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Abstract

Magnetic fields play a significant role in star-forming processes on core to clump scales. We investigate magnetic
field orientations and strengths in the massive star-forming clump P2 within the filamentary infrared dark cloud
G28.34+0.06 using dust polarization observations made using SCUBA-2/POL-2 on the James Clerk Maxwell
Telescope (JCMT) as part of the B-field In STar-forming Region Observations (or BISTRO) survey. We compare
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1-0.1 pcס澷㕙ֿ⹜竊؅婊׾״ն⺸ע׀㚺׽גז؂㚺׽גז־ם׼؂ն
IRDC G28.34+0.06, 㛻韬ꄈ佔䎬䡗⮣僿նP1עؓؤס╈כو٤ٚؠ澷㕙מ㑈泡նP2עך澷㕙♓㛙ֿⲖַֹאַיն
P2ֿ㵚霄նd=4.8 kpc, JCMT BISTRO (res=0.3 pc), TRAO (1.3 pc), N2H+նALMA (0.016 pc)כ奂鬳ն

method. We obtain magnetic field orientations and strengths in
the P2 clump of G28 on ∼2 pc scales (at a distance of 4.8 kpc;
S. J. Carey et al. 1998) and compare these with those on
∼0.2 pc scales measured using ALMA in the P2 clump region,
and we examine the relative importance of magnetic fields,
gravity, and turbulence in the P2 clump on multispatial scales.

This paper is organized as follows. In Section 2, we describe
the polarization and molecular line observations made using the
JCMT and TRAO, as well as the archival ALMA data for G28.
We present magnetic field orientations, strengths, and proper-
ties in the P2 clump in G28 in Section 3. Measurements of
mass-to-flux ratio and energy balance in the P2 clump are
described in Section 4. We summarize our results in Section 5.

2. Observations and Data Reduction

2.1. JCMT Observations

We observed G28 in linearly polarized light, arising from
dust continuum emission, using the POL-2 polarimeter
mounted at the SCUBA-2 bolometer camera (W. S. Holland
et al. 2013) on the JCMT at 450 and 850 μm simultaneously. In
this work, we use the 850 μm data only. The observations were
conducted as part of the BISTRO Survey (Project ID:
M20AL018). The 27 data sets were obtained between 2020
September and 2022 August. The duration of each observation
was 31 minutes. The effective beam size of the JCMT at
850 μm is 14.1 (J. T. Dempsey et al. 2013). The observations
were carried out in the JCMT Weather Band 2, in which the

atmospheric opacity at 225 GHz (τ225GHz) is between 0.05 and
0.08. The observing mode was the POL-2 DAISY scan pattern,
which produces a circular map with a diameter of 11¢. The rms
noise values are lower and uniform in the 3¢-diameter central
region of the map and increase toward the edge of the map. To
improve the rms noise value, we further used 18 data sets
obtained using the JCMT between 2022 February and June
under the project code M22AP018 (PI: Junhao Liu; see J. Liu
et al. 2024). The data reduction procedures are explained in
Appendix A.
The Stokes I, Q, and U maps obtained are in units of picowatts

with a 4″ pixel grid. The flux conversion factor at 850 μm is
495± 32 Jy beam−1 pW−1, which is appropriate for data
observed after 2018 June 30 (S. Mairs et al. 2021). The POL-2
data are further corrected by an additional factor of 1.35 (which
results in a final conversion factor of 668 Jy beam−1 pW−1

), due
to the reduced optical throughput caused by the introduction of
the spinning POL-2 half-wave plate into the SCUBA-2 light path
(S. Mairs et al. 2021). This flux conversion factor is stable with
time since 2018; although some scatter around the mean value
may be seen in individual observations, our coadded set of 27
maps will be well calibrated. The rms values of the Stokes I, Q,
and U maps are 7.6, 4.4, and 4.3 mJy beam−1, respectively. We
binned the polarization segments to a 12″ pixel grid using the bin
size parameter in the Starlink software; this pixel size is chosen
for its similarity to the primary beam size of the JCMT at
850 μm. The polarization angle (θobs), debiased polarization
intensities (PIs), debiased polarization fraction (p), and their

Figure 1. Left: map of polarization segments in G28 derived from the JCMT POL-2 850 μm observations. The background image shows Stokes I intensity. The gray
contours mark intensities of (10, 30, 50, 70, 150) × σI, where σI is the Stokes I rms intensity of 7.6 mJy beam−1. The intensity scale of the image is shown in the
horizontal color bar. The selection criteria of the segments are I/ΔI � 10, p/Δp � 3, and p < 20%, where I, p, ΔI, and Δp are the intensity, polarization fraction,
and their uncertainties, respectively. The length of the polarization segments is shown in magenta scales with p. A scale bar showing p = 10% is plotted in the lower
left corner. A physical scale bar marking a distance of 1 pc is shown in the lower right corner. Right: map of magnetic field segments, again shown in magenta, which
are the polarization segments in the left panel rotated by 90°. The segments are plotted with a uniform length for clarity. The circle in the lower right corner of the right

panel indicates the JCMT beam size of 14.1 at 850 μm, which is equivalent to 0.32 pc at the distance of G28. Blue segments show magnetic field orientations inferred
from the Planck observations. Red contours in the right panel mark clumps identified using the astrodendro dendrogram algorithm (see Section 3.2 for details). The
two main clumps are labeled as P1 and P2, as defined by Y. Wang et al. (2008).
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and lower neighbors. We took the mean of these four radii of
curvature as the radius of curvature for the polarization
segment in the reference pixel. By repeating these calculations,

we obtained radii of curvature for all pixels within the P2
clump. The derived radii of curvatures are larger than 36″, and
thus we assume that the mean magnetic field orientation in a
box of 36″× 36″ (3× 3 pixels) is uniform. In this way, we
measured the mean polarization angle and angle dispersion
within the box and then moved the box pixel by pixel to
estimate the distribution of polarization angle dispersion
(Figure 4) across the clump. The polarization angle dispersion
in the P2 clump within the red contour marked in Figure 4
varies from 3° to 20°, with a mean value of 11° ± 4°. The red
contour marks the boundary of the P2 clump, which we
identified using a dendrogram algorithm. For this, we used the
Python package astrodendro,46 which is used to recognize
hierarchical structures in molecular clouds (E. W. Rosolowsky
et al. 2008). The uncertainties in each pixel are estimated from
the measurement errors on the polarization segments
(Equation (2)) in each box centered on the pixel.

3.3. Volume Density

To estimate the column density, and thus the volume density
of the P2 clump, we considered the area within the boundary of
the P2 clump as defined in the previous section.
The column density of molecular hydrogen is calculated

using the following equation:

( ) ( ( ) ( )) ( )/ m k n= n nN I m B TH , 72 H

where Iν is the intensity at a frequency ν; μ= 2.8 is the mean

molecular weight per particle, assuming that 10% of the total

number of gas particles is helium (J. Kauffmann et al. 2008);

mH is the mass of atomic hydrogen; ( ) ( )/k n k n n= n
b

00
is the

dust opacity function, where kn0 is 0.1 cm
2 g−1 at ν0= 1 THz,

Figure 2. Left: magnetic field orientations in the P2 clump, zoomed in from Figure 1. The yellow rectangle marks the location of the core detected in the ALMA
observations. The pink segments and red contour are the same as in Figure 1. Right: magnetic field orientations in the ALMA core embedded in the P2 clump, in the
region marked in yellow in the left panel. The background image shows the ALMA 1.3 mm continuum emission. The pink and blue segments show magnetic field
orientations obtained using the JCMT and Planck, respectively. Cyan segments show magnetic field orientations obtained using ALMA with PI/ΔPI > 3. The ellipse

in the lower right corner is the ALMA synthesized beam size, 0.8 × 0.6 (0.014 × 0.019 pc at a distance of 4.8 kpc).

Figure 3. Magnetic field orientations obtained using JCMT and ALMA are
shown as magenta and cyan histograms, respectively, on a polar bar chart. The
Planck magnetic field direction is marked with a blue line. The dark magenta
and cyan dashed lines show the mean orientations obtained using the JCMT
and ALMA, 24° and 117°, respectively. The lengths of the bars represent the
fraction of the polarization segments with position angles in the range of the
bar. We show all segments within the area of the P2 clump bounded by the red
contour shown in Figure 1. Due to the 180° ambiguity on the direction of
polarization segments, diametrically opposite angles on the plot agree.

46
A minimum intensity level of 27 mJy beam−1

(3σI) and a minimum size of
hierarchical structures of 14.1 (the JCMT beam size) were used when applying
the algorithm.
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Figure 3. Magnetic field orientations obtained using JCMT and ALMA are
shown as magenta and cyan histograms, respectively, on a polar bar chart. The
Planck magnetic field direction is marked with a blue line. The dark magenta
and cyan dashed lines show the mean orientations obtained using the JCMT
and ALMA, 24° and 117°, respectively. The lengths of the bars represent the
fraction of the polarization segments with position angles in the range of the
bar. We show all segments within the area of the P2 clump bounded by the red
contour shown in Figure 1. Due to the 180° ambiguity on the direction of
polarization segments, diametrically opposite angles on the plot agree.

46
A minimum intensity level of 27 mJy beam−1

(3σI) and a minimum size of
hierarchical structures of 14.1 (the JCMT beam size) were used when applying
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澷㕙ע㛻ׂ׀釤מو٤ٚؠכ׾㑈泡ն
ALMAס㵸ַ׈ꯛ㓊עך澷㕙90°~ֿֿ׀⺸ס樟׾םն
澷㕙ס׀⺸ס⮆丆ס״גס䇖㏯ע׀⺸ס澷㕙ס傪曍ⶐ䏦┕┖䄅⺓
؅✳榫׽׻㵸ַ׈㍋鉈⫂☪㍑36ע"ך婊׾״նà~3°-20°
峪䈱עNH3ס鷨⸻鈝峮29׼־ K. 㝜车1~ע׀ pc. à 0.3-6x104 cm-3

鵭䈱⮆丆עTRAO N2H+29׼־ K؅ꢜַס׵גնà 1.3-1.5 km/s.

4. Discussions

4.1. Mass-to-flux Ratio

Mass-to-magnetic-flux ratios (μΦ) have been used in
previous studies to determine whether magnetic fields can
support a star-forming region against gravitational collapse
(T. C. Mouschovias & L. Spitzer 1976; R. M. Crutcher 2004).
The observed mass-to-flux ratio is scaled with a critical value,
usually taken to be the value of a magnetized disk, 1/2πG1/2,
where G is the gravitational constant (T. Nakano &
T. Nakamura 1978). The mass-to-flux ratio in units of the
critical value (R. M. Crutcher 2004) is

( )
( )m = ´F

- N

B
7.6 10

H
, 1121 2

where B is the 3D magnetic field strength in units of

microgauss. A value of μΦ less than 1 implies that a star-

forming region is magnetically subcritical, in which state the

magnetic field is sufficiently strong to resist gravitational

collapse. A value of μΦ larger than 1 means that a star-forming

region is magnetically supercritical, in which state the magnetic

field cannot prevent gravitational collapse.
Figure 8 shows the distribution of mass-to-flux ratio in units

of the critical value, as derived from our JCMT observations.
When calculating the mass-to-flux ratio, we used the magnetic
field strengths in the plane of the sky obtained as described in
Section 3.5 rather than the 3D magnetic field strengths.
Therefore, the estimated mass-to-flux ratios may be upper
limits. The derived mass-to-flux ratios vary from 0.3 to 3.2,

with a mean value of 1.5± 0.5 (Table 1). We calculated the
mean mass-to-flux ratios within circular regions of increasing
radius, centered on the peak intensity position in our 850 μm
Stokes I map. The right panel of Figure 8 shows the estimated
mean mass-to-flux ratios as a function of radius. We find that
the mass-to-flux ratio decreases as the radius increases. The P2
clump is in a magnetically supercritical state over all of the
radii that we consider, indicating that the magnetic field cannot
support the clump against gravitational collapse. This supports
the first possibility discussed in Section 4.3 below: that the
gravitational collapse of the P2 clump may result in the change
of the magnetic field orientations from clump to core scales
seen when comparing JCMT and ALMA observations. Despite
our large uncertainties, we can have some confidence that G28
is magnetically supercritical. The DCF method is known to
typically overestimate magnetic field strengths; statistically,
this overestimation appears to be by a factor ∼3–5 (K. Pattle
et al. 2023), although the applicability of this factor to any
individual measurement is unclear. Finding a supercritical
mass-to-flux ratio using the DCF method despite its tendency
to overestimate magnetic field strengths thus strongly suggests
that G28 is indeed supercritical. Moreover, the G28 clump is
demonstrably a site of active star formation, and so our finding
of a supercritical mass-to-flux ratio is fully consistent with the
star formation history of the region.

4.2. Energy Balance

We estimate the kinetic (EK), gravitational (EG), and
magnetic energies (EB) in the P2 clump using the relations

( )s=E M
3

2
, 12K v

2
tot

( )= -E
GM

R

3

5
, 13G

2

( )=E Mv
1

2
, 14B A

2

where M is the mass of the P2 clump; sv tot is the total velocity

dispersion estimated as s s s= +v v v
2

tot nth th
, where svth is the

thermal velocity dispersion for free particles with the mean

molecular weight, μ= 2.37; G is the gravitational constant; R is

the equivalent radius of the P2 clump; and vA is the Alfvén

velocity ( / prB 4 , where ρ = μmHn(H2) is the mass density).

The mass of the P2 clump is calculated using the formulation

(R. H. Hildebrand 1983)

( )
( )å k=

n n=

M
I A

B T
, 15

i

N
i

1

850,

where N is the number of pixels within the red contour defining

the area of the P2 clump (Figure 8), I850,i is the 850 μm flux

Table 1

Parameters Used for Estimating Magnetic Field Strength and Mass-to-flux Ratio

σθ svnth NH2 nH2 Bpos μΦ

(deg) (km s−1
) (1022 cm−2

) (104 cm−3
) (μG)

11 ± 4 1.40 ± 0.03 3.5 1.0 185 ± 65 1.5 ± 0.5

Note. These values are averaged in the P2 clump, bounded by the red contour marked in Figure 2. We were unable to determine quantitative uncertainties of the

column density and number densities of molecular hydrogen, due to the uncertainties on the flux loss, dust opacity, and depth of the P2 clump. The magnetic field

strength was obtained using the DCF method with Q = 0.28.

Figure 7. Map of the magnetic field strength in the P2 clump of G28. Black
contours are the same as in Figure 4. Cyan contours trace dust emission
obtained using ALMA.
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DCFס遨塜➟丗ע丗⡁
׼־٤٘ب٭ِٖٝب
0.28 à Bpos=50-430 µG.
丗⠘ס鷨㛻鍐❫ַי׊
ն׊ם䏅ꮶמ磵鑜׵י
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Abstract

Magnetic fields play a significant role in star-forming processes on core to clump scales. We investigate magnetic
field orientations and strengths in the massive star-forming clump P2 within the filamentary infrared dark cloud
G28.34+0.06 using dust polarization observations made using SCUBA-2/POL-2 on the James Clerk Maxwell
Telescope (JCMT) as part of the B-field In STar-forming Region Observations (or BISTRO) survey. We compare
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density of the ith pixel, A is the pixel area, and κ(ν) and Bν(T)

are as defined in Equation (7). We calculate a mass for the P2

clump of 2037 Me. The mean velocity dispersion of 1.2 km s−1

and the magnetic field strength of 185 μG in the P2 clump are

used when calculating EK and EB.
The estimated kinetic, gravitational, and magnetic energies

of the P2 clump are 12 × 1046 erg, 21 × 1046 erg, and
6 × 1046 erg, respectively. We emphasize that these values are
order-of-magnitude estimates only and are subject to significant
systematic and statistical uncertainties (e.g., K. Pattle et al.
2017), but their relative values can nonetheless inform our
discussion of the region. The gravitational potential energy is
the dominant term in the energy budget of the P2 clump. This
result is consistent with our mass-to-flux ratio analysis. The
kinetic energy is also comparable to the gravitational energy.
However, we note that we used our estimated plane-of-sky
magnetic field strength to calculate the magnetic energy.
Considering that 3D magnetic field vectors are randomly
oriented, the 3D magnetic field strength can be a factor of
4/π larger than the plane-of-sky magnetic field strength
(R. M. Crutcher 2004). If we applied this correction to our
value, the magnetic energy would become 9.8 × 1046 erg,
which is still smaller than the gravitational energy. However,
this is a statistical correction that may not be relevant to this
region. Future Zeeman measurements of the magnetic field
strength along the line of sight would allow us to determine
the 3D magnetic field strengths in the region and thus
calculate more accurate magnetic energy values (e.g.,
J. Hwang et al. 2024).

4.3. Scenarios Changing Magnetic Field Orientations

We have shown that the magnetic field orientations on core
and clump scales are roughly perpendicular to each other in the
P2 clump (Figure 2). The JCMT and ALMA observations show
the magnetic fields on different physical scales. The JCMT
observations trace scales from ∼2 to 0.3 pc, and the ALMA

observations trace scales from ∼0.3 pc (the maximum
recoverable scale of the ALMA observations of 13″) down to
0.02 pc. We can see that there is little to no overlap in size
scales: the ALMA observations are probing the magnetic field
within the beam of the JCMT. Therefore, we need observations
on intermediate scales between those mapped by the JCMT and
ALMA to find the size scale on which the transition between
magnetic field orientations occurs.
We suggest two possible scenarios to explain the change in

magnetic field orientations between the clump and the core in
G28. In the first scenario, gravitational collapse could change
the magnetic field orientations from the P2 clump to the core.
In the ambipolar diffusion model, magnetic field lines are
aligned along the minor axis of an initially magnetically
subcritical clump or core (e.g., T. C. Mouschovias &
G. E. Ciolek 1999). In this model, neutral particles in the
clump or core decouple from the ions and fall in under gravity.
Once the core becomes magnetically supercritical, the ions drag
the magnetic field inward, creating a characteristic “hourglass”
geometry. In a theoretical hourglass model of a collapsing core,
the mass-to-flux ratio changes from transcritical to supercritical
as the density increases from the edge to the center (e.g.,
G. Bino & S. Basu 2021). While field lines are only slightly
curved on the clump scale, the lines are highly curved on the
core scale, where the densities are highest. Figure 8 shows that
the mass-to-flux ratios we measure are similar to this
prediction, transitioning from magnetically subcritical to
supercritical from the outer diffuse to the inner dense regions
of the P2 clump. We note that the fractional uncertainty on the
mass-to-flux ratio is about 33%, and so the clump could be
transcritical rather than supercritical, although, as discussed
above, there is reason to expect that the clump’s supercriticality
may in fact be underestimated by our analysis. We would need
Zeeman measurements to determine the 3D magnetic field and
estimate a more accurate mass-to-flux ratio. The dense core is
embedded in the densest part of the P2 clump, in which the
magnetic field strength is the highest, but is magnetically

Figure 8. Left: map of mass-to-flux ratio in the P2 clump of G28. Black and cyan contours are as described in Figure 7. The black plus sign marked in the center is the
position of peak intensity at 850 μm. Right: the averaged mass-to-flux ratios within circular regions of given radii around the peak intensity position.
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4. Discussions

4.1. Mass-to-flux Ratio

Mass-to-magnetic-flux ratios (μΦ) have been used in
previous studies to determine whether magnetic fields can
support a star-forming region against gravitational collapse
(T. C. Mouschovias & L. Spitzer 1976; R. M. Crutcher 2004).
The observed mass-to-flux ratio is scaled with a critical value,
usually taken to be the value of a magnetized disk, 1/2πG1/2,
where G is the gravitational constant (T. Nakano &
T. Nakamura 1978). The mass-to-flux ratio in units of the
critical value (R. M. Crutcher 2004) is

( )
( )m = ´F

- N

B
7.6 10

H
, 1121 2

where B is the 3D magnetic field strength in units of

microgauss. A value of μΦ less than 1 implies that a star-

forming region is magnetically subcritical, in which state the

magnetic field is sufficiently strong to resist gravitational

collapse. A value of μΦ larger than 1 means that a star-forming

region is magnetically supercritical, in which state the magnetic

field cannot prevent gravitational collapse.
Figure 8 shows the distribution of mass-to-flux ratio in units

of the critical value, as derived from our JCMT observations.
When calculating the mass-to-flux ratio, we used the magnetic
field strengths in the plane of the sky obtained as described in
Section 3.5 rather than the 3D magnetic field strengths.
Therefore, the estimated mass-to-flux ratios may be upper
limits. The derived mass-to-flux ratios vary from 0.3 to 3.2,

with a mean value of 1.5± 0.5 (Table 1). We calculated the
mean mass-to-flux ratios within circular regions of increasing
radius, centered on the peak intensity position in our 850 μm
Stokes I map. The right panel of Figure 8 shows the estimated
mean mass-to-flux ratios as a function of radius. We find that
the mass-to-flux ratio decreases as the radius increases. The P2
clump is in a magnetically supercritical state over all of the
radii that we consider, indicating that the magnetic field cannot
support the clump against gravitational collapse. This supports
the first possibility discussed in Section 4.3 below: that the
gravitational collapse of the P2 clump may result in the change
of the magnetic field orientations from clump to core scales
seen when comparing JCMT and ALMA observations. Despite
our large uncertainties, we can have some confidence that G28
is magnetically supercritical. The DCF method is known to
typically overestimate magnetic field strengths; statistically,
this overestimation appears to be by a factor ∼3–5 (K. Pattle
et al. 2023), although the applicability of this factor to any
individual measurement is unclear. Finding a supercritical
mass-to-flux ratio using the DCF method despite its tendency
to overestimate magnetic field strengths thus strongly suggests
that G28 is indeed supercritical. Moreover, the G28 clump is
demonstrably a site of active star formation, and so our finding
of a supercritical mass-to-flux ratio is fully consistent with the
star formation history of the region.

4.2. Energy Balance

We estimate the kinetic (EK), gravitational (EG), and
magnetic energies (EB) in the P2 clump using the relations

( )s=E M
3

2
, 12K v

2
tot

( )= -E
GM

R

3

5
, 13G

2

( )=E Mv
1

2
, 14B A

2

where M is the mass of the P2 clump; sv tot is the total velocity

dispersion estimated as s s s= +v v v
2

tot nth th
, where svth is the

thermal velocity dispersion for free particles with the mean

molecular weight, μ= 2.37; G is the gravitational constant; R is

the equivalent radius of the P2 clump; and vA is the Alfvén

velocity ( / prB 4 , where ρ = μmHn(H2) is the mass density).

The mass of the P2 clump is calculated using the formulation

(R. H. Hildebrand 1983)

( )
( )å k=

n n=

M
I A

B T
, 15

i

N
i

1

850,

where N is the number of pixels within the red contour defining

the area of the P2 clump (Figure 8), I850,i is the 850 μm flux

Table 1

Parameters Used for Estimating Magnetic Field Strength and Mass-to-flux Ratio

σθ svnth NH2 nH2 Bpos μΦ

(deg) (km s−1
) (1022 cm−2

) (104 cm−3
) (μG)

11 ± 4 1.40 ± 0.03 3.5 1.0 185 ± 65 1.5 ± 0.5

Note. These values are averaged in the P2 clump, bounded by the red contour marked in Figure 2. We were unable to determine quantitative uncertainties of the

column density and number densities of molecular hydrogen, due to the uncertainties on the flux loss, dust opacity, and depth of the P2 clump. The magnetic field

strength was obtained using the DCF method with Q = 0.28.

Figure 7. Map of the magnetic field strength in the P2 clump of G28. Black
contours are the same as in Figure 4. Cyan contours trace dust emission
obtained using ALMA.
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Appendix C
CO Outflow

Figure 11 shows the blueshifted and redshifted CO

outflows obtained by the ALMA observations (J. Liu et al.

2020). Magnetic field orientations are overlapped in the

figure. The yellow star in the figure is the location of the IRS 2

source. It is hard to constrain outflow direction from the IRS 2

source.
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ABSTRACT

Context. Planet formation around young stars requires the growth of interstellar dust grains from µm-sized particles to km-sized
planetesimals. Numerical simulations have shown that large („mm-sized) grains found in the inner envelope of young protostars could
be lifted from the disc via winds. However we are still lacking unambiguous evidence for large grains in protostellar winds/outflows.
Aims. We investigate dust continuum emission in the envelope of the Class I binary L1551 IRS5 in the Taurus molecular cloud, aiming
to identify observational signatures of grain growth, such as variations in the dust emissivity index (ωmm).
Methods. In this context, we present new, high-angular resolution (50 au), observations of thermal dust continuum emission at 1.3 mm
and 3 mm in the envelope („3000 au) of L1551 IRS5 , obtained as part of the ALMA-FAUST Large Program.
Results. We analyse dust emission along the cavity walls of the CO outflow, extended up to „1800 au. We find an H2 volume density
!2ˆ105 cm´3, a dust mass of „58 MC, and ωmm À 1, implying the presence of grains „103 times larger than the typical ISM sizes.
Conclusions. We provide the first spatially resolved observational evidence of large grains within an outflow cavity wall. Our results
suggest that these grains have been transported from the inner disc to the envelope by protostellar winds and may subsequently fall
back into the outer disc by gravity and/or via accretion streamers. This cycle provides longer time for grains to grow, playing a crucial
role in the formation of planetesimals.

Key words. Stars: formation – planets and satellites: formation – circumstellar matter – stars: low-mass – dust, extinction – Stars:
winds, outflows

1. Introduction

The formation of terrestrial planets and rocky cores of giant
planets is a complex process harboured inside protoplanetary
discs surrounding young stellar objects (YSOs). This process
begins with submicron-sized dust grains – typically from 0.01
to 0.3 µm in the diffuse interstellar medium (ISM; Mathis et al.
1977) and up to 1 µm in dense molecular clouds (Dartois et al.
2024) – and culminates in the disc, with the formation of dust
pebbles, planetesimals, and planets that may harbour life (e.g.

Testi et al. 2014; Drążkowska et al. 2023; Birnstiel 2024).
The Atacama Large Millimeter/submillimeter Array

(ALMA) has enabled significant progress in understanding
the initial conditions of planet formation. ALMA observations
have demonstrated that dust grains in protoplanetary discs can
reach millimeter/centimeter sizes (e.g. Testi et al. 2014; Liu
et al. 2021; Macías et al. 2021; Radley et al. 2025), consistent
with predictions from dust growth/evolution models (e.g.,
Birnstiel et al. 2012), while also suggesting that the dust
observed in more evolved Class II discs is likely enriched with
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Fig. 1: The L1551 IRS5 Class I binary system. pa, bq FAUST maps at 1.3 and 3.0 mm, at the resolution of 12.0. White contours
show the [3, 6, 10, 100]ω, with ω1.3 mm “ 0.13 mJy beam´1 and ω3.0 mm “ 0.08 mJy beam´1. The red- and blue-shifted CO (2-1)
emission show the [3, 12, 33]ωCO emission (ωCO “ 0.5 Jy beam´1 km s´1). pcq Dust spectral index map. White contours follow
those in (a), while the purple one shows the 3ω level in (b). Maps are masked at 3ω and the beams are shown in the upper corners.

À0.20, implying optically thin emission (Fig. B.1).
To derive the mass of dust along the cavity walls, Mdust, and

the gas column density, N(H2), we assumed Tdust “ 30 K, cor-
responding to the median value along the cavity walls, and a
dust opacity at 1.3 mm, ε1.3mm= 0.9 cm2 g´1, appropriate for
icy-mantled dust grains at a density of „106 cm´3 (Ossenkopf
& Henning 1994), which is a reasonable assumption in the cold
dusty cavities. From an integrated intensity of 55 mJy along the
southern cavity wall, we infer a mass of dust in the cavity of
Mdust „ 58 MC. This corresponds to „40% of the total dust
mass in the L1551 IRS5 system, i.e. in the circumstellar discs (N
and S), and the circumbinary disc surrounding them („140 MC,
Cruz-Sáenz de Miera et al. 2019). Assuming a dust-to-gas ra-
tio of 100, we infer a total N(H2) „3.6ˆ1021 cm´2 over the
structure, reaching its peak of „7.1ˆ1020 cm´2 at the location
corresponding to the maximum intensity along the cavity wall
(Imax

1.3mm „ 11 mJy beam´1). Assuming that the length of the
cavity wall along the line of sight is equal to its width in B3,
„250 au, we estimate a lower limit of the average H2 volume
density along the cavity walls of n(H2) ! 2ˆ105 cm´3. Finally,
we note that the temperature in the outflow cavities may be a
factor 1.2 ´ 1.5 higher than what estimated in this section, if
there is a additional heating due to UV irradiation and/or slow
shocks (e.g. Visser et al. 2012; Lee et al. 2015). Considering this
temperature variation, and assuming an intrinsic uncertainty of
„20% for the assumed gas-to-dust ratio (Sanhueza et al. 2017),
depending on grain size, shape, and composition along the cav-
ity wall, the resulting masses and densities may be reduced by
„25-40% compared to those estimated assuming 30 K.

3.2. Dust spectral index in the dusty cavity walls

To constrain the maximum size of the grains emitting along the
cavity walls, we use the maps of continuum emission in ALMA
Band 3 and 6 (see Fig. 1) to obtain a map of the slope (ϑmm) of
the mm spectral energy distribution (SED; Fϖ9ϖϑmm ):

ϑmm “ log10FpϖB3q ´ log10FpϖB6q
log10pϖB3q ´ log10pϖB6q , (1)

where FpϖB3q and FpϖB6q are the PB-corrected fluxes in B3 and
B6, respectively, while ϖB3 “ 100.6 GHz and ϖB6 “ 225.4 GHz

are the representative frequencies of the two ALMA Bands. The
PB correction (Sect. 2) along the cavity walls leads to an increase
in the observed flux by a factor of "1.3 in B6 and "1.1 in B3.

Figure 1 shows the variation of ϑmm where emission at both
bands is detected with a signal-to-noise ratio !3, correspond-
ing to the region delimitated by the white contours. The corre-
sponding absolute error, ϱpϑmmq, was obtained via standard error
propagation including the system calibration uncertainties (5%
in B3 and 10% in B6; Cortes et al. 2022) and the uncertainties
on the observed ALMA fluxes (see Fig. B.2). We find a mean
xϑmmy “ 2.68 ˘ 0.26 in the cavity wall, with values ranging
from 2.06 to 3.04 (corresponding to the 5th and 95th percentiles
of the ϑmm distribution). These values are consistent across the
entire structure, and no clear variation is observed for ϑmm at dif-
ferent positions along the cavity wall. It is worth noting that ther-
mal free-free contamination is not expected to be relevant at mm
wavelengths. To the best of our knowledge, the only available es-
timate of free-free contamination in a cavity wall is for a distance
of „400 au from the source Serpens SMM1. This intermediate-
mass Class 0 protostar is associated with a powerful free-free ra-
dio jet. The estimate indicates a free-free contribution of „15%
at 7 mm in the cavity, which would decrease to less than 1% at
3 mm (Hull et al. 2016). Nevertheless, future analysis based on
cm-wavelengths will provide direct constrains on the fraction of
free-free contamination in the L1551 IRS5 cavity walls.

In Sect. 3.1 we find that dust emission is optically thin at
both wavelengths and that the Rayleigh-Jeans approximation
(hϖ{kBT ! 1) is always valid for the derived Tdust, which is
in the range 25–50 K. Therefore, the slope of the dust opac-
ity power-law εϖ 9 ϖςmm , does not depend on Tdust and can be
derived as ςmm “ ϑmm ´ 2, where ςmm is connected with the
maximum grain sizes of the dust population (Draine 2006; Ricci
et al. 2010; Testi et al. 2014). To investigate the variation of grain
properties along the cavity walls, we evaluate the dust tempera-
ture, brightness temperature (Tb), continuum opacity, ϑmm and
ςmm in circular regions, with equivalent area of three resolution
beams, at specific locations along the blue- and red-shifted cav-
ities. These positions correspond to the blue and red crosses in
Figure B.1, respectively. The obtained profiles of Tdust, Tb, φ,
ϑmm and ςmm are shown in Appendix C and Figure C.1, where
the lower-limits on ϑmm and ςmm are estimated assuming a 3ω
upper-limit at 3.0 mm. The bottom panels of Figure C.1 show
that along the cavity walls ςmm À 1, well below the typical value
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Fig. B.1: Continuum optical depth derived towards L1551 IRS5 at the resolution of 12.0. Panels a and b show the values of ω derived
at 1.3 and 3.0 mm, respectively. White contours follow those in Fig. 1. Crosses indicate the coordinates of the extraction regions
associated with the profiles in Fig. C.1 (see text Sect. 4). Maps are masked at 3ε and the beams are shown in the upper corners.

Fig. B.2: Map of the absolute error, ϑpϖmmq, associated with ϖmm
and derived based on the continuum emission at 1.3 and 3.0 mm
as described in Sect. 3.2. White and blue contours are the same
as in Fig. 1a.
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ABSTRACT

Context. Planet formation around young stars requires the growth of interstellar dust grains from µm-sized particles to km-sized
planetesimals. Numerical simulations have shown that large („mm-sized) grains found in the inner envelope of young protostars could
be lifted from the disc via winds. However we are still lacking unambiguous evidence for large grains in protostellar winds/outflows.
Aims. We investigate dust continuum emission in the envelope of the Class I binary L1551 IRS5 in the Taurus molecular cloud, aiming
to identify observational signatures of grain growth, such as variations in the dust emissivity index (ωmm).
Methods. In this context, we present new, high-angular resolution (50 au), observations of thermal dust continuum emission at 1.3 mm
and 3 mm in the envelope („3000 au) of L1551 IRS5 , obtained as part of the ALMA-FAUST Large Program.
Results. We analyse dust emission along the cavity walls of the CO outflow, extended up to „1800 au. We find an H2 volume density
!2ˆ105 cm´3, a dust mass of „58 MC, and ωmm À 1, implying the presence of grains „103 times larger than the typical ISM sizes.
Conclusions. We provide the first spatially resolved observational evidence of large grains within an outflow cavity wall. Our results
suggest that these grains have been transported from the inner disc to the envelope by protostellar winds and may subsequently fall
back into the outer disc by gravity and/or via accretion streamers. This cycle provides longer time for grains to grow, playing a crucial
role in the formation of planetesimals.

Key words. Stars: formation – planets and satellites: formation – circumstellar matter – stars: low-mass – dust, extinction – Stars:
winds, outflows

1. Introduction

The formation of terrestrial planets and rocky cores of giant
planets is a complex process harboured inside protoplanetary
discs surrounding young stellar objects (YSOs). This process
begins with submicron-sized dust grains – typically from 0.01
to 0.3 µm in the diffuse interstellar medium (ISM; Mathis et al.
1977) and up to 1 µm in dense molecular clouds (Dartois et al.
2024) – and culminates in the disc, with the formation of dust
pebbles, planetesimals, and planets that may harbour life (e.g.

Testi et al. 2014; Drążkowska et al. 2023; Birnstiel 2024).
The Atacama Large Millimeter/submillimeter Array

(ALMA) has enabled significant progress in understanding
the initial conditions of planet formation. ALMA observations
have demonstrated that dust grains in protoplanetary discs can
reach millimeter/centimeter sizes (e.g. Testi et al. 2014; Liu
et al. 2021; Macías et al. 2021; Radley et al. 2025), consistent
with predictions from dust growth/evolution models (e.g.,
Birnstiel et al. 2012), while also suggesting that the dust
observed in more evolved Class II discs is likely enriched with
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Fig. B.1: Continuum optical depth derived towards L1551 IRS5 at the resolution of 12.0. Panels a and b show the values of ω derived
at 1.3 and 3.0 mm, respectively. White contours follow those in Fig. 1. Crosses indicate the coordinates of the extraction regions
associated with the profiles in Fig. C.1 (see text Sect. 4). Maps are masked at 3ε and the beams are shown in the upper corners.

Fig. B.2: Map of the absolute error, ϑpϖmmq, associated with ϖmm
and derived based on the continuum emission at 1.3 and 3.0 mm
as described in Sect. 3.2. White and blue contours are the same
as in Fig. 1a.
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Fig. C.1: Radial profiles of observed and derived physical quantities along the outflow cavities associated with L1551 IRS5 -
redshifted outflow, left panels (a-d); blueshifted outflow, right panels (e-h). From top to bottom: Dust temperature profiles derived
in Sect. 3.1 (panels a, e); Brightness temperature observed with ALMA at 1.3 mm (green dots) and 3.0 mm (blue dots; panels b, f)
at the resolution of 12.0; Associated optical depth (panels c, g); Dust spectral index (ωmm) and emissivity index (εmm) derived at the
angular resolution of 02.5 (violet dots) and at 12.0 (pink hexagons; panels d, h).
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of ωISM „ 1.6 (Schwartz 1982 and Planck Collaboration et al.
2014). Regardless of the chemical composition, porosity, and
icy-coverage of the grains, values of ωmm < 1 (for optically thin
emission) indicate grains larger than those typically observed in
the ISM (Testi et al. 2014; Ysard et al. 2019).

4. Discussion

The dust emissivity index is sensitive to dust composition, poros-
ity, and the presence/absence of icy mantles (Testi et al. 2014).
While variations in ωmm reflect differing grain properties, values
below „1, such as those derived in the previous section, provide
strong evidence for the presence of (sub)mm-sized grains within
the observed distribution (Draine 2006; Köhler et al. 2015; Ysard
et al. 2019). Although further laboratory studies are required to
better constrain the relationship between ωmm and dust proper-
ties, the presence of grains significantly larger than typical ISM
sizes remains the most compelling explanation for our results.
This result may provide an additional explanation for the low
ωmm derived at envelope scales towards some Class 0/I sources
(e.g. Kwon et al. 2009; Miotello et al. 2014; Chen et al. 2016;
Galametz et al. 2019; Bouvier et al. 2021). In this context, we
consider two scenarios: (i) the dust growth/coagulation occurs
in-situ, within the outflow cavity walls, producing, on envelope
scales, grains larger than those typically observed in the ISM,
and (ii) large grains grow in the protostellar disc and are en-
trained into the envelope by outflows/winds.

The first hypothesis could be explained by the compression
of envelope material and the resulting local increase in gas and
dust density at the edge of the cavity. Simulations of dust evo-
lution in collapsing protostellar envelopes have shown that, at
the typical densities of these environments („105 cm´3), grains
can grow only up to a few microns (e.g. Hirashita & Omukai
2009; Bate 2022 and Lebreuilly et al. 2023). Silsbee et al. (2022)
recently showed that, starting with an initial grain size of 1
µm, only when local gas densities are !107 cm´3, the growth
timescale required to form mm-sized grains becomes shorter
than the estimated lifetime of L1551 IRS5 („105 yr; Fridlund
et al. 2002). Therefore, local in-situ grain growth may poten-
tially play a role only in specific over-densities along the walls,
where n(H2) is about two orders of magnitude higher than the
lower-limit, n(H2) ! 2ˆ 105 cm´3, estimated in Sect. 3.1.

The second possibility is to consider that the grains are
grown in the protostellar discs and are subsequently entrained
into the envelope by outflows/winds. Duchêne et al. (2024)
found evidence for grains up to Á10 µm in size in the up-
per layers of the protoplanetary disc around the young star
J04202144+2813491 using observations from the James Webb
Space Telescope (JWST). These grains are significantly larger
(3 to 103 times) than typical maximum grain sizes (amax) in the
diffuse ISM and in dense molecular clouds (e.g. Weingartner &
Draine 2001). They proposed that these particles, fully coupled
to the gas, are entrained into the upper layers by photoevapo-
rating disc-winds. However, mm-sized grains are expected to be
moderately settled in the mid-plane of Class I discs (Villenave
et al. 2023). Nevertheless, laboratory experiments have shown
that the sticking properties of dry dust grains increase by a factor
of „100 when the temperature reaches „1000-1300 K (Bogdan
et al. 2020; Pillich et al. 2021). This strongly supports the poten-
tial presence of large grains in the inner disc regions, close to the
launching point of the winds. Models of dust growth and evolu-
tion predict a radial distribution of grain sizes, with the largest

grains located closer to the protostar (e.g. Garaud 2007; Birnstiel
et al. 2010). Notably, the presence of dust particles with sizes
larger than Á1 mm has been inferred in the inner „10-20 au of
Class II protoplanetary discs (e.g. Pérez et al. 2012, 2015; Sierra
et al. 2021) and in the source FU Ori (e.g. Liu et al. 2021).

Recent solutions of MHD winds models have shown that
grains can be lifted from the disc to the envelope (e.g. Giacalone
et al. 2019; Tsukamoto et al. 2021; Bhandare et al. 2024). In
particular, Giacalone et al. (2019) derive the amax which can be
entrained into the envelope following the simplified equation3:

amax 9 0.24

˜
9M

10´8 Md{yr

¸ ˜
Tgas

200 K

¸0.5˜
M˚
Md

¸´1

µm. (2)

Based on Eq. 2, amax is proportional to the mass-loss rate, 9M,
the gas temperature, Tgas, and the stellar mass, M˚. For L1551
IRS5, we assumed M˚ “ 1 Md (Sect. 1), Tgas “ 100 K as fidu-
cial value for the gas temperature in protostellar jets (e.g. Podio
et al. 2021), 9M „(1–5)ˆ10´5 Md yr´1 estimated from molec-
ular emission (Fridlund et al. 2002), and we obtain amax„[0.2
– 0.9] mm, depending on the assumed 9M. These values are up
to three orders of magnitude larger than the typical ISM values,
and align with the calculated ωmm„0.7 (Sect. 3.2; e.g. Testi et al.
2014; Ysard et al. 2019). Furthermore, L1551 IRS5, classified
as a FU Ori object, may have experienced outbursts with signifi-
cantly larger accretion and mass-loss rates. Assuming the grains
survive the intense radiation field without sublimating (Chau Gi-
ang et al. 2025), at these high 9M even large grains (sizes !1 mm)
at the base of the outflow ("1 au; Bourdarot et al. 2023) can be
entrained by the winds and populate the observed dusty cavity
walls. This scenario is supported by the anti-correlation between
ωmm and the jet mass-loss rate for the CALYPSO sample of Class
0 protostars (e.g. Galametz et al. 2019; Cacciapuoti et al. 2024b).
In this context, higher-angular resolution observations would be
crucial to distinguish between these two scenarios. If large grains
are transported from the inner disc by MHD winds, we expect
lower ωmm values near the wind/jet launching point, where large
grains are entrained from the disc. Moving outward from the
protostar, ωmm should increase, eventually reaching the typical
ISM value. Conversely, if in-situ dust growth/coagulation occurs
along the dusty cavity walls, we expect lower ωmm values at the
positions of local overdensities along the walls.

Regardless the physical mechanism behind the observed low
ωmm, we can speculate that large grains along the cavity walls
may subsequently fall back onto the protostellar disc due to grav-
ity as predicted by Tsukamoto et al. (2021), allowing grains to
further grow up to the necessary limit to overcome the radial drift
barrier. This scenario also provide a possible explanation for the
observed isotopic anomalies in Solar System meteorites, i.e. the
presence of refractory inclusions in chondrites, such as calcium-
aluminum-rich inclusions (CAIs) and amoeboid olivine aggre-
gates (AOAs). These inclusions are considered key witnesses to
the primordial dust present in the solar protoplenetary disc, rep-
resenting high-temperature condensates formed near the proto-
sun before being transported to the outer disc (e.g. Morbidelli
et al. 2024).

3 Eq. 2 assumes an outflow’s launching footpoint r “ 1 au, a disc
flaring ratio z{r “ 0.1, and a ratio between disc’s outer and inner edge
r`{r´ “ 500 (i.e. typical disc of 50 au and inner edge of 0.1 au). We
refer to Giacalone et al. (2019) for more details.
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ABSTRACT

Water is detected in environments representing every stage of star and solar system formation,
but its chemical evolution throughout these stages remains poorly constrained. Deuterium ratios
o!er a means of probing chemical links between water in di!erent cosmic regions because of their
sensitivity to physicochemical conditions. Here, we present the first detection of the 4.1 µm HDO
ice feature with JWST toward a low-mass protostar, L1527 IRS, which may eventually grow to a
sun-like mass. We measure an ice HDO/H2O ratio of 4.4+3.7

→1.7→10→3, where the reported error is
dominated by uncertainties in continuum definition and ice band strengths. This fraction is similar to
the gas HDO/H2O ratios measured in the warm (>100 K) inner cores of other low-mass protostellar
envelopes and protoplanetary disks found in comparably isolated star-forming regions. Such a similarity
tentatively supports the assumption that water vapor detected in these regions is not significantly
altered by gas-phase reactions following ice sublimation. It also supports the hypothesis that pre-
and protostellar water ice is largely inherited in a chemically unaltered state by outer protoplanetary
disks. However, the fraction is a factor of ↑4-10 times higher than the gas HDO/H2O ratios measured
toward comets and low-mass protostars in clustered star-forming regions. This di!erence may be due
to either gas-phase water reprocessing in protostellar envelopes and protoplanetary disks, or di!erences
between prestellar conditions of isolated dense cores and the clustered star-forming regions that are
more analogous to the environment in which our Sun formed.

Keywords: Astrochemistry (75) — Protostars (1302) — Isotopic abundances (867) — Ice spectroscopy
(2250) – Infrared spectroscopy (2285)

1. INTRODUCTION

Water is a highly influential molecule that is essential to the formation and evolution of stars, planetary bodies,
and life as we know it. It is also one of the most abundantly detected molecules in star-forming regions and has been
observed at every evolutionary stage of star formation, from prestellar clouds to protostellar envelopes, protoplanetary

姡ע榟⽜ך⩕סלם佔䎬䡗סלס壿꣪׵ך吾⭳׾ַי׿׈ն
D/Hע鶟⴫䧗嘅ךյ㏐杶עךDٛزشն佔㍚⸉㡎佔סؿٛؤعشٌס妳注׵㏐杶מ鲣ַ奂ն⴫㰢㚺⴫㵼ם
ׂ⛥峪ؓؤ颯嶎؅炐〝ն
L1527סHDO姦4.13 µmסJWST鈝峮նAKARIס☽עך⸉㡎佔׽׻냕ַHDO/H2OֿדյH2O 3 µmע굚⽰.

4

Figure 1. 5 µm continuum maps from the L1527 datacubes collected via NIRSpec IFU G395M (top) and MIRI-MRS (bottom)
with the positions of the respective 1” and 1.30” diameter apertures used to extract the analyzed spectra shown in white.

To briefly summarize this procedure, the CH3OH ice column density was first obtained by fitting the 3.53 µm
feature (isolated via a third-order polynomial local continuum subtraction, see Figure B.4) with CH3OH ice laboratory
spectra and a Gaussian representing NH3 hydrates, although NH4

+ salts can also have similar broad absorption feature
around the same wavelength (Schutte & Khanna 2003). More details on the CH3OH ice fitting at 3.53 µm can be
found in Appendix B.3. The resulting CH3OH ice column density, calculated using a band strength of 4.86→10→18

cm molec→1 for the 3.53 µm band from Luna et al. (2018), was then used to constrain the expected contribution
of the CH3OH combination modes to the 3.7-4.2 µm spectral region (isolated via a fourth-order polynomial local

յSHי״婊׼־µm 3.53עCH3OH״ג؅鉮ׂغ٤ٝه
硌⮆㯸٤ؓبؗ؝עյ磵俘HDOتؒنٜٓؓכHDOס
㲔꽦عشؔنךٜعؠًتնH2O12מ╚ע µmյⱶֻי
4.5, 6 µm3כ µmعشؔن׵ء٤ؔؗסն

HDO姦刻㳡䈱9+7ˑ2x1016 cmˑ2עAKARIכ┉舙ն
㛻ַ׀┕꡾עSH硌⮆㯸כ鵽禈嫧ס鹟צ亠ַ׎סն
H2O姦刻㳡䈱2+1ˑ0.5x1019 cmˑ2עAKARI4ס⠘ն
AKARI3ע µm10ךײס Kגׁ׌⛥׵ն
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Figure 2. NIRSpec spectrum of L1527 on the optical depth scale from 3.7-4.2 µm (solid black trace) along with the ice fit
components CH3OH (dash-dotted brown trace), a Gaussian representing SH-bearing ices (dotted yellow trace), amorphous
HDO (solid blue trace), crystalline HDO (solid magenta trace), and the total combined ice fit (dashed green trace). The gray
horizontal shaded region indicates the 3ω noise level. See Figure B.1 for the local continuum used to extract this spectrum.

Given an RMS ω value of →0.004 determined from the relatively featureless 3.71-3.77 µm range, the feature is detected
at almost 40ω, far exceeding the S/N of the L1527 HDO ice detection reported by Aikawa et al. (2012). As with
the massive protostellar spectra presented in Slavicinska et al. (2024), the feature is fit well using a combination
of amorphous and crystalline HDO ice profiles that correspond to temperatures of →100 and 70 K, respectively, in
laboratory 0.4% HDO:H2O ice mixtures. Such a combination of amorphous and crystalline components approximates
to a low degree a thermal gradient within the ice envelope, which is expected along the line of sight, and thus should
not be interpreted as the extracted physical ice temperatures. The presence of both amorphous and crystalline HDO
is consistent with additional spectral evidence for thermal processing toward this source, such as the double-peaked
4.39 µm 13CO2 stretching and 15.2 µm 12CO2 bending features (Pontoppidan et al. 2008; Brunken et al. 2024b), and
indicates that the most heated regions have experienced high enough temperatures to crystallize water ice. The HDO
ice column density calculated from these fits, 9.2+7.3

→1.7↑1016 cm→2 (see Table 1), is consistent with the L1527 HDO ice
column density of 9.6↑1016 cm→2 reported from AKARI data by Aikawa et al. (2012) despite the di!erences in the
data quality and fitting methods (further discussion in Appendix E.1).
The excess absorption between 3.9-4.0 µm is fit well with a Gaussian with a peak position of →3.9 µm and FWHM

of →0.1 µm, which is similar to the profile of the S-H stretching mode of SH-bearing species like H2S and NH4SH
in water-rich ices (Yarnall & Hudson 2022; Slavicinska et al. 2025). The fit presented in Figure 2 results in column
density upper limits of →0.3% with respect to H2O if assuming the only species contributing to the excess is H2S and
→13% with respect to H2O if assuming the only species contributing to the excess is NH4SH, but these upper limits
are extremely dependent on the continuum choice, resulting in estimated uncertainties on the order of →300% and
→70%, respectively (see Appendix D).

3.2. H2O ice

The profile of the isolated 12 µm H2O libration band is fit with a combination of grain-shape corrected models
of amorphous H2O ice at 40 K, amorphous H2O ice at 80 K, and crystalline H2O ice at 80 K (Figure 3). Such a
combination of amorphous and crystalline components again approximates a thermal gradient within the ice envelope.
This fit at 12 µm is consistent with the optical depth of the 4.5 µm combination mode and does not result in any
overfitting of the 6 µm feature (which consists of the H2O ice bending mode blended with other ice features, Boogert
et al. 2008). However, the blue wing of the 3 µm band is slightly overfit, while the red wings of the 3 and 12 µm
bands are underfit. It was not possible to obtain a satisfactory fit to these wings while still su”ciently fitting the 12
µm feature using only grain shape-corrected pure H2O models. Including laboratory spectra of H2O mixed with other
major ice components (e.g., CO2, NH3, ammonium salts) may result in improvements to the fits in these wings, but
we did not include such components in our fit for simplicity’s sake, as deducing the chemical environment of H2O ice
is outside the scope of this work, and the inclusion of such components likely would not a!ect the final calculated H2O
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Table 1. Ice column densities and abundances toward L1527 and the optical depths of the features used to calculate them.

Ice Feature Optical depth Column density Abundance

µm ω 1017 cm→2 w.r.t. H2O

H2O 12 2.0+0.7
→0.4 209+102

→51 →1

HDO 4.1 0.14+0.03
→0.01

a 0.92+0.73
→0.17 4.4+3.7

→1.7↑10→3

CH3OH 3.53 0.58+0.05
→0.06

b 22+9
→11 0.11+0.05

→0.06

aOptical depth of the entire amorphous and crystalline HDO absorption complex at 4.14 µm. The optical depths of the
individual fitted amorphous and crystalline components are 0.05+0.03

→0.01 and 0.101+0.002
+0.005, respectively, with the asymmetric errors

reflecting the di!erences in the optical depth of the fit components when using the “upper and lower limit” local continua
shown in Appendix D.

bOptical depth of the entire CH3OH+NH3 absorption complex at 3.53 µm.

While the 12 µm H2O feature serves as a satisfactory means of measuring the total H2O ice column density, it
cannot reliably indicate ice physical properties in the way that the sharp, asymmetric profile of the 4.1 µm HDO
band indicates crystallinity (Section 3.1) due to the degenerate e!ects of temperature, grain shape and size, chemical
environment, and the choices in continuum and subtracted silicate template on its broad profile (e.g., Boogert et al.
2008; Mastrapa et al. 2009). This means that the temperatures of the H2O ice data used in the H2O fit should not be
interpreted as representative of the actual temperature of the observed H2O ice, as possible e!ects of di!erent chemical
environments on the profile of the 12 µm band were not considered here (see Section 2.2.2). The profile change of the
12 µm feature upon crystallization is also not as dramatic compared to the very evident sharpening of the 3 µm H2O
stretching mode, which is saturated toward this source. As mentioned in Section 2.2.2, physicochemical e!ects on the
wings of the 3 µm feature can be degenerate as well, so these wings are also unreliable tracers of physical properties
when the 3 µm feature is saturated. For this reason, no secure conclusions can be drawn about the temperature or
morphology of H2O ice toward this source from this fit.
However, the total L1527 water ice abundance with respect to the hydrogen column density can provide other

valuable information regarding the thermal processing history of the ice envelope. This value can be approximated
using the relation between silicate optical depth and NH in the dense cores of Lupus (Boogert et al. 2013). The resulting
inferred H2O ice abundance of L1527 is →4↑10→5, on par with the higher end of H2O ice abundance values measured
toward other low-mass protostars (Figure E.1). Such an abundance demonstrates that, although temperatures high
enough to crystallize water ice must have been reached in at least some parts of the envelope of L1527 based on the 4.1
µm HDO ice band profile, a large portion of the envelope was likely not heated to high enough temperatures to desorb
a significant portion of the H2O ice (>100 K). The relatively blue peak position of the L1527 6.85 µm NH4

+ feature,
which is more redshifted toward sources that have lost most of their H2O ice, is also consistent with this moderate
processing scenario (Slavicinska et al. 2025).

3.3. HDO/H2O ratio

The column densities of HDO and H2O ice found here result in an ice HDO/H2O ratio of 4.4+3.7
→1.7↑10→3. A comparison

of this ratio with HDO/H2O values and upper limits previously measured in protostellar envelopes as well as volatile-
rich solar system objects is presented in Figure 4.
Within the reported uncertainties, our value is consistent with the range of HDO/H2O gas values that have been

observed toward isolated low-mass protostars (1.8±0.4-6.3±1.5↑10→3) in the hot inner regions of Class 0 and I proto-
stellar envelopes (Jensen et al. 2019, 2021; Andreu et al. 2023). This similarity supports the assumption that the gas
HDO/H2O ratios measured in the hot regions of protostars with sun-like masses are indeed representative of their ice
HDO/H2O ratios. Nevertheless, given the nearly half order of magnitude scatter observed in the gas HDO/H2O ratios
of isolated low-mass protostars, it is clear that parameters such as specific local conditions and evolutionary timescales
may a!ect these ratios as well, so future work comparing gas and ice HDO/H2O ratios toward the same protostar will
be crucial for constraining the exact extent of gas-phase water reprocessing upon the sublimation of water ice in the
envelopes of these objects.
Tobin et al. (2023) recently showed that the gas HDO/H2O ratio of 2.26±0.63↑10→3 measured within the extended

snowline of a disk of an isolated Class I protostar that recently experienced an accretion burst, V883 Ori, is generally
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ABSTRACT

Water is detected in environments representing every stage of star and solar system formation,
but its chemical evolution throughout these stages remains poorly constrained. Deuterium ratios
o!er a means of probing chemical links between water in di!erent cosmic regions because of their
sensitivity to physicochemical conditions. Here, we present the first detection of the 4.1 µm HDO
ice feature with JWST toward a low-mass protostar, L1527 IRS, which may eventually grow to a
sun-like mass. We measure an ice HDO/H2O ratio of 4.4+3.7

→1.7→10→3, where the reported error is
dominated by uncertainties in continuum definition and ice band strengths. This fraction is similar to
the gas HDO/H2O ratios measured in the warm (>100 K) inner cores of other low-mass protostellar
envelopes and protoplanetary disks found in comparably isolated star-forming regions. Such a similarity
tentatively supports the assumption that water vapor detected in these regions is not significantly
altered by gas-phase reactions following ice sublimation. It also supports the hypothesis that pre-
and protostellar water ice is largely inherited in a chemically unaltered state by outer protoplanetary
disks. However, the fraction is a factor of ↑4-10 times higher than the gas HDO/H2O ratios measured
toward comets and low-mass protostars in clustered star-forming regions. This di!erence may be due
to either gas-phase water reprocessing in protostellar envelopes and protoplanetary disks, or di!erences
between prestellar conditions of isolated dense cores and the clustered star-forming regions that are
more analogous to the environment in which our Sun formed.

Keywords: Astrochemistry (75) — Protostars (1302) — Isotopic abundances (867) — Ice spectroscopy
(2250) – Infrared spectroscopy (2285)

1. INTRODUCTION

Water is a highly influential molecule that is essential to the formation and evolution of stars, planetary bodies,
and life as we know it. It is also one of the most abundantly detected molecules in star-forming regions and has been
observed at every evolutionary stage of star formation, from prestellar clouds to protostellar envelopes, protoplanetary

H2O姦ס㰆㏇ꄈ4עx10ˑ5ס☽כ⸉㡎佔׽׻냕ַն
磵俘姦ֿעל׮׾׀ך峪ַֿ־蠔氦ַםעךל׮׾׌ն
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Figure E.1. Optical depth of the 9.7 µm silicate feature plotted as a function of H2O ice column density toward low-mass
protostars. The blue data points were obtained from Spitzer data (Boogert et al. 2008), and the blue dashed line shows the best
linear fit to the data. The red diamond represents L1527 using the H2O ice column density from Aikawa et al. (2012), while
the golden hexagon represents L1527 using the H2O ice column density from this work. Both L1527 data points use the silicate
optical depth obtained from the MIRI spectrum in this paper.

E.2. H2O ice

Our H2O ice column density, 2.09+1.02
→0.51→1019 cm→2, is over a factor of 4 greater than the H2O ice column density

measured toward L1527 using AKARI spectra by Aikawa et al. (2012), 4.7±1.3→1018 cm→2. This is because Aikawa
et al. (2012) derived their H2O ice column densities by fitting the wings of the 3 µm feature with pure, 10 K H2O
ice spectra. Because the wings of this feature can redshift significantly with grain e!ects and higher temperatures,
it is easy to over- or underfit this feature when fitting only its wings. Aikawa et al. (2012) state that “the H2O ice
column density cannot be significantly larger than we estimated” because their fit to the 3 µm band wings is also
consistent with their extracted optical depth of the 4.5 µm combination mode, but the optical depth of this extremely
broad feature can change significantly with even small changes in the fitted global continuum. In past literature, the
continuum from 2-5 µm has frequently been defined using datapoints around 4 µm (e.g., Gibb et al. 2004) despite the
fact that numerous weak ice features, including the broad blue wing of the H2O combination mode, have absorptions
in this spectral region. Such fitting can result in an underestimation of the H2O ice combination mode optical depth.
Further supporting our significantly larger L1527 H2O ice column density is a comparison of the 9.7 µm silicate

feature optical depth and the H2O ice column density observed toward L1527 versus those of other low-mass protostars
(Figure E.1). In general, the optical depth of the 9.7 µm feature strongly correlates with the observed H2O column
density toward these objects, and based on the high 9.7 µm feature optical depth observed toward L1527 (ω ↑4.2), its
H2O ice column density is indeed expected to be ↭2→1019 cm→2.

F. LITERATURE HDO/H2O VALUES

HDO/H2O=4+4ˑ2x10ˑ3
鷨⸻ס⸉㡎佔ؙت؝סو٭ٞي٤鈝峮מ丝⾒ն
妳注⹚䑴ך㚺כ׆ַֹכַם׼؂ն
鈝ס㍾注כ妳注ך⛮㛾׋⺱ךסַ׀㛻׵׀ח׼ףյ׊־׊
峮ֿ䑒釐ն

Class 0ע⫁٤ؕٚ٭ؿتסClass I V883 Oriס╈عت٭ف
爊䈱 à prestellar core׼־⹨ׄ禆ֹֿא׿ն
佔㍚סClass 0׷䎖佔1ע劼鲣ׂ㵸ַ׈նà prestellar僿ֿ
湾ַ׼־鮝㵣ֿ䍚ַ׼־
L1527ע㛻韬ꄈ⸉㡎佔׵כ┉舙նà鮝㵣ע꞊➟ַם
prestellarס兢♭ֿ⺱׋
┉亠ךյCH2DOH/CH3OHעꄆַ佔ל׮⛥ַն
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Figure 4. Comparison of HDO/H2O ratios measured in various primitive solar system objects and toward protostars in both
ices and the gas phase. The ice HDO/H2O ratio of L1527 measured in this work using JWST data is indicated with the large
orange hexagon. The data and their sources can be found in Tables F.1 and F.2.

consistent with the gas ratios measured in the hot inner regions of isolated Class 0 low-mass protostars. Such a
consistency serves as evidence that the ices formed early in the star formation process, in prestellar clouds and
protostellar envelopes, may be largely inherited by the outer regions of protoplanetary disks (and, by extension, the
planetary bodies that form within them) of sun-like protostars without substantial chemical alteration via gas-phase
reactions. Given that L1527 is an isolated low-mass protostar classified somewhere between the Class 0 and I stages
(Tobin et al. 2013), the similarity of its ice HDO/H2O ratio to gas HDO/H2O ratios measured toward both Class 0
and Class I isolated sources, including V883 Ori, further corroborates this scenario.
The ice HDO/H2O ratio of L1527 being consistent with the gas HDO/H2O ratios of other isolated low-mass protostars

means that it is also higher by a factor of →4-7 than the gas HDO/H2O ratios measured in the hot inner regions of
clustered Class 0 protostars and up to an order of magnitude higher than the HDO/H2O ratios measured in comets (see
Tables F.1 and F.2). As mentioned previously, it has been suggested that water formed in isolated star-forming regions
has higher D/H ratios than that formed in clustered regions because of either longer or colder prestellar stages, during
which the majority of the ices in protostellar envelopes form (Jensen et al. 2019, 2021). If this hypothesis is correct
and local conditions greatly influence deuterium ratios, then our L1527 ice HDO/H2O ratio is not fully comparable
to cometary HDO/H2O ratios because our Sun likely formed in a highly clustered and irradiated (and thus warmer)
star-forming region (Adams 2010; Desch & Miret-Roig 2024). However, more samples are needed to ensure that this
trend of higher HDO/H2O ratios in more isolated protostars is statistically robust, as the current sample of protostellar
gas HDO/H2O values is still relatively small and consists of sources scattered throughout multiple molecular clouds in
di!erent galactic locations. The four currently published clustered protostellar gas HDO/H2O values were measured
toward the Ophiuchus and Perseus NGC 1333 molecular clouds, while the five isolated gas values were measured
toward less populated regions in Orion and Taurus and three di!erent isolated Bok globules. This means that any
comparison of their values does not control for di!erences that could arise due to sampling from di!erent star-forming
regions. For this reason, larger sample sizes of both gas and ice HDO/H2O measurements, particularly of protostars
in the same molecular cloud but with di!erent proximities to other stars, are crucial.
Furthermore, the ice HDO/H2O ratio of L1527 is very similar to the ice HDO/H2O ratios measured recently with

NIRSpec IFU G395M toward more massive protostars (2.6±1.4 and 4.6±2.2 ↑10→3, Slavicinska et al. 2024). HOPS

Oph, Per

Ori, Tau,Bok
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