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Abstract

We present SCUBA-2/POL-2 850 µm polarimetric observations of the circumstellar envelope (CSE)
of the carbon-rich asymptotic giant branch (AGB) star IRC+10 216. Both FIR and optical polarization
data indicate grains aligned with their long axis in the radial direction relative to the central star. The
850 µm polarization does not show this simple structure. The 850 µm data are indicative, albeit not
conclusive, of a magnetic dipole geometry. Assuming such a simple dipole geometry, the resulting
850 µm polarization geometry is consistent with both Zeeman observations and small-scale structure
in the CSE. While there is significant spectral line polarization contained within the SCUBA-2 850
µm pass-band for the source, it is unlikely that our broadband polarization results are dominated
by line polarization. To explain the required grain alignment, grain mineralogy e↵ects, due to either
fossil silicate grains from the earlier oxygen-rich AGB phase of the star, or due to the incorporation
of ferromagnetic inclusions in the largest grains, may play a role. We argue that the most likely
explanation is due to a new alignment mechanism (Lazarian 2020) wherein a charged grain, moving
relative to the magnetic field, precesses around the induced electric field and therefore aligns with
the magnetic field. This mechanism is particularly attractive as the optical, FIR, and sub-mm wave
polarization of the carbon dust can then be explained in a consistent way, di↵ering simply due to the
charge state of the grains.

1. INTRODUCTION

Visual light interstellar medium (ISM) polarization was discovered in 1949 (Hiltner 1949a,b; Hall 1949), and from
the start hypothesized to be associated with dichroic extinction by asymmetric dust grains aligned with the Galactic
magnetic field. The corresponding emission polarization was first detected by Cudlip et al. (1982). Observations of
dust-induced polarization covering the UV-to-sub-mm1 wavelength range serve as e�cient probes of both the geometry
and strength of the interstellar magnetic fields (e.g. Davis 1951; Chandrasekhar & Fermi 1953; Houde et al. 2009;
Lazarian et al. 2022), being widely observable with modest telescope size and observing time and straightforward to
calibrate. The general association of dust polarization with magnetic fields has been securely established, and the

1 For the purpose of the present paper, we will distinguish between Far Infrared (FIR) and sub-mm wave, as the former covering the
wavelength range where the atmosphere is fully opaque from the ground, i.e. � ⇡ 30� 300 µm, and the latter being � ⇡ 350 µm – 1 mm.
In practice, here, the distinction is between SOFIA/HAWC+, and JCMT/SCUBA2/POL-2 or ALMA observations.
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澷⴫ַם׊憇碛عتر睦㯸עמ域סח2ס丝⮛嚀啶ֿ䬠勅׾ַי׿׈(Lazarian'20)ն
• 䍚ַꪜ璡亠鮝㵣כ׾ֵמ╈ס鮝㵣מ㑈泡־┾车ש┾מ(2域סk-RAT)ֿյ鮝㵣亠⺸ت؝ס孱ֵֿכ׾㑈泡

鮝㵣亠⺸նעյ⢎嫧׿׈▞ע睦㯸ם
• 澷㕙מ㑈泡מ孱כ׾׿꧅妳⹙哕㯸ֿ𝒗×𝑩ס亠⺸מ䬈ַ(E-RAT)յ⢎嫧עB亠⺸ն
AGB佔ؙסو٭ٞي٤⴫㰢氳מ⮆ꦕג׊睦㯸(澷⴫ַם׊C)ךE-RAT؅鐧׾׬ն
IRC+10216յCٛزشAGBؙو٭ٞي٤յd=123 pcյ٤ُ٭ح鈝峮ֿ׾ֵע澷㕙䎬敯ַם׊׽׀זעעն
睦㯸כז׍׽׻ꝎַFIR SOFIA/HAWC+ (θ=2"-5")ِٛهئכ嫧JCMT/POL-2 (θ=14")ך丆▞⩞כ⵱⮯ն
I>20δI, P>2.5δP؅ٜعؠيך辐炐նδθ=11.5°ն
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3.1. Radial coordinate polarization

To better study the radial polarization in IRC+10 216, we use “radial Stokes parameters” Qr and Ur, as defined in
equation 6, where the reference frame is rotated by the polar angle at each point with respect to the star location:

Qr = +Q cos 2⇠ + U sin 2⇠, Ur = �Q sin 2⇠ + U cos 2⇠, (6)

where ⇠ = arctan x�x0
y�y0

is the polar angle of a given pixel coordinate position (x, y) (corresponding to equatorial
coordinates) and (x0, y0) is the location of the star. Because of the moderate Declination of IRC+10 216 (⇠13.25�) we
have omitted the cos(�) factor for the Right Ascension distance in the numerator.
Positive Qr shows radial polarization, while negative Qr indicates tangential polarization. Ur represents polarization

with an angle of ±45� from the radial direction. Therefore, zero Ur indicates purely radial or tangential polarization.
We take thin annuli (⇠ 2.200 in HAWC+ and ⇠ 1400 in JCMT observations) around the star and find the averaged

Qr and Ur in each annulus to identify the radial profile of Qr and Ur. Following that we determine

✓r = 0.5⇥ arctan
�< Ur >

< Qr >

�
, (7)

as defined by Tahani et al. (2023) and shown in Figure 3 for the HAWC+ 53µm (upper left panel), HAWC+ 154µm
(upper right panel) and the JCMT POL-2 850µm observations (lower panel). The data have the same constraints
of SNR(I)> 20 and SNR(P )> 2.5. Allowing for 5% uncertainty, a point with cos ✓r > 0.95 (including their error
bar) represents radial polarization at that radius. This choice is clearly somewhat arbitrary, but as can be seen from
Figure 3 provides a reasonable separation between systematically radial and non-radial polarization. The HAWC+
53µm observations show clear radial polarization between 600and 4500, while the JCMT observations do not indicate a
clear radial polarization. The HAWC+ 154µm observations show radial polarization only from 500to 2800.
The blue x markers in Figure 3 show the number of pixels with polarization measurements included for each radial

bin. Comparing the uncertainties indicated for the cos(✓r) values with the variation in the number of points per bin
shows that the dominant source for the larger uncertainties is dispersion within each sample, rather than localized
higher measurement errors.

3.2. CN Zeeman

Duthu et al. (2017) observed the Zeeman e↵ect in the IRC+10 216 CSE, using the CN (J=1–0) line at 113 GHz with
the IRAM 30m telescope. They detected the line-of-sight magnetic field in five locations around the central star (plus
one upper limit) with radial o↵sets ranging from 18 to 2700. Because of the varying distances from the star, they - and
we - scale the observations to a common distance from the star to allow comparisons with models. They normalized
their measurements to a common distance using a r�1 dependence, based on Vlemmings (2012). As shown by Figure
4 a coherent variation of the line of sight B-field is indicated by these data. We used this r�1 scaling, as well as a r�3

scaling, appropriate for a dipole field, and fit the resulting values to an azimuthal cosine function.

BLOS = a · cos(⇥�⇥0) (8)

With the limited number of data points, and marginal signal-to-noise these fits are not conclusive, but provide an
indication of the magnetic field structure in the CSE, especially the orientation of a possible dipole field orientation.
Figure 4 shows the best fit cosine functions (weighted, in solid lines, and unweighted, in dashed lines) of the Duthu
et al. (2017) data for both scalings (r�3 in blue and r�1 in black). We show both types of fits, since we scaled also
the uncertainties in the B-field by the two radial scaling. In the fits, we have set the value at (-18, -10) - an upper
limit in Duthu et al. (2017) - to zero and assigned the upper limit as the uncertainty (indicated in Figure 4 by wedges
showing the upper limit and an open symbol for the value used in the fits). Consistent results are found if the point is
simply omitted. The various fits give mutually consistent results. In all cases, a pole orientation around 90-125� East
of North is found, albeit with significant uncertainties. For the r�1 scaling, the weighted and unweighted fits, we find
pole-orientations of 113±17� and 119±21�, respectively. For the r�3 scaling, the weighted and unweighted fits yield
pole-orientations of 91±16� and 124±21�, respectively.

3.3. Dipole Modeling
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Figure 7. Left panel shows the SOFIA/HAWC+ 53 µm polarization vectors in cyan in the envelope of IRC+10 216 with
JCMT/POL-2 850 µm polarization vectors overlaid in black. Background image is the 53 µm emission. The right-hand panel
shows the JCMT/POL-2 850 µm data, in black, overlaid on SOFIA/HAWC+ 154 µm emission with polarization vectors (in
cyan). Because of the large beam sizes, relative to the o↵set from the CSE center, the 850 µm data may be prone to significant
beam-averaging and not show the true polarization. In this figure, we show the over-sampled maps of the HAWC+ data to
emphasize the di↵erences in polarization geometry. Beam sizes are shown in the lower left corner.

at 154 and 850 µm are comparable, they are significantly larger than that for 53 µm, so the comparison is not fully
straight-forward.
Figure 8 shows the polarization fractions at 53, 154 and 850 µm, as functions of the total intensities. A similar drop

from high polarization and low intensities at larger radii to low polarization and high intensities near the star can
clearly be seen for all wavelengths. Fitting single component power-laws, the drop is steeper for 850 µm, with a slope
(exponent of a power-law) of -0.89±0.04. Shallower, single-slope relations are found for 154 µm (slope= -0.41±0.09)
and for 53 µm (slope= -0.31). As is clear from Figure 8, a single component power-law may, however, not be adequate,
especially for the 53 µm data. A two power-law fit to the 53 µm data yields an initial slope consistent with that for the
850 µm data (slope= -0.85±0.06), with a slope of -0.45±0.05 at higher intensities, slightly o↵set to higher polarization
fractions. The 154 µm polarization shows an indication of a similar o↵set/second-slope at the highest intensities in
that band (I�0.2 Jy/arcsec2). This potential second distribution is most strongly indicated by the fact that if the 154
µm data were fitted to only intensities less than ⇠0.1 Jy/arcsec2 a significantly steeper power-law would have resulted
(slope= -0.71±0.02). The “jump” in the 53 µm polarization occurs at ⇠3 Jy/arcsec2. As Figure 2 shows, the two
intensities occur at similar radial distance from the central star of r ⇡ 12.500. We note that at this radius, the Stokes I
intensity for the 850 µm emission is ⇠6.5 mJy/arcsec2 and therefore well beyond the current polarization sensitivity.
Hence, the polarization fractions in each band vary in similar manners with a steeper slope at large distances in the
CSE and shallower slopes inside about 12.500. This may indicate a change in alignment mechanism within the shell,
or a reduction in the alignment e�ciency (including disalignment e↵ects) closer to the star. While the higher gas
density and dust temperature closer to the central star would both, nominally, imply larger collisional and radiative
disalignment (cf Draine & Lazarian 1998), we would not expect them, by themselves, to be able to explain the discrete
change in slope of the polarization. Both the radiation field and gas density in CSEs are expected to be continuous
and vary smoothly with radius. Although significant, small scale, structure is known to exist in the CSE (eg. Mauron
& Huggins 1999; Leão et al. 2006; Ladjal et al. 2010), the general r�2 radial density dependence will still dominate the
radial density profile. Hence, the observed discrete changes in polarization e�ciency, likely require a more qualitative
change in the grain alignment, such as a di↵erent mechanism.

3.5. Line Polarization

As noted above, Goldreich-Kylafis polarization (Goldreich & Kylafis 1981, 1982) has been observed in several sub-
mm wave lines in the envelope of IRC+10 216 (Girart et al. 2012). They mapped the linear polarization from the lines
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Michael S. Gordon,10 and Sydney Fox-Middleton11, 2

1Institute for Scientific Research, Boston College, 140 Commonwealth Avenue, Chestnut Hill, MA 02467, USA
2SOFIA Science Center, Universities Space Research Association, NASA Ames Research Center, M.S. N232-12, Mo↵ett Field, CA

94035, USA
3Jeremiah Horrocks Institute, University of Central Lancashire, Preston PR1 2HE, UK
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Abstract

We present SCUBA-2/POL-2 850 µm polarimetric observations of the circumstellar envelope (CSE)
of the carbon-rich asymptotic giant branch (AGB) star IRC+10 216. Both FIR and optical polarization
data indicate grains aligned with their long axis in the radial direction relative to the central star. The
850 µm polarization does not show this simple structure. The 850 µm data are indicative, albeit not
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the magnetic field. This mechanism is particularly attractive as the optical, FIR, and sub-mm wave
polarization of the carbon dust can then be explained in a consistent way, di↵ering simply due to the
charge state of the grains.

1. INTRODUCTION

Visual light interstellar medium (ISM) polarization was discovered in 1949 (Hiltner 1949a,b; Hall 1949), and from
the start hypothesized to be associated with dichroic extinction by asymmetric dust grains aligned with the Galactic
magnetic field. The corresponding emission polarization was first detected by Cudlip et al. (1982). Observations of
dust-induced polarization covering the UV-to-sub-mm1 wavelength range serve as e�cient probes of both the geometry
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Figure 8. The polarization fraction for the 53, 154, and 850 µm polarization is plotted against the Stokes I intensities at
each wavelength. For the 850 µm data, a single well-defined power-law is apparent. The 53 µm is well fit by a two-component
distribution with a steeper slope at small fluxes (similar to the 850 µm one) followed by a shallower slope, o↵set to somewhat
higher values at the intersection. The 154 µm falls in between the two, with a hint of an o↵set, seen in the 53 µm data, at the
high end of the 154 µm intensity distribution. If the 154 µm data are fit to only intensities less than 0.1 Jy/arcsec2 an exponent
consistent with that for the steep part of the 53 µm and the 850 µm data is found. See text for details. All data have been
debiased.

of CO (J=3–2) at ⌫=345.796 GHz, SiS (J=19–18) at ⌫=344.779 GHz, and CS 7–6 at ⌫=342.883 GHz. These lines
are all located at wavelengths with transmissions above 95% of the peak transmission of the SCUBA-2 850 µm filter
(Cookson et al. 2018). The SMA primary beam (6m antennae) at 850 µm is about 3600and Girart et al. (2012) achieved
a synthesized beam of 2.600⇥1.600. Also, as shown by Girart et al. (2006), the SMA filters out emission that arises
from structures larger than about 1000, so the two data sets are not trivial to compare in a quantitative way. However,
if we use the CO data from Girart et al. (2012) and the conversion factors given in Drabek et al. (2012), we can
estimate the possible Goldreich-Kylafis contamination in our observations. Using the Girart et al. (2012) measurement
of the Stokes Q parameter, we find a peak line brightness temperature of 2 K and a width of 20 km/s. If the JCMT
conversion factor is valid also for the Stokes Q parameter, we find a polarized intensity on the order of 30 mJy/beam
which would contribute a significant signal in our polarized intensity, assuming the spatial filtering does not strongly
a↵ect the comparison.
However, if we compare the polarization geometry between our observations (SOFIA/HAWC+ and JCMT/POL-2)

with those of Girart et al. (2012) the picture becomes more complicated. As Figure 9 shows, the latter only detect
emission in the very inner part of the CSE and our field of view, where we might expect beam averaging e↵ects in the
JCMT/POL-2 data. Nonetheless, none of the CO, SiS or CS line emission data show polarization geometries that are
consistent with those seen in the continuum, either at 53 or 850 µm. In addition, the position angle of the CS (J=7-6)
emission (PA⇠ 48�) is close to perpendicular to those for CO (J=3-2) (PA⇠ 155�170�) and SiS (J=19-18) (PA⇠ 139�),
and the di↵erent line polarization components would therefore o↵set each other within the broad SCUBA-2 band-pass
filter (and larger beam).

3.6. Grain Charging

Charged grains can interact with a surrounding magnetic field, even for diamagnetic grains. As we discuss below
(Sec. 5.3), a recently formulated grain alignment mechanism (“E-RAT” Lazarian 2020), predicts that grains not

⛥魞䈱(㛙⣐)850כדׄד µmמ鲣ַ⥝׀ն
냕魞䈱(<12.5")ע孷ַնß⢎嫧嚀啶ס㚺⴫ն

E-RATעך꧅蕔ֵֿכ׾䬈ֹն
⴫㰢ٓ׼־ٜظ銶畀ג׿׈꧅㯸؝
榫ն♏꧅蕔؅ך㳡䈱ت
㛙ל׮꧅蕔ֿ냕ַךסյE-RATֿ
鐄伺⺎耆նכ냕ַ׵⢎嫧曍׀⥸

腬䍖ֿت؝蹗仃؅عتر㍑׌㕙⾒(MET)עk-RATמֹ׻ס亠⛣鉈亠⺸850ךסם µmַם؂⾒מն
850 µmך釤ֻׄדعتر׾澷㕙מ丝⮛עמ״ג׾׌յםֹ׻סא㛻ַג⬈ַ׀鸜ַׄדعتر䍚澷
䓪ꇠ׳⻠؅(Fe3C)ֿכ׆䑒釐ն
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(x0, y0)

(x, y)

!

Figure 3. Radial polarization with SNR(I)> 20 and SNR(P )> 2.5. The x and y axes represent the radial profile of cos ✓r as
described in equation 7 and the radius from the center of the star. The dashed horizontal line shows cos ✓r = 0.95, with points
above this line (including their error bars) representing radial polarization (allowing for 5% uncertainty; see Tahani et al. (2023)
for more detail). The blue dots illustrate the number of pixels (satisfying the SNR cut) in each annulus. Upper left panel:
HAWC+ 53µm observations. Upper right panel: HAWC+ 154µm observations. Lower left panel: JCMT POL-2 observations.
Lower right panel: A cartoon illustrating the radial polarization frame (see Eq. 6).

Figure 4. The line-of-sight magnetic field strength, based on the CN (J=1-0) Zeeman observations of Duthu et al. (2017),
scaled to a common radial distance from the central star using an r�3 scaling (blue open symbols and curves, right axis) and
using an r�1 scaling (black, filled, symbols and curves, left axis). The weighted (W; solid lines) and unweighted (UW; dashed
lines) fits yield consistent results, both in amplitude and phase (see text for details).

նعشؔنך哕㯸⹙磵冽؅ס٤ُ٭ح
哕א׻ֽע典⴮典ն
ⶐ䏦עrˑ1כrˑ3ך釨劲⴫ն
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Figure 5. Left : The 850 µm dust emission map is shown with the POL-2 850 µm polarization vectors (I > 20�I and p > 2.5�p)
plotted in black over the best fit dipole morphology shown by the cyan stream-plot (the orientation of the field-lines represent
the polarization “E-vectors”). The image is zoomed in to show just the envelope. Right : A plot of the reduced �2

red value which
is found using Eq. 9 as it varies with the di↵erent field rotations ⇥. A minimum can be seen around ⇥ = 125� (E-vectors) with
an uncertainty of ⇠15�

Figure 6. To test the validity of the �2 minimization, noting that the reduced �2 never approaches zero, we follow Andrae et al.
(2010). (Left) The residuals for the best fit solution yields a peaked distribution. (Right) Recalculating the �2 minimization
while eliminating each of the data points, in turn, shows a consistent �2 minimum. The ordinate shows the eliminated data
point (arbitrarily numbered).

a radial geometry alone. Even so, the over-all reduced �2 for the fit with only a mono-pole component is lower than
for the combined fit.

3.4. Comparison of polarization properties in di↵erent wavelengths

The clear di↵erences in the polarization geometry between the 53 and 850 µm data, makes it is worthwhile to directly
compare the polarization at several wavelengths. Figure 7 compares the polarization geometry for the 53, 154 and 850
µm data. The 154 µm does show a somewhat intermediary geometry, possibly indicating a transition from the radial
polarization seen at 53 µm to the “dipole-like” structure seen at 850 µm. We note, however, that while the beam sizes

850 µm⢎嫧鉈ס׫⹙
哕㯸ٓعشؔنٜظնSub-mm wave polarimetry of IRC+10 216 15

balanced by the electrostatic potential of the grain, and hence be dependent on the opacity to the interstellar radiation
field, but not involve the 1/n(e) factor, as implied by the semi-empirical correlation seen in Figure 10. Detailed
modeling, applicable to the conditions of the CSE (beyond the scope of this paper), will be needed to fully address
this issue.
While for small grains the electric moment can originate as part of grain structure (Draine & Lazarian 1998), for the

large grains indicated in the IRC+10 216 CSE (e.g. Groenewegen 1997) grain charging is likely required (A. Lazarian,
2022, private communications). Since the electric dipole moment of a grain depends on the total charge on the grain
(cf. Weingartner 2006; Lazarian 2020), we use the space density of electrons as our proxy for grain charging and
electric alignment. The blue dashed line in the outer envelope corresponds to electrons released by photo-ionization,
while the red dashed curve corresponds to electrons due to cosmic ray ionization. Ivlev et al. (2015) have argued that
grain-charging by cosmic rays in the inner envelope, which is similar in gas parameters to their region “I”, should be
ine�cient.

Figure 10. (Left) The amount of 850 µm polarization is well correlated with the electron density by photo-ionization due to
the external di↵use radiation (UV) field (blue dashed line) calculated by Li et al. (2014) in the IRC+10 216 envelope (the scaling
of the two vertical axes have been arbitrarily set to show the correlation). The red dashed curve represents modeled electron
density generated by cosmic rays in the denser inner shell. As shown by Ivlev et al. (2015) grain-charging by cosmic rays in the
inner envelope (similar to their region “I”) is ine�cient. (Right) A direct comparison between polarization and electron density
for distances beyond 2000 (where the latter is dominated by photo-ionization in the Li et al. (2014) models) yields a formally
significant correlation.

4. RESULTS

Our FIR, especially the 53 µm, and optical polarization data (Andersson et al. 2022, Andersson et al., 2023b, in
preparation) indicate grain alignment with the long axis in the radial direction away from the central star, supporting a
second-order radiative grain alignment mechanism (Hoang & Lazarian 2009). We stress that, as we argued in the former
paper (Andersson et al. 2022), the radial dependence of the FIR polarization does not support a mechanical (gas-dust
drift) alignment mechanism (e.g. Gold 1952) as the primary driver. The JCMT/POL-2 850 µm data, presented here,
do, however, not show this simple radial pattern, even in the inner part of the CSE.
The analysis utilizing the radial coordinate polarization (Sec. 3.1) shows a distinct di↵erence between the FIR

(SOFIA/HAWC+) and sub-mm wave (SCUBA-2/POL-2) data. Again, for the FIR, the cos ✓r > 0.95 (for all 53 µm
data and inside r ⇡ 3200 for the 154 µm data) indicate a clear radial polarization pattern (Figure 3, upper panels).
While of lower signal-to-noise, and at somewhat di↵erent scales, the plots indicate neither a radial nor a tangential
pattern in the sub-mm wave data in Figure 3, lower panel.
Using the Zeeman measurement results of Duthu et al. (2017), we find a periodic variation in the line-of-sight

magnetic field around the star, with the pole of the possible underlying dipole field oriented at around 90-125�, albeit

׀禈ס
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A B S T R A C T 
The internal velocity structure within dense gaseous cores plays a crucial role in providing the initial conditions for star formation 
in molecular clouds. Ho we ver, the kinematic properties of dense gas at core scales ( ∼0.01 −0.1 pc) has not been e xtensiv ely 
characterized because of instrument limitations until the unique capabilities of GBT- Argus became available. The ongoing 
GBT- Argus Large Program, Dynamics in Star-forming Cores (DiSCo) thus aims to investigate the origin and distribution of 
angular momentum of star-forming cores. DiSCo will surv e y all starless cores and Class 0 protostellar cores in the Perseus 
molecular complex down to ∼0.01 pc scales with < 0.05 km s −1 velocity resolution using the dense gas tracer N 2 H + . Here, 
we present the first data sets from DiSCo towards the B1 and NGC 1333 regions in Perseus. Our results suggest that a dense 
core’s internal velocity structure has little correlation with other core-scale properties, indicating these gas motions may be 
originated externally from cloud-scale turbulence. These first data sets also reaffirm the ability of GBT- Argus for studying dense 
core velocity structure and provided an empirical basis for future studies that address the angular momentum problem with a 
statistically broad sample. 
Key words: stars: formation – stars: protostars – ISM: kinematics and dynamics – ISM: molecules – radio lines: ISM. 

1  I N T RO D U C T I O N  
In molecular clouds (MCs), multiscale supersonic flows compress 
material to initiate the creation of o v erdense re gions, which may 
shrink to become prestellar cores and then collapse gravitationally to 
form protostellar systems (Shu, Adams & Lizano 1987 ). Turbulence 
is therefore considered one of the key agents affecting the dynamics 
of the star-forming process in MCs, in combination with magnetic 
fields and gravity, at all physical scales and throughout different 
evolutionary stages (McKee & Ostriker 2007 ; Girichidis et al. 2020 ). 
There have been several observational projects aiming to resolve the 
gas dynamic properties at larger [MCs; e.g. the CARMA Large Area 
Star Formation Survey (CLASSy), Storm et al. 2014 ; the Green 
Bank Ammonia Surv e y (GAS), Friesen et al. 2017 ), and smaller 
⋆ E-mail: cheyu.c@gmail.com 

(protostellar discs; e.g. the VLA/ALMA Nascent Disk and Multiplic- 
ity (VANDAM) Surv e y, Tobin et al. 2016b ; the Mass Assembly of 
Stellar Systems and their Evolution with the SMA (MASSES) surv e y, 
Stephens et al. 2018 ] scales. These observations revealed features 
that generally agree with the picture that multiscale turbulence is 
dynamically significant during the star formation process, including 
misalignment between outflow direction and core-scale magnetic 
field orientation (Hull et al. 2014 ; Xu et al. 2022 ), misalignment 
between disc orientation and filament structure (Stephens et al. 2017 ), 
the correlation between dense core location and turbulence structure 
(Chen et al. 2019b ), and the misalignment between core elongation 
and local magnetic field orientation (Chen et al. 2020a ; Pandhi et al. 
2023 ). On the other hand, the velocity information within dense 
cores, especially on the crucial scales of 0.01 −0.05 pc that contain 
the bulk of the material destined to be incorporated into disks and 
subsequently accreted on to the star or planets, remains less well- 
investigated. 

© 2023 The Author(s). 
Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the Creative 
Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), which permits unrestricted reuse, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Figure 4. DiSCo N 2 H + maps for cores in the B1 region. Identified core boundaries ( dashed ellipses ) with mean velocity gradient direction ( arrows ) o v erplotted 
on normalized line-of-sight velocity maps ( !v los ≡ v los − v los | core in km s −1 ) and integrated N 2 H + intensity ( grey contours ; in the level of 1 K ·km s −1 ). Green 
ellipses/arrows represent fitting results using Herschel column density contours, while purple ellipses/arro ws sho wing cores identified using N 2 H + emission. 
Yellow stars mark the location of Class 0 protostars, while green circles represent dense cores (as N 2 H + peaks) identified in previous literature (see Section 
2.1 for more details). Local maxima of Herschel column density ( grey diamonds ) and DiSCo integrated N 2 H + emission ( cross ) are also marked. The beam is 
shown in the upper left corner, and a physical scalebar of 0.02 pc is shown in the B1-2/B1-4 panel. The coordinates of protostars and N 2 H + peaks associated 
with starless cores are given in Table 1 . 
use the protostar names from previous studies (e.g. Tobin et al. 
2016a ) to represent the corresponding protostellar cores [mostly 
Per-emb-(number) with some exceptions], and label starless cores as 
(shortened region name)-(number; e.g. B1-2, N1333-5). Tables 1 −3 
list the measured and derived DiSCo core properties for B1 and 
NGC 1333 (single and multipeak cores), respectively. Note that there 
are some offsets between the Herschel column density peak and 
the DiSCo N 2 H + integrated emission peak, but these are mostly 
insignificant. This could be due to the distribution of N 2 H + being 
not spherically symmetric, or simply caused by resolution effects, 
because the Herschel column density resolution is ∼4 × worse than 

GBT- Argus (36.3 arcsec versus 9 arcsec). Some more discussions on 
peak offset can be found in Chen et al. ( 2019a , Section 4.2). 
3.1 Core identification 
In general, gas column density is the preferred data for measuring 
the dense core boundary, because it is fitted from dust thermal 
radiation and thus is less biased by excitation conditions (e.g. gas 
density or temperature) than spectral lines. Ho we ver, since dense 
cores commonly consist of cold, dense gas that fa v ours molecular 
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Figure 7. Two previously-defined cores [ left: Class 0 protostar Per-24, marked by a green star; right : a starless core, marked by a green circle) with no core-like 
structure in integrated N 2 H + emission (in K km s −1 , colourmap and black contours in the level of 1 K km s −1 ] from DiSCo. Column density [ N H in cm −2 , in 
the level of ! log ( N H /cm 2 ) = 0.1] contours from Herschel are plotted as light grey contours. The beam is shown in the bottom left corner in each panel, and 
other DiSCo targets in the fields of view are also marked. 

Figure 8. Normalized intensity variation plotted against the size of the 
corresponding cores, from both B1 ( blue symbols ) and NGC 1333 ( yellow 
symbols ) regions and for both starless ( circles ) and protostellar ( stars ) cores, 
single or multiple ( open squares ). The values of ! I / I peak offsets between 
protostellar cores measured in Herschel log N H 2 column densities (lower 
values of ! I / I peak ) and cores (mostly starless) measured in N 2 H + emission. 
Bacmann et al. 2000 ; Shirley et al. 2000 ; Alves, Lada & Lada 2001 ; 
Evans Neal J. et al. 2001 ;Kirk, Ward-Thompson & Andr ́e 2005 ), 
theories (e.g. the singular-isothermal sphere in Shu, Adams & Lizano 
1987 and the Bonnor–Ebert sphere in Ebert 1955 and Bonnor 1956 ), 
and simulations (e.g. Gong & Ostriker 2011 , 2015 ; Offner et al. 
2022 ). 
3.2 Velocity gradient and the J −R correlation 
Following our pilot study, we calculate the gradient of v lsr locally at 
each map pixel first by averaging the difference of v lsr among nearest 
neighbours, then take the v ector av erage of ∇v lsr to derive the mean 
gradient direction (the arrows in Figs 4 –5 ). The length of this mean 
vector is then the mean linear velocity gradient at core scale, ∇v . 
Assuming the observed velocity gradient is due to core rotation, 
the angular velocity of the core is simply ω = ∇v (Goodman et al. 

1993 ), which can then be combined with the fitted core radius R to 
derive the specific angular momentum J ≡ L/M ∼ R 2 ω = R 2 ∇v . 
We then compare the J −R relation from our DiSCo data with previous 
observations (Goodman et al. 1993 ; Caselli et al. 2002 ; Pirogov et al. 
2003 ; Chen, Launhardt & Henning 2007 ; Tobin et al. 2011 ; Yen et al. 
2015 ) and simulations (Chen & Ostriker 2018 ), which is shown in 
Fig. 9 (left panel). 

Clearly, DiSCo cores blend nicely in with the existing trend that 
roughly follows a power-law correlation J ∝ R 1.5 (see e.g. Chen et al. 
2019a ). The least-square fit of DiSCo data gives J ∝ R α with α = 
1.55 ± 0.15, and α = 1.59 ± 0.04 when combining all data (from 
both observations and simulations) shown in Fig. 9 (left panel). 
Ho we ver, we note that while the core assembly roughly follows the 
same power-law, the scatter in J for a given radius is pretty large, 
more than one order of magnitude. Considering the definition of 
J ≡ R 2 ∇v already guarantees sharp dependence on R , this suggests 
that the dependence of ∇v on core size is relatively weak and has large 
scatter. We demonstrate this in the upper-right panel of Fig. 9 , which 
plots the radial dependence of ∇v . This shows that the mean velocity 
gradient within individual cores ∇v has a noisy ne gativ e correlation 
with the core radius, which is the main source of uncertainty in the 
J ∝ R α power law dependence. 
4  DI SCU SS IO NS  
4.1 Solid-body rotation? 
The protostellar evolution of angular momentum at core scale is 
critical in shaping the follow-up formation of discs and/or multiple 
systems (Offner et al. 2023 ), and a rotating dense core (plus 
turbulence as velocity perturbations) is a generally-adopted initial 
condition in numerical studies (e.g. Seifried et al. 2013 ; Lam et al. 
2019 ; Tsukamoto et al. 2020 , or see references in the recent re vie ws 
by Pineda et al. 2023 ; Zhao et al. 2020 ). The most direct observable 
feature of solid-body rotation would be a uniform gradient of line- 
of-sight velocity across the core, as discussed in Goodman et al. 
( 1993 ). The deri v ation of the specific angular momentum J ≡ L / M = 
R 2 ∇v is also based on such an assumption. Ho we ver, as pre vious 
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Figure 6. Similar to Fig. 4 but for the SVS13 region ( left ) and a multipeak starless core NGC 1333-3 ( right ). 
lines like N 2 H + , NH 3 , or C 18 O, these tracers are often considered 
good core material tracers (see e.g. GAS, CLASSy). 1 

Following our pilot study (Chen et al. 2019a ), we consider either 
the Herschel column density or N 2 H + integrated emission (moment 
0) contours as the core boundaries. For protostellar cores, Herschel 
column density is used unless there is no closed contour available 
(due to resolution or clustered environment); in such cases, we 
considered N 2 H + integrated emission instead. On the other hand, all 
starless cores are defined using N 2 H + integrated emission, because 
very few of them are resolved in Herschel and we would like to keep 
our analysis as consistent as possible. 

Instead of finding a background value by fitting a Gaussian shape 
to the intensity (as was done in Chen et al. 2019a ), we adopted a 
similar approach as considered in the GRID-CORE algorithm (Gong & 
Ostriker 2011 , 2015 ; Chen & Ostriker 2014 , 2015 ), and identify 
core boundaries as the biggest closed contours that only include 
one local maximum (‘boundary contours’; see column ‘ BC level’ in 
Tables 1 −3 ). These contours were drawn from the peak value of each 
core (see Tables 1 –3 ) with ne gativ e stepsize ! log ( N H /cm −2 ) = 0.05 
for Herschel contours, and !I N 2 H + = 0 . 1 (B1) and 0 . 2 K· km s −1 
(NGC 1333) for N 2 H + contours. We note that the biggest advantage 
of defining cores using contours is that this method better preserves 
the natural shape of the core, while Gaussian fitting implicitly 
presumes axisymmetry in cores. 

We calculated most of the core properties (including the mean line- 
of-sight velocity v los , mean velocity gradient ∇v , and the dispersion 
of the velocity gradient direction θ∇v ) using these core-boundary 
contours, and fit such contours with ellipses (see Figs 4 –6 ) to estimate 
the sizes, aspect ratios, and orientations (column ‘fit PA’) of the cores 
(Tables 1 –3 ). Note that we already excluded small, compact cores 
when selecting targets, and thus even the smallest cores identified in 
DiSCo have diameters ! 14 arcsec, or 1.5 times of the ∼9 arcsec 
beam. 

Among the total of 66 targets in B1 and NGC 1333, two appear to 
be not core-like in N 2 H + (see Fig. 7 ), both in NGC 1333. There 
1 While we do not include a direct comparison between column density and 
N 2 H + emission in this work, some insight can be inferred from Figs 4 and 
5 by comparing the elliptic core boundaries fitted from column density and 
the N 2 H + integrated emission contours. The column density-defined core 
boundaries and the brightest regions in N 2 H + mostly o v erlap, suggesting 
that N 2 H + is a good substitute of column density to trace core material. 

is basically no N 2 H + emission associated with protostellar core 
Per-emb-24 (Fig. 7 , left), which could suggest that this protostar is 
actually at a later evolutionary stage instead of a Class 0 source (see 
e.g. Tobin et al. 2016a ). On the other hand, while being previously 
identified as a core using GAS data with 30 arcsec resolution, starless 
‘core’ N1333-2 is actually a ring-like structure (Fig. 7 , right). These 
two targets were thus remo v ed from the analysis. 

In some cases, multiple protostars and/or local maxima of N 2 H + 
emission are too close to one another, and there is no closed 
contour (either N H column density or N 2 H + emission) with a single 
target. This is the case for Per -emb-6/Per -emb-10, B1-bN/B1-bS 
(see Fig. 4 ), Per -emb-27/N1333-8, Per -bolo-45/N1333-21, Per -emb- 
12/Per-emb-13/IRAS4B’ (see Fig. 5 ), and the SVS 13 region (see 
Fig. 6 ). Also, when the second local maximum around the core 
area is weak or small in size, we loosen our criterion to include 
such sub-tructures inside the identified core boundary. This is the 
case for N1333-1, N1333-13, N1333-17, N1333-22, and N1333- 
23 (see Figs 5 and 6 ; the larger core area are marked with dark 
purple ellipses). All these cores are categorized as ’multiples’ in our 
analysis. 

Interestingly, if we define the normalized intensity variation across 
the core to be 
!I 
I peak ≡ I peak − I boundary 

I peak or log N peak − log N boundary 
log N peak , (1) 

where I boundary is the intensity of the contour level corresponding to 
the core boundary, we find that the normalized intensity difference 
! I / I peak tends to have a power-law correlation with size, as shown in 
Fig. 8 . While both the log of N H column density and N 2 H + emission 
were used as I here, 2 we see that they follow a similar power-law 
correlation to the core size, roughly as ! I / I peak ∝ r . While neither 
N 2 H + emission intensity nor H 2 column density can be directly 
linked to gas density without further information of gas properties, 
we note that such correlation resembles a Bonner–Elbert sphere 
with a flat central region surrounded by a power-law drop-off in 
density distribution. This seems consistent with the expected power- 
law density profile of dense cores, ρ ∝ r −p , from observations (see 
e.g. Adams 1991 ; Ward-Thompson, Motte & Andre 1999 , 2001 ; 
2 Note that there is an offset in ! I / I peak values derived from these two types 
of intensity, which is not surprising given that one is measured in linear scale 
and one in log scale. 
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A B S T R A C T 
The internal velocity structure within dense gaseous cores plays a crucial role in providing the initial conditions for star formation 
in molecular clouds. Ho we ver, the kinematic properties of dense gas at core scales ( ∼0.01 −0.1 pc) has not been e xtensiv ely 
characterized because of instrument limitations until the unique capabilities of GBT- Argus became available. The ongoing 
GBT- Argus Large Program, Dynamics in Star-forming Cores (DiSCo) thus aims to investigate the origin and distribution of 
angular momentum of star-forming cores. DiSCo will surv e y all starless cores and Class 0 protostellar cores in the Perseus 
molecular complex down to ∼0.01 pc scales with < 0.05 km s −1 velocity resolution using the dense gas tracer N 2 H + . Here, 
we present the first data sets from DiSCo towards the B1 and NGC 1333 regions in Perseus. Our results suggest that a dense 
core’s internal velocity structure has little correlation with other core-scale properties, indicating these gas motions may be 
originated externally from cloud-scale turbulence. These first data sets also reaffirm the ability of GBT- Argus for studying dense 
core velocity structure and provided an empirical basis for future studies that address the angular momentum problem with a 
statistically broad sample. 
Key words: stars: formation – stars: protostars – ISM: kinematics and dynamics – ISM: molecules – radio lines: ISM. 

1  I N T RO D U C T I O N  
In molecular clouds (MCs), multiscale supersonic flows compress 
material to initiate the creation of o v erdense re gions, which may 
shrink to become prestellar cores and then collapse gravitationally to 
form protostellar systems (Shu, Adams & Lizano 1987 ). Turbulence 
is therefore considered one of the key agents affecting the dynamics 
of the star-forming process in MCs, in combination with magnetic 
fields and gravity, at all physical scales and throughout different 
evolutionary stages (McKee & Ostriker 2007 ; Girichidis et al. 2020 ). 
There have been several observational projects aiming to resolve the 
gas dynamic properties at larger [MCs; e.g. the CARMA Large Area 
Star Formation Survey (CLASSy), Storm et al. 2014 ; the Green 
Bank Ammonia Surv e y (GAS), Friesen et al. 2017 ), and smaller 
⋆ E-mail: cheyu.c@gmail.com 

(protostellar discs; e.g. the VLA/ALMA Nascent Disk and Multiplic- 
ity (VANDAM) Surv e y, Tobin et al. 2016b ; the Mass Assembly of 
Stellar Systems and their Evolution with the SMA (MASSES) surv e y, 
Stephens et al. 2018 ] scales. These observations revealed features 
that generally agree with the picture that multiscale turbulence is 
dynamically significant during the star formation process, including 
misalignment between outflow direction and core-scale magnetic 
field orientation (Hull et al. 2014 ; Xu et al. 2022 ), misalignment 
between disc orientation and filament structure (Stephens et al. 2017 ), 
the correlation between dense core location and turbulence structure 
(Chen et al. 2019b ), and the misalignment between core elongation 
and local magnetic field orientation (Chen et al. 2020a ; Pandhi et al. 
2023 ). On the other hand, the velocity information within dense 
cores, especially on the crucial scales of 0.01 −0.05 pc that contain 
the bulk of the material destined to be incorporated into disks and 
subsequently accreted on to the star or planets, remains less well- 
investigated. 

© 2023 The Author(s). 
Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the Creative 
Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), which permits unrestricted reuse, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Figure 7. Two previously-defined cores [ left: Class 0 protostar Per-24, marked by a green star; right : a starless core, marked by a green circle) with no core-like 
structure in integrated N 2 H + emission (in K km s −1 , colourmap and black contours in the level of 1 K km s −1 ] from DiSCo. Column density [ N H in cm −2 , in 
the level of ! log ( N H /cm 2 ) = 0.1] contours from Herschel are plotted as light grey contours. The beam is shown in the bottom left corner in each panel, and 
other DiSCo targets in the fields of view are also marked. 

Figure 8. Normalized intensity variation plotted against the size of the 
corresponding cores, from both B1 ( blue symbols ) and NGC 1333 ( yellow 
symbols ) regions and for both starless ( circles ) and protostellar ( stars ) cores, 
single or multiple ( open squares ). The values of ! I / I peak offsets between 
protostellar cores measured in Herschel log N H 2 column densities (lower 
values of ! I / I peak ) and cores (mostly starless) measured in N 2 H + emission. 
Bacmann et al. 2000 ; Shirley et al. 2000 ; Alves, Lada & Lada 2001 ; 
Evans Neal J. et al. 2001 ;Kirk, Ward-Thompson & Andr ́e 2005 ), 
theories (e.g. the singular-isothermal sphere in Shu, Adams & Lizano 
1987 and the Bonnor–Ebert sphere in Ebert 1955 and Bonnor 1956 ), 
and simulations (e.g. Gong & Ostriker 2011 , 2015 ; Offner et al. 
2022 ). 
3.2 Velocity gradient and the J −R correlation 
Following our pilot study, we calculate the gradient of v lsr locally at 
each map pixel first by averaging the difference of v lsr among nearest 
neighbours, then take the v ector av erage of ∇v lsr to derive the mean 
gradient direction (the arrows in Figs 4 –5 ). The length of this mean 
vector is then the mean linear velocity gradient at core scale, ∇v . 
Assuming the observed velocity gradient is due to core rotation, 
the angular velocity of the core is simply ω = ∇v (Goodman et al. 

1993 ), which can then be combined with the fitted core radius R to 
derive the specific angular momentum J ≡ L/M ∼ R 2 ω = R 2 ∇v . 
We then compare the J −R relation from our DiSCo data with previous 
observations (Goodman et al. 1993 ; Caselli et al. 2002 ; Pirogov et al. 
2003 ; Chen, Launhardt & Henning 2007 ; Tobin et al. 2011 ; Yen et al. 
2015 ) and simulations (Chen & Ostriker 2018 ), which is shown in 
Fig. 9 (left panel). 

Clearly, DiSCo cores blend nicely in with the existing trend that 
roughly follows a power-law correlation J ∝ R 1.5 (see e.g. Chen et al. 
2019a ). The least-square fit of DiSCo data gives J ∝ R α with α = 
1.55 ± 0.15, and α = 1.59 ± 0.04 when combining all data (from 
both observations and simulations) shown in Fig. 9 (left panel). 
Ho we ver, we note that while the core assembly roughly follows the 
same power-law, the scatter in J for a given radius is pretty large, 
more than one order of magnitude. Considering the definition of 
J ≡ R 2 ∇v already guarantees sharp dependence on R , this suggests 
that the dependence of ∇v on core size is relatively weak and has large 
scatter. We demonstrate this in the upper-right panel of Fig. 9 , which 
plots the radial dependence of ∇v . This shows that the mean velocity 
gradient within individual cores ∇v has a noisy ne gativ e correlation 
with the core radius, which is the main source of uncertainty in the 
J ∝ R α power law dependence. 
4  DI SCUSSI ONS  
4.1 Solid-body rotation? 
The protostellar evolution of angular momentum at core scale is 
critical in shaping the follow-up formation of discs and/or multiple 
systems (Offner et al. 2023 ), and a rotating dense core (plus 
turbulence as velocity perturbations) is a generally-adopted initial 
condition in numerical studies (e.g. Seifried et al. 2013 ; Lam et al. 
2019 ; Tsukamoto et al. 2020 , or see references in the recent re vie ws 
by Pineda et al. 2023 ; Zhao et al. 2020 ). The most direct observable 
feature of solid-body rotation would be a uniform gradient of line- 
of-sight velocity across the core, as discussed in Goodman et al. 
( 1993 ). The deri v ation of the specific angular momentum J ≡ L / M = 
R 2 ∇v is also based on such an assumption. Ho we ver, as pre vious 
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Figure 9. Left : The J −R correlation combining DiSCo data and previous observations ( solid circles ) and simulations ( open circles ). DiSCo objects for B1 and 
NGC 1333 regions are marked by different colours, and various symbols represent the three categories: protostellar cores ( stars ), starless cores ( triangles ), and 
multiples ( squares ). Dotted line shows the least-square fit using all data on the plot ( J ∝ R 1.59 ± 0.04 with χ2 = 0.14), which is very close to the fit using DiSCo 
data only ( J ∝ R 1.55 ± 0.15 with χ2 = 0.09). Right : The mean velocity gradient (top panel) and the dispersion of the velocity gradient direction (bottom panel) 
within the core, as functions of the core size. 

Figure 10. Cumulative distributions of the dispersion of gradient velocity direction for different types of cores ( different colours; see legend ) and for separate 
regions ( left and middle ) and all regions combined ( right ). Most cores tend to have a dispersion of ∼30 ◦−60 ◦ in the direction of the velocity gradient, indicating 
there is no prominent o v erall v elocity gradient direction. 
observations also reported, only very few dense cores show clear, 
monotonic velocity gradient within them (see e.g. Caselli et al. 2002 ). 
Recent observations by Pineda et al. ( 2019 ) also revealed features 
of non-solid-body rotation within dense cores. Such deviation from 
the idealized assumption of solid-body rotation could be the result 
from turbulent motion at the core scale (see e.g. Chen & Ostriker 
2018 ). 

To investigate such internal motion, we measured the dispersion 
of line-of-sight velocity gradient directions, σ! ( ∇ v, ∇ v ) , where ! ( x , 
y ) represents the angle between the two vectors x , y . This quantity 
is listed as the uncertainty of θ∇v in Tables 1 –3 , which indicates 
whether or not the mean velocity gradient within the core is well- 
defined. By plotting it against core size (Fig. 9 , bottom right), we 
see that larger cores tend to have more chaotic internal motion (i.e. 
larger dispersion in velocity gradient direction). This could be due 

to the turbulence cascade from the parent cloud. Ho we ver, we also 
note that these larger, more turbulent cores are mostly protostellar 
cores and/or multiples, and thus their velocity fields could have been 
distorted by gravitational collapse or the interaction between the other 
cores. 

We further investigate the internal velocity variation for cores from 
different environments and at different evolutionary stages. Fig. 10 
shows the step-style histograms of the dispersion of velocity gradient 
direction, σ! ( ∇ v, ∇ v ) , within starless (blue) and protostellar (orange) 
cores, as well as those with multiple cores (green), for both B1 (left 
panel) and NGC 1333 (middle panel) regions, and for the two regions 
combined (right panel). For rigid-body rotation, there should be a 
prominent direction of velocity gradient within the core, and thus the 
angle dispersion of ∇v should be small. This is clearly not the case 
for the DiSCo targets presented here, as most of the cores appear to 
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Figure 9. Left : The J −R correlation combining DiSCo data and previous observations ( solid circles ) and simulations ( open circles ). DiSCo objects for B1 and 
NGC 1333 regions are marked by different colours, and various symbols represent the three categories: protostellar cores ( stars ), starless cores ( triangles ), and 
multiples ( squares ). Dotted line shows the least-square fit using all data on the plot ( J ∝ R 1.59 ± 0.04 with χ2 = 0.14), which is very close to the fit using DiSCo 
data only ( J ∝ R 1.55 ± 0.15 with χ2 = 0.09). Right : The mean velocity gradient (top panel) and the dispersion of the velocity gradient direction (bottom panel) 
within the core, as functions of the core size. 

Figure 10. Cumulative distributions of the dispersion of gradient velocity direction for different types of cores ( different colours; see legend ) and for separate 
regions ( left and middle ) and all regions combined ( right ). Most cores tend to have a dispersion of ∼30 ◦−60 ◦ in the direction of the velocity gradient, indicating 
there is no prominent o v erall v elocity gradient direction. 
observations also reported, only very few dense cores show clear, 
monotonic velocity gradient within them (see e.g. Caselli et al. 2002 ). 
Recent observations by Pineda et al. ( 2019 ) also revealed features 
of non-solid-body rotation within dense cores. Such deviation from 
the idealized assumption of solid-body rotation could be the result 
from turbulent motion at the core scale (see e.g. Chen & Ostriker 
2018 ). 

To investigate such internal motion, we measured the dispersion 
of line-of-sight velocity gradient directions, σ! ( ∇ v, ∇ v ) , where ! ( x , 
y ) represents the angle between the two vectors x , y . This quantity 
is listed as the uncertainty of θ∇v in Tables 1 –3 , which indicates 
whether or not the mean velocity gradient within the core is well- 
defined. By plotting it against core size (Fig. 9 , bottom right), we 
see that larger cores tend to have more chaotic internal motion (i.e. 
larger dispersion in velocity gradient direction). This could be due 

to the turbulence cascade from the parent cloud. Ho we ver, we also 
note that these larger, more turbulent cores are mostly protostellar 
cores and/or multiples, and thus their velocity fields could have been 
distorted by gravitational collapse or the interaction between the other 
cores. 

We further investigate the internal velocity variation for cores from 
different environments and at different evolutionary stages. Fig. 10 
shows the step-style histograms of the dispersion of velocity gradient 
direction, σ! ( ∇ v, ∇ v ) , within starless (blue) and protostellar (orange) 
cores, as well as those with multiple cores (green), for both B1 (left 
panel) and NGC 1333 (middle panel) regions, and for the two regions 
combined (right panel). For rigid-body rotation, there should be a 
prominent direction of velocity gradient within the core, and thus the 
angle dispersion of ∇v should be small. This is clearly not the case 
for the DiSCo targets presented here, as most of the cores appear to 
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Figure 11. Cumulative distributions of the rotation alignment, ! ( a core , ∇v ), for protostellar ( orange ), starless ( blue ), and multiple ( green ) cores as well as all 
cores combined ( black dashed lines ) for both B1 ( left panel ) and NGC 1333 ( middle panel ) regions and the two regions combined ( right panel ). Most of the 
step functions are very close to that of a random distribution ( grey dotted diagonal line ), which suggests that there is no preferred alignment between the core 
and the velocity gradient direction within it. 
have angle dispersion ∼30 ◦−60 ◦ in their velocity gradient direction. 
Interestingly, there are clearly more starless cores with small ( ! 30 ◦) 
dispersion in ! ( ∇ v, ∇ v ) than protostellar cores, which makes sense 
because more severe, global collapse may have started in protostellar 
cores, and thus the velocity structure would not be as smooth as in 
early-stage starless cores. We also note that, while there are not many 
samples, cores with multiple emission peaks (‘multiples’ in the plot) 
do not seem to differ significantly from protostellar cores, which is 
generally consistent with recent theoretical work by Smullen et al. 
( 2020 ) that there seems to be very little correlation between core 
properties and multiplicity. 

The large dispersion in velocity gradient direction indicates that 
solid-body rotation may not be a good assumption for core-scale gas 
motion. More importantly, we would like to emphasize that even 
if the cores show prominent, uniform velocity gradient direction, 
it is not guaranteed that such velocity gradient is due to rotation 
(Chen & Ostriker 2018 ; also see e.g. Chen et al. 2020b ; Hsieh et al. 
2021 for related discussions in filaments). To test this, we follow 
the analysis conducted by Chen & Ostriker ( 2018 ) and measure 
the angle between the fitted core major axis a core and the averaged 
velocity gradient direction. If the velocity gradient across the core 
is due to rotation, we expect it to be roughly parallel to the core’s 
major axis, because the classical theory of star formation envisioned 
the core to flatten along the rotational axis (see e.g. Shu, Adams & 
Lizano 1987 ). The results are illustrated in Fig. 11 , which shows 
the cumulative distributions of the rotation-core alignment angle, 
! ( a core , ∇v ). Note that we limit this angle to be within [0 ◦, 90 ◦]. We 
see that there is no clear correlation between the core orientation (as 
measured by the major axis) and the velocity gradient direction, as 
the step functions are all closer to the diagonal line (complete random 
distribution). This is a strong evidence suggesting that the velocity 
gradients measured within dense cores are probably not pure rotation 
but a mix between turbulence and real rotation, in good agreement 
with the simulation results in Chen & Ostriker ( 2018 ). 

In addition, we compared the velocity gradient directions in 
our protostellar core targets to their outflow directions reported in 
MASSES (Stephens et al. 2018 ). The results are shown as cumulative 
distributions in Fig. 12 . There seems to be no correlation between 
the mean velocity gradient direction and the outflow orientation, and 
thus the angle between these two directions has a relatively random 
distribution. This is again in contrast to the idealized assumption 
of solid-body rotation, because the protostellar outflows tend to be 

Figure 12. Cumulative distribution of the alignment between the protostellar 
outflows measured in MASSES (Stephens et al. 2018 ) and the derived mean 
velocity gradient ∇v within corresponding DiSCo cores. Our results suggest 
there is little or no correlation between the velocity structure at core scale 
and the outflow orientation, with a slight preference toward a perpendicular 
alignment between these two, which is the case described in the classical 
theory (e.g. Shu, Adams & Lizano 1987 ). 
launched along the rotational axis of the core, and thus the observed 
outflows are expected to be aligned perpendicular to the core-scale 
velocity gradient direction. 

If solid-body rotation is not a reasonable assumption, the so-called 
specific angular momentum J ≡ L / M is in fact simply R 2 ∇v = 
R !v, where !v = ∇v · R is the velocity difference across the 
core. The J −R correlation discussed in Section 3.2 , J ∝ R 1.5 , thus 
simply reduces to !v( R ) ∝ R 0.5 . As noted in Chen & Ostriker 
( 2018 ), this resembles the Larson’s law of cloud-scale turbulence, 
σ v ( ℓ ) ∝ ℓ 0.5 . Our results therefore support the hypothesis (see e.g. 
Burkert & Bodenheimer 2000 ; Chen & Ostriker 2018 ) that the 
observ ed v elocity gradient across dense core has a tight connection to 
the larger-scale gas dynamics instead of local rotation. For example 
Figs 2 and 3 show that the gas dynamics are spatially coherent (i.e. 
continuous and smooth between cores). This suggests that when 
we measure the velocity gradient within cores, we may be simply 
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Figure 9. Left : The J −R correlation combining DiSCo data and previous observations ( solid circles ) and simulations ( open circles ). DiSCo objects for B1 and 
NGC 1333 regions are marked by different colours, and various symbols represent the three categories: protostellar cores ( stars ), starless cores ( triangles ), and 
multiples ( squares ). Dotted line shows the least-square fit using all data on the plot ( J ∝ R 1.59 ± 0.04 with χ2 = 0.14), which is very close to the fit using DiSCo 
data only ( J ∝ R 1.55 ± 0.15 with χ2 = 0.09). Right : The mean velocity gradient (top panel) and the dispersion of the velocity gradient direction (bottom panel) 
within the core, as functions of the core size. 

Figure 10. Cumulative distributions of the dispersion of gradient velocity direction for different types of cores ( different colours; see legend ) and for separate 
regions ( left and middle ) and all regions combined ( right ). Most cores tend to have a dispersion of ∼30 ◦−60 ◦ in the direction of the velocity gradient, indicating 
there is no prominent o v erall v elocity gradient direction. 
observations also reported, only very few dense cores show clear, 
monotonic velocity gradient within them (see e.g. Caselli et al. 2002 ). 
Recent observations by Pineda et al. ( 2019 ) also revealed features 
of non-solid-body rotation within dense cores. Such deviation from 
the idealized assumption of solid-body rotation could be the result 
from turbulent motion at the core scale (see e.g. Chen & Ostriker 
2018 ). 

To investigate such internal motion, we measured the dispersion 
of line-of-sight velocity gradient directions, σ! ( ∇ v, ∇ v ) , where ! ( x , 
y ) represents the angle between the two vectors x , y . This quantity 
is listed as the uncertainty of θ∇v in Tables 1 –3 , which indicates 
whether or not the mean velocity gradient within the core is well- 
defined. By plotting it against core size (Fig. 9 , bottom right), we 
see that larger cores tend to have more chaotic internal motion (i.e. 
larger dispersion in velocity gradient direction). This could be due 

to the turbulence cascade from the parent cloud. Ho we ver, we also 
note that these larger, more turbulent cores are mostly protostellar 
cores and/or multiples, and thus their velocity fields could have been 
distorted by gravitational collapse or the interaction between the other 
cores. 

We further investigate the internal velocity variation for cores from 
different environments and at different evolutionary stages. Fig. 10 
shows the step-style histograms of the dispersion of velocity gradient 
direction, σ! ( ∇ v, ∇ v ) , within starless (blue) and protostellar (orange) 
cores, as well as those with multiple cores (green), for both B1 (left 
panel) and NGC 1333 (middle panel) regions, and for the two regions 
combined (right panel). For rigid-body rotation, there should be a 
prominent direction of velocity gradient within the core, and thus the 
angle dispersion of ∇v should be small. This is clearly not the case 
for the DiSCo targets presented here, as most of the cores appear to 
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Figure 11. Cumulative distributions of the rotation alignment, ! ( a core , ∇v ), for protostellar ( orange ), starless ( blue ), and multiple ( green ) cores as well as all 
cores combined ( black dashed lines ) for both B1 ( left panel ) and NGC 1333 ( middle panel ) regions and the two regions combined ( right panel ). Most of the 
step functions are very close to that of a random distribution ( grey dotted diagonal line ), which suggests that there is no preferred alignment between the core 
and the velocity gradient direction within it. 
have angle dispersion ∼30 ◦−60 ◦ in their velocity gradient direction. 
Interestingly, there are clearly more starless cores with small ( ! 30 ◦) 
dispersion in ! ( ∇ v, ∇ v ) than protostellar cores, which makes sense 
because more severe, global collapse may have started in protostellar 
cores, and thus the velocity structure would not be as smooth as in 
early-stage starless cores. We also note that, while there are not many 
samples, cores with multiple emission peaks (‘multiples’ in the plot) 
do not seem to differ significantly from protostellar cores, which is 
generally consistent with recent theoretical work by Smullen et al. 
( 2020 ) that there seems to be very little correlation between core 
properties and multiplicity. 

The large dispersion in velocity gradient direction indicates that 
solid-body rotation may not be a good assumption for core-scale gas 
motion. More importantly, we would like to emphasize that even 
if the cores show prominent, uniform velocity gradient direction, 
it is not guaranteed that such velocity gradient is due to rotation 
(Chen & Ostriker 2018 ; also see e.g. Chen et al. 2020b ; Hsieh et al. 
2021 for related discussions in filaments). To test this, we follow 
the analysis conducted by Chen & Ostriker ( 2018 ) and measure 
the angle between the fitted core major axis a core and the averaged 
velocity gradient direction. If the velocity gradient across the core 
is due to rotation, we expect it to be roughly parallel to the core’s 
major axis, because the classical theory of star formation envisioned 
the core to flatten along the rotational axis (see e.g. Shu, Adams & 
Lizano 1987 ). The results are illustrated in Fig. 11 , which shows 
the cumulative distributions of the rotation-core alignment angle, 
! ( a core , ∇v ). Note that we limit this angle to be within [0 ◦, 90 ◦]. We 
see that there is no clear correlation between the core orientation (as 
measured by the major axis) and the velocity gradient direction, as 
the step functions are all closer to the diagonal line (complete random 
distribution). This is a strong evidence suggesting that the velocity 
gradients measured within dense cores are probably not pure rotation 
but a mix between turbulence and real rotation, in good agreement 
with the simulation results in Chen & Ostriker ( 2018 ). 

In addition, we compared the velocity gradient directions in 
our protostellar core targets to their outflow directions reported in 
MASSES (Stephens et al. 2018 ). The results are shown as cumulative 
distributions in Fig. 12 . There seems to be no correlation between 
the mean velocity gradient direction and the outflow orientation, and 
thus the angle between these two directions has a relatively random 
distribution. This is again in contrast to the idealized assumption 
of solid-body rotation, because the protostellar outflows tend to be 

Figure 12. Cumulative distribution of the alignment between the protostellar 
outflows measured in MASSES (Stephens et al. 2018 ) and the derived mean 
velocity gradient ∇v within corresponding DiSCo cores. Our results suggest 
there is little or no correlation between the velocity structure at core scale 
and the outflow orientation, with a slight preference toward a perpendicular 
alignment between these two, which is the case described in the classical 
theory (e.g. Shu, Adams & Lizano 1987 ). 
launched along the rotational axis of the core, and thus the observed 
outflows are expected to be aligned perpendicular to the core-scale 
velocity gradient direction. 

If solid-body rotation is not a reasonable assumption, the so-called 
specific angular momentum J ≡ L / M is in fact simply R 2 ∇v = 
R !v, where !v = ∇v · R is the velocity difference across the 
core. The J −R correlation discussed in Section 3.2 , J ∝ R 1.5 , thus 
simply reduces to !v( R ) ∝ R 0.5 . As noted in Chen & Ostriker 
( 2018 ), this resembles the Larson’s law of cloud-scale turbulence, 
σ v ( ℓ ) ∝ ℓ 0.5 . Our results therefore support the hypothesis (see e.g. 
Burkert & Bodenheimer 2000 ; Chen & Ostriker 2018 ) that the 
observ ed v elocity gradient across dense core has a tight connection to 
the larger-scale gas dynamics instead of local rotation. For example 
Figs 2 and 3 show that the gas dynamics are spatially coherent (i.e. 
continuous and smooth between cores). This suggests that when 
we measure the velocity gradient within cores, we may be simply 
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JOYS+: Mid-infrared detection of gas-phase SO2 emission
in a low-mass protostar

The case of NGC 1333 IRAS 2A: Hot core or accretion shock?
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ABSTRACT

Context. Thanks to the Mid-InfraRed Instrument (MIRI) on the James Webb Space Telescope (JWST), our ability to observe the star
formation process in the infrared has greatly improved. Due to its unprecedented spatial and spectral resolution and sensitivity in the
mid-infrared, JWST/MIRI can see through highly extincted protostellar envelopes and probe the warm inner regions. An abundant
molecule in these warm inner regions is SO2, which is a common tracer of both outflow and accretion shocks as well as hot core
chemistry.
Aims. This paper presents the first mid-infrared detection of gaseous SO2 emission in an embedded low-mass protostellar system rich
in complex molecules and aims to determine the physical origin of the SO2 emission.
Methods. JWST/MIRI observations taken with the Medium Resolution Spectrometer (MRS) of the low-mass protostellar binary
NGC 1333 IRAS 2A in the JWST Observations of Young protoStars (JOYS+) program are presented. The observations reveal emission
from the SO2 ⌫3 asymmetric stretching mode at 7.35 µm. Using simple slab models and assuming local thermodynamic equilibrium
(LTE), we derived the rotational temperature and total number of SO2 molecules. We then compared the results to those derived from
high-angular-resolution SO2 data on the same scales (⇠50�100 au) obtained with the Atacama Large Millimeter/submillimeter Array
(ALMA).
Results. The SO2 emission from the ⌫3 band is predominantly located on ⇠50�100 au scales around the mid-infrared continuum peak
of the main component of the binary, IRAS 2A1. A rotational temperature of 92 ± 8 K is derived from the ⌫3 lines. This is in good
agreement with the rotational temperature derived from pure rotational lines in the vibrational ground state (i.e., ⌫ = 0) with ALMA
(104 ± 5 K), which are extended over similar scales. However, the emission of the ⌫3 lines in the MIRI-MRS spectrum is not in LTE
given that the total number of molecules predicted by a LTE model is found to be a factor of 2 ⇥ 104 higher than what is derived for
the ⌫ = 0 state from the ALMA data. This difference can be explained by a vibrational temperature that is ⇠100 K higher than the
derived rotational temperature of the ⌫ = 0 state: Tvib ⇠ 200 K versus Trot = 104 ± 5 K. The brightness temperature derived from the
continuum around the ⌫3 band (⇠7.35 µm) of SO2 is ⇠180 K, which confirms that the ⌫3 = 1 level is not collisionally populated but
rather infrared-pumped by scattered radiation. This is also consistent with the non-detection of the ⌫2 bending mode at 18�20 µm. The
similar rotational temperature derived from the MIRI-MRS and ALMA data implies that they are in fact tracing the same molecular
gas. The inferred abundance of SO2 , determined using the LTE fit to the lines of the vibrational ground state in the ALMA data, is
1.0 ± 0.3 ⇥ 10�8 with respect to H2, which is on the lower side compared to interstellar and cometary ices (10�8�10�7).
Conclusions. Given the rotational temperature, the extent of the emission (⇠100 au in radius), and the narrow line widths in the
ALMA data (⇠3.5 km s�1), the SO2 in IRAS 2A likely originates from ice sublimation in the central hot core around the protostar
rather than from an accretion shock at the disk–envelope boundary. Furthermore, this paper shows the importance of radiative pumping
and of combining JWST observations with those from millimeter interferometers such as ALMA to probe the physics on disk scales
and to infer molecular abundances.

Key words. astrochemistry – stars: formation – stars: low-mass – stars: protostars – ISM: molecules –
ISM: individual objects: NGC 1333 IRAS 2A

1. Introduction

The embedded protostellar phase of star formation is very rich in
terms of chemistry. The James Webb Space Telescope (JWST)
provides unique new opportunities for probing these deeply
embedded protostellar sources (Yang et al. 2022; Harsono et al.
2023; van Dishoeck et al. 2023; Beuther et al. 2023; Gieser
et al. 2023). An interesting element to study is sulfur, as the
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total volatile sulfur budget in protostars appears to be depleted
by more than two orders of magnitude with respect to the
diffuse clouds (Ruffle et al. 1999). The sulfur likely resides
in unobservable refractory reservoirs, sulfur allotropes, or FeS
inclusions (Woods et al. 2015; Kama et al. 2019). Even among
the volatile species, the sulfur budget remains poorly constrained
(e.g., Drozdovskaya et al. 2018; Navarro-Almaida et al. 2020;
Kushwahaa et al. 2023). It is therefore important to constrain the
physical conditions in which the volatile sulfur-bearing species
reside in order to understand their chemistry and constrain the
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Fig. 1. Spectrum (top panel) and continuum images at various wavelengths (bottom row) of IRAS 2A. In the top panel, four insets are presented:
around the SO2 ⌫3 asymmetric stretching mode (⇠7.35 µm), SO2 ⌫1 symmetric stretching mode (⇠8.7 µm), SO2 ⌫2 bending mode (⇠19 µm), and
CO2 ⌫2 bending mode (⇠15 µm). In the latter, the emission originates mostly from the outflow (see Fig. B.1). The 12 sub-bands of the MIRI-MRS
spectrum are not stitched and show minor offsets in overlapping wavelengths (see, e.g., the inset on the SO2 ⌫1 symmetric stretching mode). The
bottom row shows, from left to right, the dust continuum around 5.3 µm, 8.1 µm, 12.5 µm, and 19.3 µm; a sqrt stretch has been used to enhance
fainter features without over-saturating bright emission. The open white circle indicates the size of the aperture from which the spectrum was
extracted (i.e, 1.100, 1.500, 2.100, and 3.000 in diameter at 5.3 µm, 8.1 µm, 12.5 µm, and 19.3 µm, respectively), which increases as a function of
wavelength with the increase in the size of the PSF. A scale bar is displayed in the bottom left of each panel, and the size of the PSF is presented
as the filled white circle in the bottom right.

The observations were processed through all three stages of
the JWST calibration pipeline version 1.11.0 (Bushouse et al.
2023) using the reference context jwst_1097.pmap of the
JWST Calibration Reference Data System (CRDS; Greenfield
& Miller 2016). The raw data were first processed through the
Detector1Pipeline using the default settings. Following this,
the Spec2Pipeline was performed, including the correction
for fringes with the fringe flat for extended sources (Mueller
et al., in prep.) and applying the detector level residual fringe
correction (Kavanagh et al., in prep.). Furthermore, the back-
ground was also subtracted at this step using the rate files
of the dedicated background. A bad-pixel routine was applied
to the Spec2Pipeline products outside of the default MIRI-
MRS pipeline using the Vortex Image Processing (VIP) package
(Christiaens et al. 2023). The data were further processed using
the Spec3Pipeline with both the master background and out-
lier rejection routines switched off. The background was already
subtracted in the Spec2Pipeline and the outlier rejection rou-
tine was skipped because it did not significantly improve the
quality of the data. Moreover, the data cubes created with the
Spec3Pipeline were created for each band of each channel
separately.

The main component of the binary, IRAS 2A1 (VLA1; Tobin
et al. 2015), is clearly detected across all wavelengths whereas
the companion protostar, IRAS 2A2 (VLA2), is not detected

(see Fig. 1). The reason for the non-detection could be because
it is about an order of magnitude less massive and less lumi-
nous than IRAS 2A1 (Tobin et al. 2016, 2018), or because it
is more embedded. Therefore, only one spectrum was manu-
ally extracted from the peak of the MIR continuum (RA (J200)
03h28m55.57s, Dec (J2000) 31d14m36.76s) at 5.5 µm (channel
1A; see Fig. 1) and is assumed to only contain emission related
to IRAS 2A1 (hereafter IRAS 2A). The diameter of the aper-
ture was set to 4 ⇥ FWHMPSF, with FWHMPSF the empirically
derived full width at half maximum of the MIRI-MRS point
spread function (FWHMPSF = 0.033(�/µm)+ 0.10600, i.e., 0.3500
at 7.35 µm; Law et al. 2023), in order to capture as much emis-
sion as possible without adding too much noise. An additional
spectrum level residual fringe correction was applied primarily
to remove the high-frequency dichroic fringes in channel 3 and 4
(Kavanagh et al., in prep.). No additional spectral stitching was
applied between the bands.

2.1.2. ALMA data

The ALMA data analyzed in this paper are taken from program
2021.1.01578.S (PI: B. Tabone), which targeted several Class 0
protostars in Perseus in Band 7, covering several transitions of
SO2 and 34SO2. These data were taken in an extended config-
uration (C-6, ✓beam = 0.1200 ⇥ 0.0900) and in a more compact
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Fig. 4. Continuum-subtracted spectrum (blue) overlaid with the best-fit SO2 model (orange). The orange bars in the bottom indicate the wavelength
ranges that were included in the fit, and the black bars show the wavelength ranges over which � is calculated. The P-branch lines around 7.4 µm
appear to be overfitted since the 7.4 µm ice absorption could not be disentangled from the gas-phase emission.

The SO2 emission is mostly located around the continuum peak
of IRAS 2A1. After deconvolution with the size of the PSF (Law
et al. 2023), the extent of SO2 emission is 0.500 ⇥ 0.300 in diam-
eter (i.e., ⇠150 ⇥ 90 au). This very similar to the extent of H2O
emission lines that are likely tracing the inner hot corino (see
Fig. B.1). Some very weak extended SO2 emission (on ⇠500 au
scales) is also present in the direction of the blue-shifted lobe
of the north-south outflow (Tobin et al. 2015; Jørgensen et al.
2022). However, the extended SO2 emission could also be related
to IRAS 2A2, which is located about ⇠0.600 (i.e., ⇠180 au)
from IRAS 2A1 to the southwest (Tobin et al. 2015, 2016, 2018;
Jørgensen et al. 2022).

The SO2 emission is clearly tracing a more compact com-
ponent than the CO2 emission around 15 µm, which peaks
more toward the blue-shifted part of the north-south outflow
than toward the central protostellar component (see Fig. B.1).
Similarly, the lower S -branch lines of H2 (e.g., S(1)) are also
peaking in the blue-shifted outflow, but higher S -branch lines
(e.g., S(7)) originating from higher Eup levels are mostly peaking
on the continuum position (see Fig. B.1). Furthermore, several
ice absorption features, including those of SO2 ice, are detected
toward the bright continuum source and have been analyzed by
Rocha et al. (2024). Any gas emission and absorption features
other than SO2 in this source, including the CO2 emission in the
outflow, will also be presented in future papers.

The best-fit LTE slab model to the ⌫3 band is presented in
Fig. 4 overlaid on the continuum-subtracted spectrum. The fit
slightly overestimates the Q-branch around 7.35 µm but pro-
vides a very reasonable fit to the R-branch around 7.3 µm.
The P-branch lines around 7.4 µm were not included in the
fit because the contribution of the 7.4 µm ice feature, which
decreases the measured fluxes of the P-branch lines, could not
be disentangled from the gas-phase emission of SO2 a priori.
Armed with a good model for the Q- and R-branches, Fig. B.2
clearly shows that the local continuum was estimated too high in
the 7.4 µm region, proving that in fact the 7.4 µm ice absorption
feature is present. The emission of the SO2 P-branch is almost
equally strong as the absorption caused by the ices.

The �2 map is shown in Fig. 5. Based on the �2 map, the best-
fitting excitation temperature can be accurately constrained (with
a 1� error) at Tex = 92 ± 8 K. Any lower excitation temperature

Fig. 5. �2 map of the LTE slab model fit of SO2. The �2 values are
inversely normalized by the minimum �2 and shown in color. The 1,
2, and 3� confidence intervals are presented as the black contours.
The best-fitting emitting radius, R (in au), is represented by the white
contours and is calculated for each grid point by minimizing the �2

assuming a circular emitting area of ⇡R2. The �2 map clearly reveals
that the SO2 emission is optically thin with an excitation temperature of
92 ± 8 K.

results in a too strong and too narrow Q-branch compared to
the R-branch, whereas higher excitation temperatures result in
a too broad Q-branch and also start overshooting the R-branch.
Furthermore, the SO2 emission is optically thin since optically
thick emission would give a lower ratio between the measured
R- and Q-branch fluxes. The column density and emitting area
are therefore completely degenerate with each other (i.e., the ver-
tical profile of the contours in Fig. 5). Optically thick emission
would appear as a more banana-shaped profile in Fig. 5 and allow
both the column density and emitting area to be constrained (see,
e.g., Pontoppidan et al. 2002; Salyk et al. 2011; Grant et al. 2023;
Tabone et al. 2023). Given the degeneracy, no accurate column
density of SO2 can be derived, but the total number of molecules,
N = N⇡R2, can be determined:N = 4.5± 4.0⇥ 1051 molecules.
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2.3. LTE slab model fitting

The molecular emission features in the continuum-subtracted
spectra were fitted with simple slab models assuming LTE. This
is a similar approach to what is applied to other low- and high-
mass sources (Carr & Najita 2008; Salyk et al. 2011; Tabone et al.
2023; Grant et al. 2023; Perotti et al. 2023; Francis et al. 2024). It
is important to note here that the assumption of LTE is likely not
valid for the MIR ro-vibrational transitions of SO2 detected in
IRAS 2A. Nevertheless, LTE models can still constrain physical
quantities such as the rotational temperature within a vibra-
tionally excited state. The implications of the assumption of LTE
will be further discussed in Sect. 4.1.

In the slab models, the emission is assumed to arise from
a slab of gas with an excitation temperature Tex (which in the
case of LTE is approximately equal to the kinetic temperature),
a column density N, and an emitting area equal to ⇡R2. The lat-
ter was parameterized as a circular emitting area with a radius
R, but could in reality originate from any shaped region with
an area equal to ⇡R2. The intrinsic velocity broadening �V was
fixed to 3.5 km s�1 based on ALMA data covering SO2 (see
Sect. 3.2). It is important to note that in case of optically thin
emission, the derived column densities are independent of �V ,
whereas in case of optically thick emission the column density
scales with 1/�V (Tabone et al. 2023). Given that SO2 has many
ro-vibrational lines close to each other in wavelength in the MIR,
it was important to take line overlap into account in order to
derive an accurate column density and excitation temperature.
Moreover, the spectral resolving power of MIRI-MRS around
7.35 µm is about �/�� ⇠ 3500 (Labiano et al. 2021; Jones et al.
2023), corresponding to a velocity resolution of ⇠ 85 km s�1,
which means that the lines are not spectrally resolved and could
be blended with other lines (of, e.g., SO2 itself, H2O) in the MIRI
data.

The spectroscopic information (i.e., line wavelengths, Ein-
stein Aij, upper energy level Eup, degeneracy gup) of the MIR
ro-vibrational transitions of SO2 was taken from the HITRAN
database2 (Gordon et al. 2022) and converted to the Leiden
Atomic and Molecular Database (LAMDA) format (van der Tak
et al. 2020) in order to make it compatible with the slab model
code. The partition function of SO2 was calculated with the
TIPS_2021_PYTHON code provided by the HITRAN database.

The best-fitting N and Tex were computed by creating a
large grid covering 1014�1019 cm�2 in steps of 0.05 in log10
and 50�250 K in steps of 1 K, respectively. Any higher column
densities or temperatures were excluded by visual inspection
of the spectrum. For each grid point, the LTE spectrum of
SO2 was calculated at a spectral resolving power of R = 3500
and the best-fitting emitting area was computed by minimiz-
ing the �2 (see Appendix C of Grant et al. 2023, for more
details). Only selected channels (i.e.,7.23�7.255, 7.258�7.268,
and 7.2755�7.3535 µm) that do not include obvious emission or
absorption features related to other molecules (i.e., H2O) or arti-
facts are taken into account. Specifically, all wavelengths longer
than >7.3535 µm were excluded because of the contribution
of the 7.4 µm ice feature to the flux. Similarly, the noise level
was estimated from line-free channels (7.06�7.13, 7.195�7.225,
7.477.50 µm) to be about 0.59 mJy, and a flux calibration
uncertainty of 5% was assumed (Argyriou et al. 2023). The
LTE models were corrected for an absolute extinction of
AV = 55 mag; using the modified version of the extinction law
of McClure (2009) introduced in Appendix C. The effect of

2 https://hitran.org/

Fig. 3. Integrated intensity map of SO2 observed with MIRI-MRS
in color. The image is integrated over the Q-branch of the ⌫3 band:
[7.34,7.35] µm and shown using a sqrt stretch to enhance fainter emis-
sion. The continuum around 7.35 µm is overlaid in white contours
and peaks on the primary component, IRAS 2A1, extending somewhat
toward the south in the direction of the scattered light. The positions of
IRAS 2A1 and IRAS 2A2 are depicted with the white stars. A white
scale bar is displayed in the bottom left, and the size of the PSF is pre-
sented as the filled white circle in the bottom right. The directions of the
two outflows originating from IRAS 2A1 and IRAS 2A2 are indicated
with the colored arrows (Tobin et al. 2015).

differential extinction caused by the 7.25 µm and 7.4 µm
ice absorption on the molecular emission is assumed to be
negligible. The best-fit parameters (N, Tex, and R) and their
uncertainties were derived from the grid by minimizing the �2.

3. Results

3.1. MIRI-MRS

The full spectrum of IRAS 2A is presented in the top panel
of Fig. 1. In the bottom panels of Fig. 1, the continuum maps
are presented at four increasing wavelengths, each obtained at
a different MIRI-MRS channel. At the shortest wavelengths
(⇠5.3 µm; left panel), the continuum clearly shows scattered
light from the blue-shifted outflow cavity extending toward the
south. This scattered light is visible up to wavelengths of ⇠8 µm
(middle-left panel), but is no longer present at longer wave-
lengths (>8.5 µm; two panels on the right). Only the main com-
ponent of the binary, IRAS 2A1 (VLA1; Tobin et al. 2015), is
detected whereas the companion protostar, IRAS 2A2 (VLA2),
is not detected. The non-detection of IRAS 2A could originate
from it being an order of magnitude less massive and luminous
(Tobin et al. 2016, 2018), or because it is more embedded.

The integrated intensity map over the SO2 ⌫3 Q-branch in the
(continuum-subtracted) MIRI-MRS data is presented in Fig. 3.
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ABSTRACT

Context. Thanks to the Mid-InfraRed Instrument (MIRI) on the James Webb Space Telescope (JWST), our ability to observe the star
formation process in the infrared has greatly improved. Due to its unprecedented spatial and spectral resolution and sensitivity in the
mid-infrared, JWST/MIRI can see through highly extincted protostellar envelopes and probe the warm inner regions. An abundant
molecule in these warm inner regions is SO2, which is a common tracer of both outflow and accretion shocks as well as hot core
chemistry.
Aims. This paper presents the first mid-infrared detection of gaseous SO2 emission in an embedded low-mass protostellar system rich
in complex molecules and aims to determine the physical origin of the SO2 emission.
Methods. JWST/MIRI observations taken with the Medium Resolution Spectrometer (MRS) of the low-mass protostellar binary
NGC 1333 IRAS 2A in the JWST Observations of Young protoStars (JOYS+) program are presented. The observations reveal emission
from the SO2 ⌫3 asymmetric stretching mode at 7.35 µm. Using simple slab models and assuming local thermodynamic equilibrium
(LTE), we derived the rotational temperature and total number of SO2 molecules. We then compared the results to those derived from
high-angular-resolution SO2 data on the same scales (⇠50�100 au) obtained with the Atacama Large Millimeter/submillimeter Array
(ALMA).
Results. The SO2 emission from the ⌫3 band is predominantly located on ⇠50�100 au scales around the mid-infrared continuum peak
of the main component of the binary, IRAS 2A1. A rotational temperature of 92 ± 8 K is derived from the ⌫3 lines. This is in good
agreement with the rotational temperature derived from pure rotational lines in the vibrational ground state (i.e., ⌫ = 0) with ALMA
(104 ± 5 K), which are extended over similar scales. However, the emission of the ⌫3 lines in the MIRI-MRS spectrum is not in LTE
given that the total number of molecules predicted by a LTE model is found to be a factor of 2 ⇥ 104 higher than what is derived for
the ⌫ = 0 state from the ALMA data. This difference can be explained by a vibrational temperature that is ⇠100 K higher than the
derived rotational temperature of the ⌫ = 0 state: Tvib ⇠ 200 K versus Trot = 104 ± 5 K. The brightness temperature derived from the
continuum around the ⌫3 band (⇠7.35 µm) of SO2 is ⇠180 K, which confirms that the ⌫3 = 1 level is not collisionally populated but
rather infrared-pumped by scattered radiation. This is also consistent with the non-detection of the ⌫2 bending mode at 18�20 µm. The
similar rotational temperature derived from the MIRI-MRS and ALMA data implies that they are in fact tracing the same molecular
gas. The inferred abundance of SO2 , determined using the LTE fit to the lines of the vibrational ground state in the ALMA data, is
1.0 ± 0.3 ⇥ 10�8 with respect to H2, which is on the lower side compared to interstellar and cometary ices (10�8�10�7).
Conclusions. Given the rotational temperature, the extent of the emission (⇠100 au in radius), and the narrow line widths in the
ALMA data (⇠3.5 km s�1), the SO2 in IRAS 2A likely originates from ice sublimation in the central hot core around the protostar
rather than from an accretion shock at the disk–envelope boundary. Furthermore, this paper shows the importance of radiative pumping
and of combining JWST observations with those from millimeter interferometers such as ALMA to probe the physics on disk scales
and to infer molecular abundances.

Key words. astrochemistry – stars: formation – stars: low-mass – stars: protostars – ISM: molecules –
ISM: individual objects: NGC 1333 IRAS 2A

1. Introduction

The embedded protostellar phase of star formation is very rich in
terms of chemistry. The James Webb Space Telescope (JWST)
provides unique new opportunities for probing these deeply
embedded protostellar sources (Yang et al. 2022; Harsono et al.
2023; van Dishoeck et al. 2023; Beuther et al. 2023; Gieser
et al. 2023). An interesting element to study is sulfur, as the
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total volatile sulfur budget in protostars appears to be depleted
by more than two orders of magnitude with respect to the
diffuse clouds (Ruffle et al. 1999). The sulfur likely resides
in unobservable refractory reservoirs, sulfur allotropes, or FeS
inclusions (Woods et al. 2015; Kama et al. 2019). Even among
the volatile species, the sulfur budget remains poorly constrained
(e.g., Drozdovskaya et al. 2018; Navarro-Almaida et al. 2020;
Kushwahaa et al. 2023). It is therefore important to constrain the
physical conditions in which the volatile sulfur-bearing species
reside in order to understand their chemistry and constrain the
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Fig. 6. Integrated intensity maps of the SO2 82,6�71,7 (left, Eup = 43 K), SO2 164,12�163,13 (middle, Eup = 164 K), and 34SO2 174,14�173,15 (right,
Eup = 178 K) transitions in color. The images are integrated over [�2,2] km s�1 with respect to the Vlsr of 6.7 km s�1. The white vertical bar in
the colorbar on top of each image indicates the 3� threshold. The 0.875 mm continuum is overlaid as black contours. The main continuum peak is
associated with IRAS 2A1 and the secondary peak toward the south with IRAS 2A2. The directions of the two outflows originating from IRAS 2A1
and IRAS 2A2 are indicated with the colored arrows in the middle panel (Tobin et al. 2015). The size of the beam is shown in the bottom right, and
in the bottom left a scale bar is displayed.

However, the data can only be accurately fitted for a very large
emitting area of &5000 au, which is in strong contrast with the
extent of the emission in Fig. 3 (<150 au).

This is a clear indication that the assumption of LTE is not
valid and thus that derived physical quantities, most notably the
number of molecules, should be analyzed in more detail. Since
the rotational distribution within the ⌫3 band is well-fitted by
a single temperature, this temperature accurately describes the
rotational temperature within this vibrationally excited state, but
it does not necessarily represent the kinetic temperature. On the
other hand, the values derived for the total number of molecules
and the size of the emitting area are not valid, both because of
the conflict with the measured size of the emitting area as well
as the large discrepancy with the values derived for the vibra-
tional ground state in the ALMA data (see Sect. 3.2). This will
be further discussed in Sect. 4.1.

3.2. Comparison to ALMA data

Integrated intensity maps of the SO2 82,6�71,7 (Eup = 43 K), SO2
164,12�163,13 (Eup = 164 K), and 34SO2 174,14�173,15 (Eup =
178 K) pure rotational transitions in their vibrational ground
states (i.e., ⌫ = 0) are presented in Fig. 6. The emission is spa-
tially resolved and is extended in the northwest to southeast
direction, following the direction of the outflow of IRAS 2A1
(e.g., Tobin et al. 2015; Jørgensen et al. 2022). However, most of
the emission is concentrated in the inner ⇠100, similar to what is
seen in the MIRI-MRS data (Fig. 3). After deconvolution with
the beam, the size of the emission originating from the SO2
164,12�163,13 transition is ⇠0.500 ⇥ 0.300 in diameter, correspond-
ing to ⇠150 ⇥ 90 au. The SO2 82,6�71,7 transition has a slightly
larger deconvolved emitting size of ⇠0.600 ⇥0.400 (⇠180⇥120 au)
likely because its lower Eup makes it more sensitive to colder and
more extended material in the envelope and outflow. The size of
the 34SO2 emission is slightly smaller with a deconvolved size
of ⇠0.400 ⇥ 0.200 (⇠120 ⇥ 60 au), but this likely originates from
the lower signal-to-noise of this transition. These emitting areas
are consistent with that of HDO 33,1�42,2 (Eup = 335 K) and

complex organics such as methanol (CH3OH) and methyl for-
mate (CH3OCHO; see Fig. A.3) and with the compact emission
in the MIRI-MRS data (i.e., 0.500 ⇥ 0.300 in diameter; see Fig. 3).

The pure rotational lines of SO2 and 34SO2 detected by
ALMA were fitted using the same LTE slab model fitting pro-
cedure as for the MIRI-MRS data (Sect. 2.3). The submillimeter
line lists of both SO2 and 34SO2 were taken from the Cologne
Database for Molecular Spectroscopy3 (CDMS; Müller et al.
2001, 2005; Endres et al. 2016), where the entry of SO2 was
mostly taken from Müller & Brünken (2005) and the entry of
34SO2 is based on several spectroscopic works (e.g., Lovas 1985;
Belov et al. 1998, for transitions at ALMA Band 7 frequencies).
The ALMA data cover in total five pure rotational (i.e., ⌫ = 0)
transitions of SO2 and also five transitions of the 34SO2 iso-
topologue (see Table A.1). However, several of these transitions
are blended with strong emission of complex organics such as
CH3OCHO and CH3CHO. Fortunately, two transitions of SO2
and one transition of 34SO2 are (relatively) unblended. This is
important to determine the column density and excitation tem-
perature. All lines of SO2 and 34SO2 are spectrally resolved with
a FWHM of 3.5 km s�1, which is similar to the FWHM of the
lines of HDO 33,1�42,2 and the complex organics. No vibrational
correction is necessary for the column densities derived from the
pure rotational lines since the first excited vibrational states are
included in the partition function.

Interestingly, the excitation temperature Tex (i.e., rotational
temperature Trot since it is derived from pure rotational lines)
derived for SO2 from the ALMA data is very similar to that
derived for MIRI: 104 ± 5 K (see Figs. A.1 and A.2). This sug-
gests that ALMA is probing the same gas as that being probed
with MIRI with the temperature reflecting the distribution of
rotational levels within the ⌫ = 0 state. The column density can
be accurately constrained at NSO2,ALMA = 3.4 ± 1.1 ⇥ 1016 cm�2

for an emitting area with a radius of R = 85 au. In contrast to
MIRI, the column density and emitting area can be fairly accu-
rately constrained since the lines are marginally optically thick

3 https://cdms.astro.uni-koeln.de/
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(⌧ ⇠ 0.1). Moreover, the derived column density does not suf-
fer severely from optical depth effects given that the column
density derived from the optically thin 34SO2 isotopologue is
2.7 ± 0.5 ⇥ 1015 cm�2, giving a 32SO2/34SO2 ratio of 13 ± 5,
which is within a factor of 2 of the average 32S/34S derived
for the local ISM (32S/34S = 22; Wilson 1999). However, the
total number of SO2 molecules measured by ALMA is N =
1.6 ± 0.2 ⇥ 1047 molecules, which is ⇠4 orders of magnitude
lower than what is detected by MIRI. This discrepancy cannot
be explained by a difference in dust opacity since such an effect
would only worsen the discrepancy in the detected number of
molecules between ALMA and MIRI. The most logical explana-
tion is the importance of non-LTE effects for the ro-vibrational
transitions detected by MIRI.

4. Discussion

4.1. Importance of non-LTE effects

4.1.1. Absence of the ⌫1 and ⌫2 bands

If the emission originating from the ⌫3 asymmetric stretching
mode were in LTE, both the ⌫1 symmetric stretching mode
(� ⇠ 8.5�9 µm) and ⌫2 bending mode (� ⇠ 18�20 µm) should
also have been detected. However, no SO2 emission is detected
in the ⌫1 and ⌫2 bands (see Fig. 1). The ⌫2 bending mode in par-
ticular has a significantly lower vibrational energy (518 cm�1,
745 K) than the ⌫3 asymmetrical stretching mode (1362 cm�1,
1960 K; Briggs 1970; Person & Zerbi 1982) and is therefore
more easily collisionally excited. The expected SO2 flux in the
18�20 µm region by employing the best-fit LTE models of the
⌫3 band around 7.35 µm (Sect. 3.1) and the vibrational ground
state (i.e., (⌫1, ⌫2, ⌫3) = (0, 0, 0), denoted as ⌫ = 0) in the ALMA
data (Sect. 3.2) are presented in Fig. B.3. Similar to the analy-
sis of the ⌫3 band, both models are corrected for an extinction
of AV = 55 mag (Rocha et al. 2024) using a modified version of
the McClure (2009) extinction law (see Appendix C). No obvi-
ous SO2 emission features are present in the data whereas the
best-fit ⌫3 LTE model clearly predicts that we should have seen
the SO2 at these wavelengths. On the other hand, the LTE model
derived from the pure rotational lines in the ALMA data agrees
with the non-detection of the ⌫2 band, predominantly due to the
larger extinction at MIR wavelengths compared to millimeter
wavelengths (e.g., McClure 2009; Chapman et al. 2009).

One solution for the lack of emission in the ⌫2 band could be
that the line-to-continuum ratio is too low in this region, since
the continuum flux level is on the order of ⇠1 Jy at 18�20 µm
compared to ⇠20 mJy around 7.35 µm. The predicted line emis-
sion peaks at ⇠1 Jy for the strongest peaks of the ⌫3 model,
corresponding to a line-to-continuum ratio of 1. This suggests
that this cannot explain the absence of the ⌫2 band since a line-
to-continuum ratio down to 0.01 should still be detectable on
a strong continuum. Moreover, this would also not explain the
discrepancy between the number of molecules needed in the
LTE slab models to explain the emission in ⌫ = 0 state with
ALMA and the ⌫3 band with MIRI. Scattered continuum radi-
ation is present out to ⇠8 µm but not to longer wavelengths (see
Fig. 1), suggesting that the ⌫3 band could be infrared-pumped
on ⇠100 au scales whereas this does not occur for the ⌫2 band
at 19 µm. The infrared radiation around 19 µm originates from
thermal dust emission that is not extended (see Fig. 1).

Similarly to the ⌫2 bending mode, the ⌫1 symmetrical stretch-
ing mode between 8.5 and 9 µm is overproduced by the best-fit
⌫3 model (see Fig. B.4). The absence of the emission from the

⌫1 band can be simply explained by the large extinction due to
strong silicate absorption feature around these wavelengths

4.1.2. Infrared pumping

The critical densities of ro-vibrational transitions are typically
>1010 cm�3 (e.g., for HCN and CO2; Bruderer et al. 2015;
Bosman et al. 2017, for SO2 no collisional rates are available
for the MIR transitions but they are expected to be similar),
suggesting that LTE conditions are only valid for ro-vibrational
transitions in the inner .1 au. However, SO2 is present in
IRAS 2A on ⇠100 au scales (see Figs. 3 and 6) where the den-
sities are typically 106�108 cm�3 (e.g., Jørgensen et al. 2004,
2022; Kristensen et al. 2012), far below the critical densities of
the MIR transitions, further suggesting that the vibrational level
populations are not collisionally excited. The critical densities
for the ⌫ = 0 transitions probed by ALMA are much lower, on
the order of ⇠106�107 cm�3, meaning that the LTE assumption
is valid for these pure rotational lines.

Despite the fact that the assumption of LTE is not valid for
the MIR transitions, physical information can still be derived.
The rotational temperature derived from the LTE models of the
MIR ⌫3 transitions is well constrained given the accuracy of
the fit to the R- and Q-branches. It is very similar to the rota-
tional temperature derived for the ⌫ = 0 state, for which the
LTE assumption is valid. Combined with the similar extent of
the emission in the MIRI and ALMA images (Figs. 3 and 6,
respectively), this strongly suggests that they are probing SO2
gas on similar scales (i.e., 50�100 au). Because the rotational
levels within the ⌫ = 0 state can be characterized by a single
temperature, the column density of SO2 derived from the ALMA
data is also robust. However, the total number of SO2 molecules
derived from the ⌫3 MIR transitions is found to be >4 orders of
magnitude higher than what is measured for the ⌫ = 0 state. This
suggests that the ⌫3 vibrational state is more highly populated
than just through collisional excitation by itself.

A likely explanation for populating the ⌫3 vibrational level
could be infrared pumping. Vibrational levels can become more
highly populated due to the absorption of infrared photons in
the presence of a strong infrared radiation field, boosting the
line fluxes far above that expected from collisional excitation
alone (e.g., Bruderer et al. 2015; Bosman et al. 2017). Dur-
ing the infrared radiative pumping process, the distribution of
rotational levels within the vibrational states is largely main-
tained since only �J = 0,±1 transitions are allowed. Infrared
pumping thus leads to a more highly populated vibrational level
without significantly changing the rotational distribution (i.e.,
rotational temperature), supporting the similarity in rotational
temperatures measured in the ⌫3 = 1 and ⌫ = 0 states.

The importance of infrared pumping can be further quan-
tified by comparing the results of the LTE models to the ⌫3
band and the ⌫ = 0 state. Assuming the ⌫3 = 1 vibrational
level is radiatively pumped from the ⌫ = 0 state, the vibrational
level population is set following the Boltzmann distribution by
a vibrational temperature Tvib that is different from the rota-
tional temperature, Tvib , Trot. The difference between the total
number of molecules predicted in LTE models of the MIRI and
ALMA data can then be approximated as

NSO2,MIRI

NSO2,ALMA
/ e

�h⌫/(kBTvib)

e�h⌫/(kBTrot)
, (1)

where NALMA and NMIRI are the total number of molecules
needed in the LTE models of the ALMA and MIRI data, respec-
tively, Trot the derived rotational temperature in the ⌫ = 0 state
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ABSTRACT

Strong accretion outbursts onto protostars are associated with emission dominated by a
viscously heated disk, which is characterized by high luminosities. We report the discovery
and characterization of a strong mid-IR (3.4, 4.6 `m) outburst in the embedded protostar SST-
gbs J21470601+4739394 (hereafter SSTgbsJ214706). SSTgbsJ214706 has steadily brightened
in the mid-infrared by ⇠ 2 magnitudes over the past decade, as observed by NEOWISE.
Follow-up investigations with the Gemini near-IR spectrograph reveal that SSTgbsJ214706 is
a binary system with a spatially extended outflow. The outburst is occurring on the more em-
bedded southeast (SE) component, which dominates the mid- and far-infrared emission from
the source. The outbursting component exhibits a spectrum consistent with an FU Ori-type
outburst, including the presence of enhanced absorption observed in the molecular bands of
CO. The luminosity of the SE component is estimated to be ⇠ 0.23 L� before the outburst and
⇠ 0.95 L� during the outburst, which is 1 to 2 orders of magnitude fainter than bonafide FU
Ori outbursts. We interpret this eruption as an FU Ori-type outburst, although the possibility of
brightening following an extinction episode cannot be ruled out. We discuss the implications
and potential explanations for such a low-luminosity eruption.

Key words: stars: formation – stars: protostars – stars: variables

1 INTRODUCTION

The main phase of stellar growth in young stellar objects (YSOs) is
expected to occur when the star is deeply embedded in its natal enve-
lope (e.g. Lada 1987; Evans et al. 2009; Fischer et al. 2019). During
this phase, the rate of accretion is expected to be the dominant con-
tribution to the luminosity of the YSO. The accretion luminosity
itself is highly variable at early epochs, as disk instabilities play a
key role in stellar mass assembly (see review by Fischer et al. 2022).

Models of stellar growth and pre-main sequence contraction
predict that stars should occupy a range of luminosities, however

¢ E-mail: mizna@students.iisertirupati.ac.in
† E-mail:jessyvjose1@gmail.com

some protostars are underluminous when compared to these ex-
pectations. Such low luminosity objects, characterized by internal
luminosities Lint . 0.2 L� , represent an extreme case in the ob-
served protostellar luminosity spread. Even without any accretion
(an assumption that when time-averaged is not realistic), a proto-
stellar photospheric luminosity of 0.2 L� corresponds to an upper
mass limit of 0.17 M� at 0.5 Myr in the Baraffe et al. (2015) mod-
els, hence many low-luminosity objects may either be proto-brown
dwarfs (Lee et al. 2013; Hsieh et al. 2016; Kim et al. 2019) or
sub-solar mass protostars that have yet to accrete most of their mass
(see, e.g., models by Fischer et al. 2017).

A plausible explanation for a lack of accretion luminosity is
that accretion is highly episodic. Modeling of chemical abundances
in protostellar envelopes as well as the luminosity functions of

© 2023 The Authors
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硜׼־յ硜0.23㜀꣊⩞䈱ע⮆䡗ס׆նגז־
0.95㜀꣊⩞䈱ס׫魞䈱㘃ⱶַֹכյFU Ori㑔
⛥ס׆ն׾ַי׊攐䐶؅炐סعت٭فعؗؓ
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Astrochemistry has been widely developed as a power tool to probe the physical properties of the interstellar medium (ISM) 
in various conditions of the Milky Way (MW) Galaxy, and in near and distant galaxies. Most current studies conventionally 
apply linear scaling to all elemental abundances based on the gas-phase metallicity. Ho we ver, these elements, including carbon 
and oxygen, are enriched differentially by stellar nucleosynthesis and the o v erall galactic chemical e volution, e vident from 
α-enhancement in multiple galactic observations such as starb ursts, high-redshift star -forming galaxies, and low-metallicity 
dwarfs. We perform astrochemical modelling to simulate the impact of an α-enhanced ISM gas cloud on the abundances of 
the three phases of carbon (C + , C, CO) dubbed as ‘the carbon cycle’. The ISM environmental parameters considered include 
two cosmic-ray ionization rates ( ζ CR = 10 −17 and 10 −15 s −1 ), two isotropic FUV radiation field strengths ( χ / χ0 = 1 and 10 2 ), 
and (sub-)linear dust-to-gas relations against metallicity, mimicking the ISM conditions of different galaxy types. In galaxies 
with [C/O] < 0, CO, C, and C + , all decrease in both abundances and emission, though with differential biases. The low- J CO 
emission is found to be the most stable tracer for the molecular g as, while C and C + trace H 2 g as only under limited conditions, 
in line with recent disco v eries of [C I ]-dark galaxies. We call for caution when using [C II ] 158 µm and [C I ](1–0) as alternative 
H 2 -gas tracers for both diffuse and dense gas with non-zero [C/O] ratios. 
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1  I N T RO D U C T I O N  
To study the evolution of the multiphase interstellar medium (ISM) 
and the star-formation process in galaxies through cosmic time, 
it is required to understand the astrochemistry that occurs under 
the different environmental conditions. These conditions act as an 
energy source that powers the ISM, which in turn compensates with 
a number of cooling functions, leading to its thermal balance. Various 
computational works model these processes, either in static but 
chemically evolved clouds (e.g. Le Petit et al. 2006 ; R ̈ollig et al. 2007 ; 
Bisbas et al. 2012 ; Ferland et al. 2017 ; R ̈ollig & Ossenkopf-Okada 
2022 ) or by evolving them together with (magneto-)hydrodynamics 
(e.g. Glo v er et al. 2010 ; Walch et al. 2015 ; Girichidis et al. 2016 ; 
Richings & Schaye 2016 ; Gong, Ostriker & Wolfire 2017 ; Bate 2019 ; 
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Seifried et al. 2020 ; Hu, Sternberg & van Dishoeck 2021 ). These 
help to understand the physical properties and the line emission of 
the ISM both in Galactic local clouds and distant galaxies, especially 
nowadays since the JWST in combination with the Atacama Large 
Millimeter/sub-millimeter Array (ALMA) offer an unprecedented 
view of our Universe. 

Metallicity is one of the most important environmental parameters 
of the ISM, as it plays a significant role in controlling its chemistry 
(see Maiolino & Mannucci 2019 , for a re vie w). Metals are the key 
coolants in the cold phase ( T kin < 10 4 K) of the ISM, such as the 
[C II ] 158 µm and [O I ] 63 µm fine-structure lines, molecular lines 
such as the CO ladder, and dust emission (Tielens 2005 ; Draine 
2011 ; Goldsmith et al. 2012 ). Denoted as Z , metallicity refers to the 
mass fraction of elements heavier than hydrogen ( X ) and helium ( Y ) 
present in a medium, so that X + Y + Z = 1. The galactic metallicity is 
often presented by the abundance measurement of a single element; 
either by Oxygen ([O/H], frequently observed for gas), or by Iron 
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Abstract

Over the past decade, advancement of observational capabilities, specif-
ically the Atacama Large Millimeter/submillimeter Array (ALMA) and
SPHERE instrument, alongside theoretical innovations like pebble ac-
cretion, have reshaped our understanding of planet formation and the
physics of protoplanetary disks. Despite this progress, mysteries persist
along the winded path of micrometer-sized dust, from the interstellar
medium, through transport and growth in the protoplanetary disk, to
becoming gravitationally bound bodies. This review outlines our cur-
rent knowledge of dust evolution in circumstellar disks, yielding the
following insights:

• Theoretical and laboratory studies have accurately predicted the
growth of dust particles to sizes that are susceptible to accumu-
lation through transport processes like radial drift and settling.

• Critical uncertainties in that process remain the level of tur-
bulence, the threshold collision velocities at which dust growth
stalls, and the evolution of dust porosity.

• Symmetric and asymmetric substructure are widespread. Dust
traps appear to be solving several long-standing issues in planet
formation models, and they are observationally consistent with
being sites of active planetesimal formation.

• In some instances, planets have been identified as the causes be-
hind substructures. This underlines the need to study earlier
stages of disks to understand how planets can form so rapidly.

In the future, better probes of the physical conditions in optically thick
regions, including densities, turbulence strength, kinematics, and par-
ticle properties will be essential for unraveling the physical processes at
play.
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鈝峮כ杼鑜氳䣆嫎ס鶟塥׽׻מյ䘄佔䎬䡗כ
⸉㡎䘄佔硌⫃泅ס擻杼מ꞊׾׌杼鉮ע岐זױ
יַחמ鶟⴫ס㗂ס⫁յ⫃泅׊־׊ն׾ַי
ي峮յ▞孱ٝ◀ס䡗Ꝏסعتر铙ֿ㛡ַնע
ס狜ꣽ曍סعترյ轿狯鵭䈱յ׈־澬┘סٜ
鶟⴫ם╚סאֿלם⸉㍔׾ֵךնعסعتر
׿׊׵־׾׌鶟➢䎬䡗؅ס⛮䘄佔㵸עوشٚ
颯׀鼧啶鵰؅䌕┖סյ䘄佔舅⛮ֿ⫃泅׊ַם
յ⩞㰢氳עך溿狒סն☪䏲׾ֵ׵耆䓪⺎׌׆
מכ׆׾؅䫒♭擻杼氳兢׾ֽׄמꯛ㓊ַ⸁מ
扥憠؅䎎יյסא㓹灄׾םכ鷨爊؅鉮伺׾׌
䑒釐ֵֿ׾ն
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ABSTRACT

Simulations from the scales of isolated galaxies to clouds have been instrumental in informing

us about molecular cloud formation and evolution. Simulations are able to investigate the roles

of gravity, feedback, turbulence, heating and cooling, and magnetic fields on the physics of the

interstellar medium, and star formation. Compared to simulations of individual clouds, galactic

and sub-galactic scale simulations can include larger galactic scale processes such as spiral

arms, bars, and larger supernovae bubbles, which may influence star formation. Simulations

show cloud properties and lifetimes in broad agreement with observations. Gravity and spiral

arms are required to produce more massive GMCs, whilst stellar feedback, likely photoionisation,

leads to relatively short cloud lifetimes. On larger scales, supernovae may be more dominant

in driving the structure and dynamics, but photoionisation may still have a role. In terms of

the dynamics, feedback is probably the main driver of velocity dispersions, but large scale

processes such as gravity and spiral arms may also be significant. Magnetic fields are generally

found to decrease star formation on galaxy or cloud scales, and simulations are ongoing to study

whether clouds are sub or supercritical on different scales in galaxy scale simulations. Simulations

on subgalactic scales, or zoom in simulations, allow better resolution of feedback processes,

filamentary structure within clouds, and the study of stellar clusters.
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1 INTRODUCTION

Simulations on the scales of isolated galaxies and on kiloparsec scales have allowed us to resolve the
multiphase interstellar medium (ISM), molecular clouds, and larger scale feedback processes such as
supernovae whilst also including larger scale galactic structure such as spiral arms, bars or galaxy centres.
Here we present a review of the simulations in this field, what they have told us about molecular cloud
formation and evolution, star formation, and the role of galactic structure. We start in the introduction with
a more historical review of simulations on these scales up to around 2010. The following sections have
a stronger focus on work from the last 15 years. Apart from the oldest (i.e. pre 1990) work mentioned,
almost all the simulation work cited uses grid or Adaptive Mesh Refinement (AMR), Smoothed Particle
Hydrodynamics (SPH), or moving mesh codes. The final section presents conclusions and suggestions for
future progress. Moving forward, current progress may involve studying stellar clusters on these scales,
and simulating the process of cluster dissolution from its natal gas, and perhaps on larger scales modelling
galaxies in a more extragalactic context.
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㰜玮ꉏ媞׼־⮆㯸ꦲ٭ِٖٝبסךױ
▞յؠشفغ٭ؔنյꄆⱱյע٤٘ب
孱յ澷㕙ס䏔Ⱏ؅鉮伺׼ֿם׊յ׿א
ն׾׿ׂיֻ䷷יַחמ鶟⴫כ䎬䡗ס׼
ꉏ媞硌釨嘗עך٤٘ب٭ِٖٝبסյ
峤敯肵׷飃二佔جٞوםֹ׻סٜهف
׊מ־׼䏅ꮶ؅伺׾ֻ┙מ佔䎬䡗ֿت
鵭䈱⮆丆؅ֿؠشفغ٭ؔنն׾ַי
䌕׀颯׌׆┉亠ךյꄆⱱכ峤敯肵׵ꄆ
釐ם䏔Ⱏ؅冽׾ַי׊גն澷㕙ע佔䎬
䡗؅䤰⯆׾ֵֿ⺸⥝׾׌նهئꉏ媞ب
鷨ؠشفغ٭ؔنյע٤٘ب٭ِٖٝ
爊յꦲס啶鵰յ䔩佔؅٭ذتٚؠ溿狒
ն׾׌❠냕ַ鉮⥼䈱؅䬠׽׻յך┕׾׌
杯㏇鶟车╈ס溿狒עךյꉏ媞硌釨嘗ס
舂槡䓪סꦲ׾ֽׄמ٤٘ب٭ِٖٝب
؅伺؅כ׆׾׌מ־׼泘䧗׾ַי׊ն
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ABSTRACT

When a detailed model of a stellar population is unavailable, it is most common to assume that stellar
masses are independently and identically distributed according to some distribution: the universal
initial mass function (IMF). However, stellar masses resulting from causal, long-ranged physics cannot
be truly random and independent, and the IMF may vary with environment. To compare stochastic
sampling with a physical model, we run a suite of 100 STARFORGE radiation magnetohydrodynamics
simulations of low-mass star cluster formation in 2000M� clouds that form ⇠ 200 stars each on
average. The stacked IMF from the simulated clouds has a sharp truncation at ⇠ 28M�, well below
the typically-assumed maximum stellar mass Mup ⇠ 100 � 150M� and the total cluster mass. The
sequence of star formation is not totally random: massive stars tend to start accreting sooner and
finish later than the average star. However, final cluster properties such as maximum stellar mass
and total luminosity have a similar amount of cloud-to-cloud scatter to random sampling. Therefore
stochastic sampling does not generally model the stellar demographics of a star cluster as it is forming,
but may describe the end result fairly well, if the correct IMF – and its environment-dependent upper
cuto↵ – are known.
Subject headings: stars: mass function – galaxies: star clusters: general – stars: formation

1. INTRODUCTION

Astrophysicists aim to interpret light from galaxies and
star clusters in terms of their stellar populations and the
physical processes that a↵ect them. More often than not,
detailed knowledge of the individual stars is not available,
so inferences about the system rely on a model of their
stellar demographics. The cornerstone of such models is
the stellar initial mass function (IMF): the distribution of
stellar birth masses (Salpeter 1955; Hopkins 2018). The
standard approach to modeling a galaxy or star clus-
ter is to sample stellar masses from the IMF and evolve
the stars forward in time according to a stellar evolu-
tion model (e.g. Leitherer et al. 1999; Bruzual & Charlot
2003).
A common model assumption is that stellar masses are

sampled independently and identically from an invariant
IMF (“stochastic sampling”), i.e., the probability of a
star forming with mass m1 does not depend on the mass
of another star m2, nor the macroscopic properties of
the system the star is forming in. Or, in other words,
10 little star clusters are statistically identical to one big
one. This is the simplest approach and is motivated by
the observed lack of strong, systematic variations in the
IMF in normal star-forming environments (Bastian et al.
2010; O↵ner et al. 2014).
Stochastic sampling should not necessarily be inter-

preted physically: the initial gas flows in molecular
clouds that produce individual stars cannot be truly ran-
dom and independent of each other. The formation of
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one star can a↵ect another via gravity and feedback in
the form of protostellar outflows, winds, radiation, super-
novae, and cosmic rays. So stochastic sampling cannot
be the ground-truth star formation process, and if star
clusters deviate from it significantly then so will any re-
sulting inferences from the integrated light of galaxies
(Weidner & Kroupa 2006; Kroupa et al. 2013; Kroupa &
Jerabkova 2021).
Of course, all models are wrong at some level, but

some are useful. Stochastic sampling from an invari-
ant IMF has enjoyed wide application due to its sim-
plicity and the lack of an alternative model with com-
pelling physical motivation. It has been used to char-
acterize star clusters and their demographics from pho-
tometry (Fumagalli et al. 2011; da Silva et al. 2012),
where it gives a marginally-better fit to the data than
IMF-averaged photometric models without stochasticity
(Krumholz et al. 2015) and can enable inferences about
the highly-incomplete low-mass cluster population, if ac-
curate (Tang et al. 2023). Stochastic sampling has also
seen increasing use in high-resolution galaxy and molec-
ular cloud simulations (Fujii & Portegies Zwart 2015; Hu
et al. 2017; Su et al. 2018; Lahén et al. 2020; Smith 2021;
Liow et al. 2022). On molecular cloud (. 100pc) scales,
the granularity of feedback and gravity from individual
stars is quite important; the specific timing, sampling,
and distribution of massive star formation has a large
e↵ect on subsequent star formation (Grudić & Hopkins
2019; Dinnbier & Walch 2020; Lewis et al. 2023). How-
ever, lacking a detailed physical picture of star cluster
formation, it has been di�cult to assess the fidelity of
stochastic sampling fully.
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ABSTRACT

When a detailed model of a stellar population is unavailable, it is most common to assume that stellar
masses are independently and identically distributed according to some distribution: the universal
initial mass function (IMF). However, stellar masses resulting from causal, long-ranged physics cannot
be truly random and independent, and the IMF may vary with environment. To compare stochastic
sampling with a physical model, we run a suite of 100 STARFORGE radiation magnetohydrodynamics
simulations of low-mass star cluster formation in 2000M� clouds that form ⇠ 200 stars each on
average. The stacked IMF from the simulated clouds has a sharp truncation at ⇠ 28M�, well below
the typically-assumed maximum stellar mass Mup ⇠ 100 � 150M� and the total cluster mass. The
sequence of star formation is not totally random: massive stars tend to start accreting sooner and
finish later than the average star. However, final cluster properties such as maximum stellar mass
and total luminosity have a similar amount of cloud-to-cloud scatter to random sampling. Therefore
stochastic sampling does not generally model the stellar demographics of a star cluster as it is forming,
but may describe the end result fairly well, if the correct IMF – and its environment-dependent upper
cuto↵ – are known.
Subject headings: stars: mass function – galaxies: star clusters: general – stars: formation

1. INTRODUCTION

Astrophysicists aim to interpret light from galaxies and
star clusters in terms of their stellar populations and the
physical processes that a↵ect them. More often than not,
detailed knowledge of the individual stars is not available,
so inferences about the system rely on a model of their
stellar demographics. The cornerstone of such models is
the stellar initial mass function (IMF): the distribution of
stellar birth masses (Salpeter 1955; Hopkins 2018). The
standard approach to modeling a galaxy or star clus-
ter is to sample stellar masses from the IMF and evolve
the stars forward in time according to a stellar evolu-
tion model (e.g. Leitherer et al. 1999; Bruzual & Charlot
2003).
A common model assumption is that stellar masses are

sampled independently and identically from an invariant
IMF (“stochastic sampling”), i.e., the probability of a
star forming with mass m1 does not depend on the mass
of another star m2, nor the macroscopic properties of
the system the star is forming in. Or, in other words,
10 little star clusters are statistically identical to one big
one. This is the simplest approach and is motivated by
the observed lack of strong, systematic variations in the
IMF in normal star-forming environments (Bastian et al.
2010; O↵ner et al. 2014).
Stochastic sampling should not necessarily be inter-

preted physically: the initial gas flows in molecular
clouds that produce individual stars cannot be truly ran-
dom and independent of each other. The formation of
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be the ground-truth star formation process, and if star
clusters deviate from it significantly then so will any re-
sulting inferences from the integrated light of galaxies
(Weidner & Kroupa 2006; Kroupa et al. 2013; Kroupa &
Jerabkova 2021).
Of course, all models are wrong at some level, but

some are useful. Stochastic sampling from an invari-
ant IMF has enjoyed wide application due to its sim-
plicity and the lack of an alternative model with com-
pelling physical motivation. It has been used to char-
acterize star clusters and their demographics from pho-
tometry (Fumagalli et al. 2011; da Silva et al. 2012),
where it gives a marginally-better fit to the data than
IMF-averaged photometric models without stochasticity
(Krumholz et al. 2015) and can enable inferences about
the highly-incomplete low-mass cluster population, if ac-
curate (Tang et al. 2023). Stochastic sampling has also
seen increasing use in high-resolution galaxy and molec-
ular cloud simulations (Fujii & Portegies Zwart 2015; Hu
et al. 2017; Su et al. 2018; Lahén et al. 2020; Smith 2021;
Liow et al. 2022). On molecular cloud (. 100pc) scales,
the granularity of feedback and gravity from individual
stars is quite important; the specific timing, sampling,
and distribution of massive star formation has a large
e↵ect on subsequent star formation (Grudić & Hopkins
2019; Dinnbier & Walch 2020; Lewis et al. 2023). How-
ever, lacking a detailed physical picture of star cluster
formation, it has been di�cult to assess the fidelity of
stochastic sampling fully.
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鎋碷ם䔩佔꥗㍚ַٓםֿٜظ㕙⾒յ䔩佔韬
ꄈ⮆䄭ס♞㲊עמ俊鷤氳ם⮣僿韬ꄈ꞊丗
(IMF)ֿ┉芗氳מ榫ַֿ׾׿׼յ梪㗞מ
و٤ئն澬曍氳׾耆䓪ֵֿ⺎׾ם樟יז׻
⛥յמ״ג׾׌؅奂鬳ٜظ擻杼ٓכء٤ٛ
韬ꄈ佔㍚䎬䡗100ס㍑סSTARFORGEب
磵冽յIMFסאնגז٤؅车٘ب٭ِٖٝ
׻僃㛻䔩佔韬ꄈ׾ַי׿׈䘶㲊מ芗氳┉ע
׽⮉םو٭ٔبךյ硜28㜀꣊韬ꄈַ⛥׵׽
䩰؅י炐ג׊ն佔䎬䡗ע㱭⪒ךّر٤ٚמ
ّر٤ٚע䓪韬ס佔㍚םյ僃磙氳ַֿםע
丆ס׫ꦲ׼־ꦲםֹ׻׋⺱כء٤ٛو٤ئ
و٤ئյ澬曍氳יזֿג׊ն׌؅炐׽ף׼
⹾Ⳃ䛜؅塜澬☔ס佔㍚׾׌յ鶟⴫עء٤ٛ
ם׿׊׵־ַם׀ךעכ׆׾׌⴫ٜظٓמ
ַֿյ塜ַ׊IMFס湳閁ֵֿף׿յ僃磙氳
ն׾׀ךֿכ׆׌辐ׂ׻磵冽؅ם
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Abstract

We report JWST NIRCam observations of G0.253+0.016, the molecular cloud in the Central Molecular Zone
known as “The Brick,” with the F182M, F187N, F212N, F410M, F405N, and F466N filters. We catalog 56,146
stars detected in all six filters using the crowdsource package. Stars within and behind The Brick exhibit
prodigious absorption in the F466N filter that is produced by a combination of CO ice and gas. In support of this
conclusion, and as a general resource, we present models of CO gas and ice and CO2 ice in the F466N, F470N, and
F410M filters. Both CO gas and ice contribute to the observed stellar colors. We show, however, that CO gas does
not absorb the Pfβ and Huò lines in F466N, but that these lines show excess absorption, indicating that CO ice is
present and contributes to observed F466N absorption. The most strongly absorbed stars in F466N are extincted by
∼2 mag, corresponding to >80% flux loss. This high observed absorption requires very high column densities of
CO, and thus a total CO column that is in tension with standard CO abundance and/or gas-to-dust ratios. This
result suggests the CO/H2 ratio and dust-to-gas ratio are greater in the Galactic Center than in the Galactic disk. Ice
and/or gas absorption is observed even in the cloud outskirts, implying that additional caution is needed when
interpreting stellar photometry in filters that overlap with ice bands throughout galactic centers.

Unified Astronomy Thesaurus concepts: Infrared dark clouds (787); Ice composition (2272)

1. Introduction

G0.253+0.016, also known as “The Brick,” is among the
best-studied infrared dark clouds in the Galaxy (Lis et al. 1991;
Lis & Carlstrom 1994; Lis et al. 1994, 2001; Lis &
Menten 1998; Longmore et al. 2012; Clark et al. 2013;
Kauffmann et al. 2013; Rodríguez & Zapata 2013; Rathborne
et al. 2014a, 2014b, 2015; Bally et al. 2014; Johnston et al.
2014; Pillai et al. 2015; Federrath et al. 2016; Marsh et al.
2016; Walker et al. 2016; Henshaw et al. 2019, 2022; Petkova
et al. 2023). It is well known for being dense and turbulent
(Clark et al. 2013; Rathborne et al. 2015; Federrath et al. 2016;
Mills et al. 2018; Henshaw et al. 2019, 2020) while exhibiting
few signs of star formation, much less than is typical for such a
massive cloud (Longmore et al. 2012; Rodríguez &
Zapata 2013; Mills et al. 2015; Walker et al. 2016, 2021).
Several explanations have been offered for its relatively poor
star formation: that it is young (Kruijssen et al. 2015; Henshaw
et al. 2016), that it is highly turbulent (Federrath et al. 2016),
that it is supported by magnetic fields (Pillai et al. 2015), and
that it is many clouds along the line of sight (Henshaw et al.
2019, 2022). Each of these explanations is likely to play some
role in the cloud’s state and evolution.

Gas in the Galactic Center is notably different from gas seen
elsewhere in our Galaxy. It is richer in complex molecules
(Jones et al. 2012) and warmer (Ao et al. 2013; Ginsburg et al.
2016; Krieger et al. 2017). Despite high gas temperatures, the
dust in the Central Molecular Zone (CMZ) is not terribly warm
(Tang et al. 2021), so ice can accumulate on dust grains. Ice has
long been seen in mid-infrared spectra of sources in the Galactic
Center (Lutz et al. 1996; Chiar et al. 2000; Moneti et al. 2001),
as has CO gas. Toward Sgr A*, ice comprises a minority
(<10%) of the CO, which is dominated instead by gas, as
expected given the high gas temperatures and extreme velocity
dispersion of gas in the inner parsec (Moneti et al. 2001;
Moultaka et al. 2009). Beyond the inner parsec, though, the ice
properties of the Galactic Center are little explored. A handful of
Infrared Space Observatory spectra were taken toward various
positions, revealing both CO2 and CO ice features, but little has
been written about them. An et al. (2011) and Jang et al. (2022)
used spectra from the Spitzer IRS to show that CO2 ice is
common toward massive young stellar objects in the Galactic
Center, and that CO2 is present in both gas and ice phases.
More generally, ice is observed throughout the molecular

interstellar medium (Boogert et al. 2015). However, ice is
much more poorly studied than gas in the interstellar medium
because observable ice features occur only in the infrared,
either in narrow bands that are difficult to observe from the
ground (e.g., Günay et al. 2020, 2022) or in bands that are only
observable from space. The majority of published ice studies
use spectroscopy, not photometry, in large part because the
effects of ice on broadband filters (e.g., Spitzer’s IRAC) are
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We report JWST NIRCam observations of G0.253+0.016, the molecular cloud in the Central Molecular Zone
known as “The Brick,” with the F182M, F187N, F212N, F410M, F405N, and F466N filters. We catalog 56,146
stars detected in all six filters using the crowdsource package. Stars within and behind The Brick exhibit
prodigious absorption in the F466N filter that is produced by a combination of CO ice and gas. In support of this
conclusion, and as a general resource, we present models of CO gas and ice and CO2 ice in the F466N, F470N, and
F410M filters. Both CO gas and ice contribute to the observed stellar colors. We show, however, that CO gas does
not absorb the Pfβ and Huò lines in F466N, but that these lines show excess absorption, indicating that CO ice is
present and contributes to observed F466N absorption. The most strongly absorbed stars in F466N are extincted by
∼2 mag, corresponding to >80% flux loss. This high observed absorption requires very high column densities of
CO, and thus a total CO column that is in tension with standard CO abundance and/or gas-to-dust ratios. This
result suggests the CO/H2 ratio and dust-to-gas ratio are greater in the Galactic Center than in the Galactic disk. Ice
and/or gas absorption is observed even in the cloud outskirts, implying that additional caution is needed when
interpreting stellar photometry in filters that overlap with ice bands throughout galactic centers.
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1. Introduction

G0.253+0.016, also known as “The Brick,” is among the
best-studied infrared dark clouds in the Galaxy (Lis et al. 1991;
Lis & Carlstrom 1994; Lis et al. 1994, 2001; Lis &
Menten 1998; Longmore et al. 2012; Clark et al. 2013;
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2016; Walker et al. 2016; Henshaw et al. 2019, 2022; Petkova
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(Clark et al. 2013; Rathborne et al. 2015; Federrath et al. 2016;
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few signs of star formation, much less than is typical for such a
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that it is supported by magnetic fields (Pillai et al. 2015), and
that it is many clouds along the line of sight (Henshaw et al.
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(Tang et al. 2021), so ice can accumulate on dust grains. Ice has
long been seen in mid-infrared spectra of sources in the Galactic
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as has CO gas. Toward Sgr A*, ice comprises a minority
(<10%) of the CO, which is dominated instead by gas, as
expected given the high gas temperatures and extreme velocity
dispersion of gas in the inner parsec (Moneti et al. 2001;
Moultaka et al. 2009). Beyond the inner parsec, though, the ice
properties of the Galactic Center are little explored. A handful of
Infrared Space Observatory spectra were taken toward various
positions, revealing both CO2 and CO ice features, but little has
been written about them. An et al. (2011) and Jang et al. (2022)
used spectra from the Spitzer IRS to show that CO2 ice is
common toward massive young stellar objects in the Galactic
Center, and that CO2 is present in both gas and ice phases.
More generally, ice is observed throughout the molecular
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because observable ice features occur only in the infrared,
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observable from space. The majority of published ice studies
use spectroscopy, not photometry, in large part because the
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ABSTRACT

Context. The e↵ect of accretion bursts on massive young stellar objects (MYSOs) represents a new research field in the study of
young stars and their environment. The impact of such bursts on the disc and envelope has been observed and plays the role of a
"smoking gun" providing information about the properties of the burst itself.
Aims. We aim to investigate the impact of an accretion burst on massive disks with di↵erent types of envelopes and to study the e↵ects
of an accretion burst on the temperature structure and the chemistry of the disk. We focus on water and methanol as chemical species
for this paper.
Methods. The thermochemical code of PRODIMO (PROtoplanetary DIsk MOdel) is used to perform simulation of high mass proto-
planetary disk models with di↵erent types of envelopes under the presence of an accretion burst. The models in question represent
di↵erent evolutionary stages of protostellar objects. We calculate and show the chemical abundances in three phases of the simulation
(pre-burst, burst, and post-burst).
Results. More heavily embedded disks show higher temperatures. The impact of the accretion burst is mainly characterized by the
desorption of chemical species present in the disk and envelope from the dust grains to the gas phase. When the post-burst phase starts,
the sublimated species freeze out again. The degree of sublimation depends strongly on the type of envelope the disk is embedded in.
An accretion burst in more massive envelopes produces stronger desorption of the chemical species. However, our models show that
the timescale for the chemistry to reach the pre-burst state is independent of the type of envelope.
Conclusions. The study shows that the disk’s temperature increases with a more massive envelope enclosing it. Thus, the chemistry
of MYSOs in earlier stages of their evolution reacts stronger to an accretion burst than at later stages where the envelope has lost most
of its mass or has been dissipated. The study of the impact of accretion bursts could also provide helpful theoretical context to the
observation of methanol masers in massive disks.

Key words. stars:protostars-stars: high mass protoplanetary disks-methods: numerical

1. Introduction

Accretion is a fundamental process in star formation and disk
evolution. It provides the growing protostar with mass and angu-
lar momentum. On the other hand, accretion feeds the gravita-
tional energy of accreted matter back to the disk and circum-
stellar environment via accretion luminosity. Although it was
thought to be a smooth and continuous process, it is now estab-
lished that unsteady and episodic accretion is an intrinsic part of
forming young stars (Hartmann & Kenyon 1996; Audard et al.
2014; Connelley & Reipurth 2018; Fischer et al. 2022).

The study of this phenomenon has mainly focused on low-
mass stars for historical reasons since low-mass classical TTauri
stars (or pre-main sequence stars) are or become optically visible
while still accreting and are therefore easy to detect. One exam-
ple of a study where the water snowline of a low-mass star has
been observed in the context of an accretion burst is the work of

Cieza et al. (2016). Another example is the work of Tobin et al.
(2023). Here they report the direct detection of gas-phase water
from the disk of V883 Ori and measure the water snowline ra-
dius at the midplane. Other works that have studied the e↵ect of
accretion bursts on the chemistry of low-mass objects are Taquet
et al. (2016) and Molyarova et al. (2018). In the first one, the
processes of gas-phase formation and recondensation of some
complex organic molecules due to sudden evaporation processes
during luminosity outbursts are studied. In the latter, they iden-
tify gas-phase tracers of the burst activity that could be observed
with telescopes like ALMA and NOEMA.

In contrast, high-mass stars (stars that have M⇤ > 8⇥M�) are
considered to evolve much faster and to be still deeply embedded
in their envelope when reaching the main sequence. Their rapid
formation and therefore scarcity, made it di�cult to know if
high-mass stars also experience episodic accretion events exhib-
ited in their formation. However, recent studies have approached
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ABSTRACT

Context. The e↵ect of accretion bursts on massive young stellar objects (MYSOs) represents a new research field in the study of
young stars and their environment. The impact of such bursts on the disc and envelope has been observed and plays the role of a
"smoking gun" providing information about the properties of the burst itself.
Aims. We aim to investigate the impact of an accretion burst on massive disks with di↵erent types of envelopes and to study the e↵ects
of an accretion burst on the temperature structure and the chemistry of the disk. We focus on water and methanol as chemical species
for this paper.
Methods. The thermochemical code of PRODIMO (PROtoplanetary DIsk MOdel) is used to perform simulation of high mass proto-
planetary disk models with di↵erent types of envelopes under the presence of an accretion burst. The models in question represent
di↵erent evolutionary stages of protostellar objects. We calculate and show the chemical abundances in three phases of the simulation
(pre-burst, burst, and post-burst).
Results. More heavily embedded disks show higher temperatures. The impact of the accretion burst is mainly characterized by the
desorption of chemical species present in the disk and envelope from the dust grains to the gas phase. When the post-burst phase starts,
the sublimated species freeze out again. The degree of sublimation depends strongly on the type of envelope the disk is embedded in.
An accretion burst in more massive envelopes produces stronger desorption of the chemical species. However, our models show that
the timescale for the chemistry to reach the pre-burst state is independent of the type of envelope.
Conclusions. The study shows that the disk’s temperature increases with a more massive envelope enclosing it. Thus, the chemistry
of MYSOs in earlier stages of their evolution reacts stronger to an accretion burst than at later stages where the envelope has lost most
of its mass or has been dissipated. The study of the impact of accretion bursts could also provide helpful theoretical context to the
observation of methanol masers in massive disks.
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1. Introduction

Accretion is a fundamental process in star formation and disk
evolution. It provides the growing protostar with mass and angu-
lar momentum. On the other hand, accretion feeds the gravita-
tional energy of accreted matter back to the disk and circum-
stellar environment via accretion luminosity. Although it was
thought to be a smooth and continuous process, it is now estab-
lished that unsteady and episodic accretion is an intrinsic part of
forming young stars (Hartmann & Kenyon 1996; Audard et al.
2014; Connelley & Reipurth 2018; Fischer et al. 2022).

The study of this phenomenon has mainly focused on low-
mass stars for historical reasons since low-mass classical TTauri
stars (or pre-main sequence stars) are or become optically visible
while still accreting and are therefore easy to detect. One exam-
ple of a study where the water snowline of a low-mass star has
been observed in the context of an accretion burst is the work of

Cieza et al. (2016). Another example is the work of Tobin et al.
(2023). Here they report the direct detection of gas-phase water
from the disk of V883 Ori and measure the water snowline ra-
dius at the midplane. Other works that have studied the e↵ect of
accretion bursts on the chemistry of low-mass objects are Taquet
et al. (2016) and Molyarova et al. (2018). In the first one, the
processes of gas-phase formation and recondensation of some
complex organic molecules due to sudden evaporation processes
during luminosity outbursts are studied. In the latter, they iden-
tify gas-phase tracers of the burst activity that could be observed
with telescopes like ALMA and NOEMA.

In contrast, high-mass stars (stars that have M⇤ > 8⇥M�) are
considered to evolve much faster and to be still deeply embedded
in their envelope when reaching the main sequence. Their rapid
formation and therefore scarcity, made it di�cult to know if
high-mass stars also experience episodic accretion events exhib-
ited in their formation. However, recent studies have approached
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꡸浓ֿعت٭ف喋չ؅و٭ٞي٤ؙם䧏ח㛻韬ꄈ⫃泅׾ֻ┙מ䏅ꮶ؅յ姡סٜ٭ؿذْכ⴫㰢氳䓪韬מ浓泘׊
סאնג׊ع٭ِٖٝب냕韬ꄈ⸉㡎䘄佔硌⫃泅؅׾ֵמ鶟⴫壿꣪׾םյ樟י؅榫ַغ٭ؤնPRODIMO׾׬鐧י
磵冽յ׽׻㒪״鱮ג׿ױ⫃泅עך峪䈱ֿ냕ׂյعترיז׻מعت٭ف睦׼־妳注ס׫⴫㰢牊ס聰ꦕֿ颯׾׆
٭ف׍׼׻מ牊걉סو٭ٞي٤ؙעյ⴫㰢牊ֿ׾׌㰆❣מ韬ꄈסو٭ٞي٤ؙע爊䈱סն聰ꦕגז־؂ֿכ׆
י׊〝؅炐כ׆׾׌䍚ׂ⹚䑴׽׻מعت٭فיַֽמ企ַ鶟⴫壿꣪׽׻յע氦釤סն䡘չ׾䢙מ敯䛜ס⯥عت
ն׾ֵךס׵׾ֻ┙嬼㴔؅סיַחמ٭ا٭ْٜ٭ؿذْ׾ֽׄמյ㛻韬ꄈ⫃泅׽ֽ


