corresponding author: David San Andrés

david.sanandres@cab.inta-csic.es

so-called RNA-world (Gilbert 1986), which suggests
that this macromolecule may have performed both the
metabolic and genetic functions that in present-day liv-
ing organisms are carried out by proteins and DNA,
respectively. Although the chemical processes forming
the first RNA molecules remain unknown, numerous
prebiotic chemistry experiments have shown that RNA
building blocks, the ribonucleotides, can be synthesised
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1Centro de Astrobioloǵıa (CAB), INTA-CSIC, Carretera de Ajalvir km 4, Torrejón de Ardoz, 28850, Madrid, Spain
2Star and Planet Formation Laboratory, Cluster for Pioneering Research, RIKEN, 2–1 Hirosawa, Wako, Saitama, 351–0198, Japan
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9Departamento de Qúımica Orgánica e Inorgánica, Facultad de Ciencias, Universidad de Extremadura, E-06006 Badajoz, Spain
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In our recent work (1), we combined dynamical simulations, meteoritic data and thermal

models as well as asteroid observations to argue that the current parent body of the EL mete-

orites, i.e. asteroid Athor, was implanted into the asteroid belt not earlier than 60 Myr after the

beginning of the Solar System and that the most likely capture mechanism was the giant planet

orbital instability. This provides a lower limit of 60 Myr to the time of the instability, while

an upper limit of 100 Myr is given by the survival of the Patroclus-Menoetious Jupiter Trojan

binary system (2).

In the study “The link between Athor and EL meteorites does not constrain the timing of

the giant planet instability” that appeared in arXiv (3), Izidoro and collaborators argue that the

implantation of Athor into the asteroid belt does not necessarily require that the giant planet

orbital instability occurred at the implantation time. They show some simulations where the

ejection of a rogue embryo from the terrestrial planet region by Jupiter can cause the implanta-

tion of the Athor into the inner main belt. In this case, the capture is due to the secular torquing
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JWST observations of the Horsehead photon-dominated region

I. First results from multi-band near- and mid-infrared imaging
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ABSTRACT

Context. The James Webb Space Telescope (JWST) has captured the sharpest infrared images ever taken of the Horsehead nebula, a prototypical
moderately irradiated photon-dominated region (PDR) that is fully representative of most of the UV-illuminated molecular gas in the Milky Way
and star-forming galaxies.
Aims. We investigate the impact of far-ultraviolet (FUV) radiation emitted by a massive star on the edge of a molecular cloud in terms of
photoevaporation, ionization, dissociation, H2 excitation, and dust heating. We also aim to constrain the structure of the edge of the PDR and its
illumination conditions.
Methods. We used NIRCam and MIRI to obtain 17 broadband and 6 narrowband maps of the illuminated edge of the Horsehead across a wide
spectral range from 0.7 to 28 µm. We mapped the dust emission, including the aromatic and aliphatic infrared (IR) bands, scattered light, and
several gas phase lines (e.g., Pa↵, Br↵, H2 1-0 S(1) at 2.12 µm). For our analysis, we also associated two HST-WFC3 maps at 1.1 and 1.6 µm,
along with HST-STIS spectroscopic observations of the H↵ line.
Results. We probed the structure of the edge of the Horsehead and resolved its spatial complexity with an angular resolution of 0.1 to 100 (equivalent
to 2 ⇥ 10�4 to 2 ⇥ 10�3 pc or 40 to 400 au at the distance of 400 pc). We detected a network of faint striated features extending perpendicularly
to the PDR front into the H II region in NIRCam and MIRI filters sensitive to nano-grain emission, as well as in the HST filter at 1.1 µm, which
traces light scattered by larger grains. This may indeed figure as the first detection of the entrainment of dust particles in the evaporative flow.
The filamentary structure of the 1-0 S(1) line of H2 at the illuminated edge of the PDR presents numerous sharp sub-structures on scales as small
as 1.500. An excess of H2 emission compared to dust emission is found all along the edge, in a narrow layer (width around 100, corresponding
to 2 ⇥ 10�3 pc or 400 au) directly illuminated by �-Orionis. The ionization front and the dissociation front appear at distances 1 � 200 behind
the external edge of the PDR and seem to spatially coincide, indicating a very small thickness of the neutral atomic layer (below 100 au). All
broadband maps present strong color variations between the illuminated edge and the internal regions. This can be explained by dust attenuation
in a scenario where the illuminating star �-Orionis is slightly inclined compared to the plane of the sky, so that the Horsehead is illuminated from
behind at an oblique angle. The deviations from predictions of the measured emissions in the H↵, Pa↵, and Br↵ lines also indicate dust attenuation.
With a very simple model, we used the data to derive the main spectral features of the extinction curve. A small excess of extinction at 3 µm may
be attributed to icy H2O mantles onto grains formed in dense regions. We also derived attenuation profiles from 0.7 to 25 µm across the PDR. In all
lines of sight crossing the inner regions of the Horsehead, especially around the IR peak position, it appears that dust attenuation is non-negligible
over the entire spectral range of the JWST.

Key words. Infrared: ISM: Horsehead, dust, extinction, molecules, lines and bands, photon-dominated region (PDR), H II regions, Techniques:
photometric, spectroscopy, Methods: observational, data analysis

1. Introduction1

Photon-dominated regions (PDRs) are predominantly neutral re-2
gions of the interstellar medium (ISM) in which the heating and3
chemistry are mainly regulated by far ultraviolet (FUV) photons4
from massive stars (e.g., Hollenbach & Tielens 1999; Wolfire5
et al. 2022). These regions form at the broad interface between6
young stars and molecular clouds, where UV radiation heats gas7
and dust and drives chemical evolution. The interaction of stel-8
lar radiation with in situ material includes: (1) dust processing,9
including the disruption of grain mantles and clusters as well as10
larger coagulated grains formed in shielded dense regions; (2)11
dust heating; and (3) ionization, dissociation, and heating of the12
atomic and molecular gas. These processes can be strongly strat-13
ified in the PDR boundary layers (ionized! neutral!molecular14
gas) due to di↵erent species absorbing UV photons at di↵erent15
energies and the attenuation of the UV radiation as we go deeper16
into the PDR. They are active on scales of hundreds of au (on17

the order of  100 at the typical distances of the most studied 18
Galactic PDRs). This indicates that the physical conditions vary 19
dramatically on small spatial scales, dependent on both the lo- 20
cal structure of the molecular cloud as well as the input radiation 21
field (dependent on the number, size, distance, and spectral types 22
of the surrounding stars undergoing excitation). 23

Molecule formation (CO, H2, etc.) and chemistry, grain 24
growth, and destruction deeper in the molecular cloud are gov- 25
erned by the energetic and chemical input at the PDR boundary. 26
Therefore, much of the molecular and atomic gas and dust in the 27
Galaxy resides in PDRs and the bulk of the continuum and line 28
emission observed from both gas and dust is seen to emerge from 29
PDR regions. As PDRs represent the interface between sites of 30
active star formation and the more dense molecular material that 31
stars end up forming out of, analyses of the detailed energetic 32
and chemical processes that occur within them provide insights 33
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ABSTRACT

Context. The James Webb Space Telescope (JWST) has captured the sharpest infrared images ever taken of the Horsehead nebula, a prototypical
moderately irradiated photon-dominated region (PDR) that is fully representative of most of the UV-illuminated molecular gas in the Milky Way
and star-forming galaxies.
Aims. We investigate the impact of far-ultraviolet (FUV) radiation emitted by a massive star on the edge of a molecular cloud in terms of
photoevaporation, ionization, dissociation, H2 excitation, and dust heating. We also aim to constrain the structure of the edge of the PDR and its
illumination conditions.
Methods. We used NIRCam and MIRI to obtain 17 broadband and 6 narrowband maps of the illuminated edge of the Horsehead across a wide
spectral range from 0.7 to 28 µm. We mapped the dust emission, including the aromatic and aliphatic infrared (IR) bands, scattered light, and
several gas phase lines (e.g., Pa↵, Br↵, H2 1-0 S(1) at 2.12 µm). For our analysis, we also associated two HST-WFC3 maps at 1.1 and 1.6 µm,
along with HST-STIS spectroscopic observations of the H↵ line.
Results. We probed the structure of the edge of the Horsehead and resolved its spatial complexity with an angular resolution of 0.1 to 100 (equivalent
to 2 ⇥ 10�4 to 2 ⇥ 10�3 pc or 40 to 400 au at the distance of 400 pc). We detected a network of faint striated features extending perpendicularly
to the PDR front into the H II region in NIRCam and MIRI filters sensitive to nano-grain emission, as well as in the HST filter at 1.1 µm, which
traces light scattered by larger grains. This may indeed figure as the first detection of the entrainment of dust particles in the evaporative flow.
The filamentary structure of the 1-0 S(1) line of H2 at the illuminated edge of the PDR presents numerous sharp sub-structures on scales as small
as 1.500. An excess of H2 emission compared to dust emission is found all along the edge, in a narrow layer (width around 100, corresponding
to 2 ⇥ 10�3 pc or 400 au) directly illuminated by �-Orionis. The ionization front and the dissociation front appear at distances 1 � 200 behind
the external edge of the PDR and seem to spatially coincide, indicating a very small thickness of the neutral atomic layer (below 100 au). All
broadband maps present strong color variations between the illuminated edge and the internal regions. This can be explained by dust attenuation
in a scenario where the illuminating star �-Orionis is slightly inclined compared to the plane of the sky, so that the Horsehead is illuminated from
behind at an oblique angle. The deviations from predictions of the measured emissions in the H↵, Pa↵, and Br↵ lines also indicate dust attenuation.
With a very simple model, we used the data to derive the main spectral features of the extinction curve. A small excess of extinction at 3 µm may
be attributed to icy H2O mantles onto grains formed in dense regions. We also derived attenuation profiles from 0.7 to 25 µm across the PDR. In all
lines of sight crossing the inner regions of the Horsehead, especially around the IR peak position, it appears that dust attenuation is non-negligible
over the entire spectral range of the JWST.

Key words. Infrared: ISM: Horsehead, dust, extinction, molecules, lines and bands, photon-dominated region (PDR), H II regions, Techniques:
photometric, spectroscopy, Methods: observational, data analysis

1. Introduction1

Photon-dominated regions (PDRs) are predominantly neutral re-2
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dust heating; and (3) ionization, dissociation, and heating of the12
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ified in the PDR boundary layers (ionized! neutral!molecular14
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ABSTRACT

Context. Understanding circumstellar disks is of prime importance in astrophysics, however, their birth process remains poorly con-
strained due to observational and numerical challenges. Recent numerical works have shown that the small-scale physics, often
wrapped into a sub-grid model, play a crucial role in disk formation and evolution. This calls for a combined approach in which both
the protostar and circumstellar disk are studied in concert.
Aims. We aim to elucidate the small scale physics and constrain sub-grid parameters commonly chosen in the literature by resolving
the star-disk interaction.
Methods. We carry out a set of very high resolution 3D radiative-hydrodynamics simulations that self-consistently describe the
collapse of a turbulent dense molecular cloud core to stellar densities. We study the birth of the protostar, the circumstellar disk, and
its early evolution (< 6 yr after protostellar formation).
Results. Following the second gravitational collapse, the nascent protostar quickly reaches breakup velocity and sheds its surface
material, thus forming a hot (⇠ 103 K), dense, and highly flared circumstellar disk. The protostar is embedded within the disk, such
that material can flow without crossing any shock fronts. The circumstellar disk mass quickly exceeds that of the protostar, and its
kinematics are dominated by self-gravity. Accretion onto the disk is highly anisotropic, and accretion onto the protostar mainly occurs
through material that slides on the disk surface. The polar mass flux is negligible in comparison. The radiative behavior also displays
a strong anisotropy, as the polar accretion shock is shown to be supercritical whereas its equatorial counterpart is subcritical. We also
find a remarkable convergence of our results with respect to initial conditions.
Conclusions. These results reveal the structure and kinematics in the smallest spatial scales relevant to protostellar and circumstellar
disk evolution. They can be used to describe accretion onto regions commonly described by sub-grid models in simulations studying
larger scale physics.

Key words. Stars: Formation - Stars: Protostars - Stars: Low mass - Methods: Numerical - Hydrodynamics - Radiative transfer -
Gravitation - Turbulence - Disks - Accretion Disks

1. Introduction

Circumstellar disks form as a result of the conservation of an-
gular momentum during the collapse of gravitationaly unstable
pre-stellar cloud cores. Understanding the formation of these
disks and their subsequent evolution is of fundamental impor-
tance in astrophysics, as they are the birthplace of planets. This
task is however heavily impeded by numerous challenges in
observing star forming regions, as the dense infalling envelope
obscures the nascent disk during the class 0 phase. As such,
most observational constraints come from more evolved class
I and II disks. From a theoretical standpoint, the prohibitive
time-stepping constraints in numerical simulations has made
it nearly impossible to self-consistently describe the evolu-
tion of a newly formed circumstellar disk over a su�ciently
large timescale to compare it with observations. In order to
circumvent these constraints, theorists have abandoned the
description of the innermost regions (< 1 AU) and instead use
sink particles (Bate et al. 1995; Bleuler & Teyssier 2014) onto
which sub-grid physics are encoded. These particles interact
with the surrounding gas through self-gravity and accretion,
as well as radiative and mechanical feedback e↵ects such as
outflows and stellar winds. The parameters of these particles,
such as their e↵ective radius and accretion thresholds, have
largely been chosen on the grounds of educated guesswork.

Although necessary to study the global evolution of the disk,
reducing the inner regions (which contain the protostar) to a
sub-grid model can produce nonphysical results, especially
when much of the actual sub-grid physics that has been encoded
remains poorly constrained.
In this respect, Machida et al. (2014) investigated the e↵ects of
sink parameters on the formation of circumstellar disks. They
found that the choice of the sink radius and its accretion thresh-
old can, in conjunction with the physical model employed,
dictate the formation and evolution of a circumstellar disk.
Vorobyov et al. (2019) lead a similar study, this time focusing
on the mass transport rate from the sink cell to the protostellar
surface. They found that simulations with a slower mass trans-
port rate would form more massive disks, and the accretion rate
onto the protostar displayed more episodic behavior.
Finally, Hennebelle et al. (2020b) studied the influence of the
sink accretion threshold on the global evolution of the disk.
They found that while the mass contained within the sink is
insensitive to this parameter, the disk radius and mass on the
other hand exhibit a strong sensitivity to it. Indeed, they found
that the disk mass increases significantly at higher accretion
thresholds.

From these empirical studies, it has become clear that a
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Context. Understanding circumstellar disks is of prime importance in astrophysics, however, their birth process remains poorly con-
strained due to observational and numerical challenges. Recent numerical works have shown that the small-scale physics, often
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through material that slides on the disk surface. The polar mass flux is negligible in comparison. The radiative behavior also displays
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pre-stellar cloud cores. Understanding the formation of these
disks and their subsequent evolution is of fundamental impor-
tance in astrophysics, as they are the birthplace of planets. This
task is however heavily impeded by numerous challenges in
observing star forming regions, as the dense infalling envelope
obscures the nascent disk during the class 0 phase. As such,
most observational constraints come from more evolved class
I and II disks. From a theoretical standpoint, the prohibitive
time-stepping constraints in numerical simulations has made
it nearly impossible to self-consistently describe the evolu-
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Although necessary to study the global evolution of the disk,
reducing the inner regions (which contain the protostar) to a
sub-grid model can produce nonphysical results, especially
when much of the actual sub-grid physics that has been encoded
remains poorly constrained.
In this respect, Machida et al. (2014) investigated the e↵ects of
sink parameters on the formation of circumstellar disks. They
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old can, in conjunction with the physical model employed,
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Extinction values towards embedded planets in protoplanetary disks
estimated from hydrodynamic simulations
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ABSTRACT

The upcoming new coronographs with deeper contrast limits, together with planned and current
high-contrast imaging campaigns will push the detectability limit of protoplanets. These planet-hunting
campaigns present a new opportunity to characterize protoplanets and their surrounding environments.
However, there are clear uncertainties as to what are the extinction levels at di↵erent regions of proto-
planetary disks, which will impede our ability to characterize young planets. A correct understanding
of the expected extinction together with multiple photometric observations will lead to constraints on
the extinction levels, dust growth, disk evolution and protoplanetary accretion rates. In this work,
we used hydrodynamic simulations and protoplanetary disk observational constraints obtained from
both dust and gas emission to explore the expected extinction maps for continuum filters associated
with strong hydrogen lines as tracers of accretion and key broadband photometric filters. We provide
a scaling relationship for the extinction as a function of planetary separation and disk mass for three
di↵erent gas giant masses. We also report values for a subset of disks of interest targetted by multiple
imaging campaigns. The described values will be useful for the optimal design of future planet-hunting
surveys and for giving context to non-detections in protoplanetary disks and the observed fluxes of
point sources along with the birth conditions of protoplanets.

Keywords: planet–disk interactions — protoplanetary disks — — accretion disks – direct imaging

1. INTRODUCTION

As dedicated algorithms for high-contrast imaging are
being applied in planet-hunting campaigns, the detec-
tion of protoplanets through direct methods has started
to become a reality (e.g. Keppler et al. 2018; Ha↵ert
et al. 2019; Currie et al. 2022; Zhou et al. 2022; Ham-
mond et al. 2023). However, many dedicated surveys
have shown that the detection rate of planetary com-
panions in circumstellar disks is quite low (Cugno et al.
2019; Zurlo et al. 2020; Jorquera et al. 2021; Asensio-
Torres et al. 2021; Huélamo et al. 2022; Cugno et al.
2023; Follette et al. 2023, among others). This low de-
tection rate may be the result of high extinction at op-
tical and near-infrared wavelengths due to the dust-rich
nature of disk systems. Nevertheless, upper limits in the
planetary emission from several photometric bands have
been set thanks to those surveys. In tandem, accurate
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constraints in the extinction from their host disk can
provide key parameters to understanding the formation
environments of protoplanets, and might be particularly
useful for the design of future campaigns.
Current and upcoming facilities have devoted instru-

ments for high-contrast imaging such as MagAO-X,
ELT-METIS, and the Nancy Grace Roman Space Tele-
scope for example. In addition to better instruments
with deeper contrast limits, improved adaptive optics
(AO) algorithms/techniques are also pushing the achiev-
able contrast. Image processing techniques such as Ref-
erence Di↵erential Imaging (Grady et al. 1999), Angu-
lar Di↵erential Imaging (Marois et al. 2006), Polariza-
tion Di↵erential Imaging (Kuhn et al. 2001), and Spec-
tral Di↵erential Imaging (Claudi et al. 2008) attempt
to make the best characterization possible of the stellar
scattered light to subtract the stellar emission contam-
ination from the planetary signal. Thanks to the ca-
pabilities of new instruments and state-of-the-art high-
contrast imaging techniques, the detection limit will be
pushed even beyond Jovian planets to the Super Earths,
and much closer to their host stars, reaching the terres-
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Abstract

The main aim of this paper is to study both the Interstellar Medium (ISM)
and the young stellar population in the three star-forming regions, namely
IRAS 05137+3919, 05168+3634, and 19110+1045. The study of the ISM includes
determination of the hydrogen column density (N(H2)) and dust temperature
(Td) in the regions using Modified blackbody fitting. The main parameters of
identified and classified young stellar objects (YSOs) belonging to the regions
were determined comparing with the radiation transfer models. We also con-
structed a colour-magnitude diagram to compare the parameters of the YSOs
with the results of the radiative transfer models. The three stellar populations
appear to have formed under di↵erent scenarios. In the cases of IRAS 05137+3919
and IRAS 05168+3634, the age spread is considerably wider, suggesting that
the stellar population likely emerged from independent condensations. In con-
trast, the third region comprises a pair of ultra-compact HII regions (UCHIIs),
G45.12+0.13 and G45.07+0.13, with a notably smaller age spread. This hints at
the possibility that these clusters originated from a single triggering event.

Keywords: stars: pre-main sequence – infrared: stars – radiative transfer - Interstellar
medium (ISM)

1 Introduction

The process of star formation remains ongoing throughout various stages of evolu-
tion of our galaxy and other galaxies, even in the present era Ambartsumian (1947).
It stands as one of the most pivotal processes that yield observable outcomes within
galaxies. Giant molecular clouds are birthplaces of stellar population (Soderblom,
2010). Stellar clusters that remain embedded within their original molecular clouds
hold a special significance. They provide insights into distinguishing the characteristics
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ABSTRACT
Herbig Ae/Be (HAeBe) stars are intermediate-mass pre-main sequence stars, characterized by infrared excess and emission lines.
They are observed to emit X-rays, whose origin is a matter of discussion and not settled yet. X-ray emission is not expected in
HAeBe stars, as they lack the sub-surface convective zone. In this study, we retrieved observations from the Chandra archive
for 62 HAeBe stars, among which 44 sources (detection fraction ⇠71%) were detected in X-rays, with 7 being new detections.
We use this sample as a test bed to conduct a comparative analysis of the X-ray properties of HAeBe stars and their low-mass
counterparts, T Tauri Stars (TTSs). Further, we compare the X-ray properties of HAeBe stars and TTSs with optical and IR
properties to constrain the X-ray emission mechanism in HAeBe stars. We found no correlation between X-ray emission and disk
properties of HAeBe stars, confirming that X-rays are not related to accretion shocks. About 56% of HAeBe stars without any
known sub-arcsec companions have lower plasma temperatures (kT  2 keV). We observe flaring/variability in HAeBe stars with
confirmed low-mass companions. These stars show plasma temperatures > 2 keV, similar to TTSs. Guided by this information
we discuss the role of a T Tauri companion for X-ray emission seen in our sample of HAeBe stars. From the results obtained in
this paper, we suggest that X-ray emission from HAeBe stars may not be related to accretion shocks or hidden TTS, but rather
can be due to magnetically driven coronal emission.

Key words: stars: coronae – stars: flare – stars: low-mass – stars: massive – stars: pre-main-sequence – techniques: imaging
spectroscopy

1 INTRODUCTION

Herbig Ae/Be (HAeBe) stars are intermediate mass (2 M�  M¢ 
8 M�) young stellar objects. They are the higher mass counterparts of
the T Tauri stars (TTS) (e.g., Brittain et al. 2023). Like TTSs, HAeBe
stars also show HU emission and infrared (IR) excess from a dusty
circumstellar material. In addition to this, they are also observed to
emit UV and X-rays (Zinnecker & Preibisch 1994; Damiani et al.
1994; Malfait et al. 1998). The high energy radiation in low-mass
main-sequence (MS) stars and pre-main-sequence (PMS) stars is
produced predominantly due to the involvement of the magnetic field.
However, the subsurface convection zone required for the production
of magnetic field (through U-l dynamo mechanism) is lacking in
HAeBe stars and hence the reason for high energy emission is an
unsettled problem (Appenzeller 1994; Mayne et al. 2007; Mayne
2010).

Many studies have been carried out to understand the origin of
X-rays from HAeBe stars. Some of the initial studies to understand
the origin of X-ray emission from HAeBe stars were performed by
Zinnecker & Preibisch (1994), Damiani et al. (1994), Skinner et al.
(2004) and Hamaguchi et al. (2005) using observations from ASCA,
ROSAT, and Einstein X-ray Observatory. These studies could not

¢ E-mail: hema.anilkumar@res.christuniversity.in

provide a proper explanation for the origin of X-rays in HAeBe stars
due to the limited resolution of the telescope. The advent of the
Chandra X-ray Observatory (CXO) in 1999 opened a new window
(thanks to its high spatial resolution) for studying X-rays from stars.
Stelzer et al. (2006) studied a sample of 17 HAeBe stars, of which 13
of them were X-ray emitters. Based on the high plasma temperature
obtained from the spectral analysis, this study ruled out radiative
winds as the sole emission mechanism and suggested that either a
huge fraction of HAeBe stars are intrinsic X-ray emitters or most of
the companions to HAeBe stars are yet to be discovered. Hamidouche
et al. (2008) studied a sample of 22 HAeBe stars observed with
Chandra and found X-ray emission from 14 stars, i.e., the sample
has a detection rate of ⇠64%. They found the X-ray luminosity to be
higher than that of TTSs (1030 – 1031 erg s�1). Comparing the X-ray
properties to other stellar parameters they suggested that the X-ray
emission might be intrinsic to HAeBe stars, generated due to star-disk
magnetic interaction. Further, Stelzer et al. (2009a) studied a sample
of 9 HAeBe stars using the CXO with a detection rate of ⇠100%.
Confirming the results obtained from Stelzer et al. (2006), Stelzer
et al. (2009a) suggested that unresolved (multiple stars not resolved
in Chandra) coronally active low-mass companions as the possible
reason for X-ray emission in HAeBe stars. Nuñez et al. (2021) studied
a small sample of radiative intermediate-mass PMS (R-IMPS) stars
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HAeBe佔ע╈ꝴ韬ꄈס╚硌⮛⯥佔ךյ颋㛙稗飃鷨٤ٚؕ٤ֿ٘بشؙِכ攐䐶׌ךն儖溿狒עך
Chandraؓ62׼־هؕ؜٭⠕סHAeBe佔ס鈝峮؅ذ٭ظ⮆冪ג׊ױ׊նסא磵冽յ44⠕ס佔ךX稗ֿ
吾⭳׿׈յ7הֹסא⠕ֿ二םג吾⭳ג׊ךնHAeBe佔ס硜56%هئע鉈熮סٜ٭آت⛂佔؅䧏׍גյ
ش٘ب٤٘ب٭ٛؠؓעX稗䷑㵣סյHAeBe佔׼־磵冽ס׼׿׆նג׊ךkT ͞ 2 keVע峪䈱ُثٚو
ն׌ױ׿׼縒ֻכ耆䓪ֿ냕ַ⺎׾׌颯㍔מ㵣䷑ػٞؤסյ澷妳껮Ⳃך➟扛꞊עכTT佔ג׿꤉׷ؠ


