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ABSTRACT

Context. Protoplanetary disks with inner dust cavities (often referred to as “transition disks”) are potential signposts of planet for-
mation. However, few companions have been identified within these cavities, and the role of companions in shaping them remains
unclear.
Aims. We use Gaia astrometry to search for planetary and stellar companions in a sample of 98 transition disks, assessing the
occurrence rate of such companions and their potential influence on cavity formation.
Methods. For the 98 Young Stellar Objects (YSOs) with inner dust cavities, we compute Gaia proper motion anomalies which,
together with the RUWE, identify companions with mass ratios q ↭ 0.01 at →0.1–30 au. We assess the impact of disk gravity,
accretion, disk-scattered light, dippers, starspots, jets, and outflows on the measured proper motion anomalies, concluding that these
effects are unlikely to affect our analyses and that astrometric techniques such as the one of this work can be robustly applied to YSOs.
Results. Significant proper motion anomalies are found in 31 transition disks (32% of the sample), indicative of companions. We
recover 85% of known companions within our sensitivity range. Assuming that the astrometry of each system is dominated by a
single companion, we model the semi-major axis and mass required to reproduce the observed astrometric signals. Most inferred
companions have M > 30 MJ, placing many within or near the stellar mass regime. Seven sources host companions compatible with
a planetary mass (M < 13 MJ, HD 100453, J04343128+1722201, J16102955-3922144, MHO6, MP Mus, PDS 70, and Sz 76). For
the non-detections, we provide the companion masses and semi-major axes that can be excluded in future searches. About half (53%)
of detected companions cannot be reconciled with having carved the observed dust cavities.
Conclusions. We have gathered evidence for the presence of companions in a large sample of transition disks. However, we find that
the population of transition disks cannot be fully described as a circumbinary population. Transition disks host as many companions
within our sensitivity range as do randomly sampled groups of YSOs and main-sequence stars. If dust cavities are shaped by com-
panions, such companions must reside at larger orbital separations than those of the companions detected here, and we predict them
to be of planetary mass.

Key words. planets and satellites: formation – planet-disk interactions – planet-star interactions – protoplanetary disks – stars:
formation – stars: pre-main sequence

1. Introduction

Detecting planetary or stellar companions around forming stars
(or Young Stellar Objects, YSOs) is crucial for understanding

how multiple systems interact with their natal environments,
how companions and protoplanetary disks co-evolve, and for
placing observational constraints on the formation of planets and
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Fig. 1: ALMA continuum images of the sample of 31 disks with inner dust cavities (“transition disks”) for which we find a significant
proper motion anomaly (|∆µ|/ω|∆µ| → 3) indicative of the presence of companions. Assuming one companion dominates the proper
motion anomaly (Sect. 2), the solid cyan line indicates the 50th percentile of companion location (with cyan shaded areas being 10th
and 90th percentiles) as derived in Sect. 3.1 (see Figs. 2 and A.2, exception is GG Tau, whose companion could not be modelled).
Bottom right image is the Sun for reference, as predicted to look at 1 Myr (Bergez-Casalou et al. 2022), with Jupiter’s orbit in cyan.
The ALMA synthesized beams are included at the bottom left of each panel. Non-detections can be seen in Fig. A.1.

stellar multiples. In addition, the origin and evolution of com-
panions in YSOs are key to understanding the exoplanet popula-
tion.

However, the fraction of YSOs with companions, and
their typical separation and mass, are largely uncharacterised
(Raghavan et al. 2010; Reipurth et al. 2014; Cuello et al. 2025).
Despite the abundance of dust substructures that has been found
in protoplanetary disks (Andrews 2020; Bae et al. 2023), the
role of multiplicity in planet formation and disk architectures is
poorly understood. One reason for these unknowns is the diffi-
culty to identify companions in the ↑ 0.1-30 au separation range
from the central star (Benisty et al. 2023). These companions
are often too distant for spectroscopic identification, but are too
close for direct imaging or mm-interferometry due to the proto-
planetary disk presence and the contrast luminosity of the central
star (e.g. Ren et al. 2023; Rawcliffe et al. 2025). In this work, we
use Gaia astrometry to look for companions in this ↑ 0.1-30 au
separation range, bridging the gap where neither direct imaging
nor spectroscopy can efficiently detect them.

We focus on the population of YSOs hosting protoplan-
etary disks with inner dust cavities (often called “transition”
or “pre-transition” disks). These inner dust cavities have often
been explained by companions carving the dust-disk, and thus
these disks have the highest chances to host massive companions
(e.g. Ragusa et al. 2017; Pinilla et al. 2018b; van der Marel et al.
2018; Francis & van der Marel 2020; Guzmán-Díaz et al. 2023).
However, to date few companions have been identified within
the cavities of transition disks (Currie et al. 2023a; Benisty et al.
2023; van der Marel 2023), and these are often too close (<1 au)
to explain the cavity size. The small number of known circumbi-
nary disks at the YSO stage contrasts with the high multiplic-

ity fraction observed among main-sequence stars (approximately
20–40% for stars with masses between 0.3 and 1 M↓, and up to
100% for O-type stars, Offner et al. 2023). It is unknown if this is
caused by an observational limitation. Ragusa et al. (2025) con-
clude that in 40% of the systems they analysed the hypothesis
that a still undetected stellar binary companion is responsible
for carving the cavity cannot be ruled out. In contrast, the pos-
sibility that still undetected planetary companions are respon-
sible for the cavities cannot be excluded in any system. Simi-
larly, van der Marel et al. (2021) and Wölfer et al. (2023) analy-
ses show that, with current observational constraints, still unde-
tected massive substellar companions are possible at close radii
(typically of a few tens of au). We note other processes such as
grain growth, dead zones, and photoevaporation have also been
proposed for producing inner dust cavities (e.g. Pinilla et al.
2016; Ercolano & Pascucci 2017; Huang et al. 2024).

Different techniques leveraging the Gaia data have proven to
be successful at tracing companions (e.g. Stassun & Torres
2021; Gaia Collaboration et al. 2023; Holl et al. 2023;
Castro-Ginard et al. 2024). Among these, the one called
“proper motion anomaly” is particularly suited to infer the pres-
ence of companions in YSOs. This technique traces astrometric
accelerations of the system photocentre due to the presence of
unresolved companions by comparing proper motions measured
across different epochs (Perryman et al. 2014; Brandt 2018;
Kervella et al. 2019). It is mostly sensitive to asymmetric
perturbations, and hence is less affected by the different types
of azimuthally symmetric variability typical of YSOs. Proper
motion anomalies have already been used to identify exoplanets
and brown dwarfs around main sequence stars (later confirmed
with direct imaging, e.g. Bonavita et al. 2022; Currie et al.
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2023b; De Rosa et al. 2023; Franson et al. 2023; Mesa et al.
2023; Kiefer et al. 2025b). In particular, the combination of
the Hipparcos astrometric survey with Gaia has provided the
community with large catalogues of proper motion anomalies
(e.g. Brandt 2021; Kervella et al. 2022; Kiefer et al. 2025b).
However, because YSOs are typically faint most of them do not
appear in the Hipparcos catalogue, and thus in this work we
focus on Gaia-only proper motion anomalies (e.g. Penoyre et al.
2022a,b; Dodd et al. 2024). This Gaia-only approach was
already successfully used to infer the presence of a gas giant in
the protoplanetary disk around MP Mus (Ribas et al. 2025).

In this work we use Gaia proper motion anomalies to sur-
vey the population of companions in the → 0.1-30 au separation
range of protoplanetary disks with inner dust cavities (“transition
disks”). We describe the methodology in Sect. 2. Our results for
individual transition disks are presented in Sect. 3. We present
a population analysis in Sect. 4, describe possible sources of as-
trometric noise in Sect. 5, and conclude in Sect. 6.

2. Methodology

We select a sample of “transition disks” from the literature. We
define “transition disk” as any source with an identification of
an inner-dust cavity at millimetre wavelengths. From this com-
pilation, there is enough Gaia DR3 and DR2 astrometry to de-
rive proper motion anomalies for 98 sources (Figs. 1, A.1, Table
A.1). Only 3 of the compiled transition disks do not have enough
Gaia DR3 and DR2 data for deriving proper motion anoma-
lies: XZ Tau B, J16070384-3911113, and J17110392-2722551
([BHB2007] 1).

In this work we use the proper motion anomaly defined
in Penoyre et al. (2022a) as the change in velocity between
Gaia DR2 and Gaia DR3 (Gaia Collaboration et al. 2016, 2018,
2021):

|∆µ| =
√

(µω,DR3 ↑ µω,DR2)2 + (µε,DR3 ↑ µε,DR2)2, (1)

where µω and µε are the proper motion in right ascension and
declination, respectively1. We note |∆µ| does not depend on the
proper motion of the centre of mass of the system. The uncer-
tainty of this proper motion anomaly is defined in Penoyre et al.
(2022b) as:

ϑ|∆µ| =

√
∆µ2
ω(ϑ2

µω,DR3
+ ϑ2

µω,DR2
) + ∆µ2

ε(ϑ2
µε,DR3
+ ϑ2

µε,DR2
)

|∆µ| , (2)

where ϑ indicates the uncertainty associated with each quan-
tity. The significance of the proper motion anomaly is defined
as |∆µ|/ϑ|∆µ|. This technique is most sensitive to tracing com-
panions at intermediate orbital periods that are not very differ-
ent from the Gaia DR2 and DR3 time baseline. When com-
bined with the RUWE (goodness-of-fit measure contained in
Gaia DR3, Lindegren et al. 2021) simulations suggest most de-
tections occur for orbital separations between → 0.1 to 30 au,
approximately (or periods between 0.03 and 160 years for a 1
M↓ star, Sect. 3.1 and Penoyre et al. 2022a,b). The measured
|∆µ| and ϑ|∆µ| for all 98 transition disk sources considered in this
work are presented in Table A.1.
1 We explore applying the Gaia DR3 corrections of
Cantat-Gaudin & Brandt (2021) and find our results are mostly
unchanged. We decide not to apply these corrections for consistency
with Gaia DR2.

Fig. 2: Orbital separation and mass of the companion that would
produce the observed Gaia astrometry of HD 142527 (0.33 <
|∆µ| < 0.52 mas yr↑1, |∆µ|/ϑ|∆µ| > 4, and RUWEDR3 < 1.25,
from Sect. 3 Eqs. 3, 4, 5). The top panel shows the individual
Gaia simulations for this system. The middle panel presents the
same simulations but smoothed with a kernel density estimate
(contours indicate the 20, 50, and 80% levels of the normalised
area). Black circles mark the location and the proposed masses
for the known companion in this system (see Sect. 3.3). The bot-
tom panel is the same as the middle panel but assuming the com-
panion responsible for the astrometric signal is in the plane of the
disk. Similar plots for all other 30 systems with significant astro-
metric accelerations are shown in Fig. A.2.

The sensitivity to detect astrometric accelerations via proper
motion anomalies decays linearly with distance from Earth, as
the observed proper motion anomaly equals the real tangential
velocity of the moving photocentre (vt) times the parallax (ϖ,
|∆µ| = ϖ · vt). In addition, the uncertainties of Gaia astrome-
try are heavily dependent on source brightness (Lindegren et al.
2021). Hence |∆µ|/ϑ|∆µ| varies for otherwise identical systems if
located at different distances. Orientation also plays a role, as the
signal is smaller for edge-on orbits. In Sect. 5, we evaluate the
potential impact of other sources of astrometric signals on the
proper motion anomaly in YSOs and conclude that this method-
ology can be robustly applied to companion searches in YSOs.
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ABSTRACT

Context. Protoplanetary disks with inner dust cavities (often referred to as “transition disks”) are potential signposts of planet for-
mation. However, few companions have been identified within these cavities, and the role of companions in shaping them remains
unclear.
Aims. We use Gaia astrometry to search for planetary and stellar companions in a sample of 98 transition disks, assessing the
occurrence rate of such companions and their potential influence on cavity formation.
Methods. For the 98 Young Stellar Objects (YSOs) with inner dust cavities, we compute Gaia proper motion anomalies which,
together with the RUWE, identify companions with mass ratios q ↭ 0.01 at →0.1–30 au. We assess the impact of disk gravity,
accretion, disk-scattered light, dippers, starspots, jets, and outflows on the measured proper motion anomalies, concluding that these
effects are unlikely to affect our analyses and that astrometric techniques such as the one of this work can be robustly applied to YSOs.
Results. Significant proper motion anomalies are found in 31 transition disks (32% of the sample), indicative of companions. We
recover 85% of known companions within our sensitivity range. Assuming that the astrometry of each system is dominated by a
single companion, we model the semi-major axis and mass required to reproduce the observed astrometric signals. Most inferred
companions have M > 30 MJ, placing many within or near the stellar mass regime. Seven sources host companions compatible with
a planetary mass (M < 13 MJ, HD 100453, J04343128+1722201, J16102955-3922144, MHO6, MP Mus, PDS 70, and Sz 76). For
the non-detections, we provide the companion masses and semi-major axes that can be excluded in future searches. About half (53%)
of detected companions cannot be reconciled with having carved the observed dust cavities.
Conclusions. We have gathered evidence for the presence of companions in a large sample of transition disks. However, we find that
the population of transition disks cannot be fully described as a circumbinary population. Transition disks host as many companions
within our sensitivity range as do randomly sampled groups of YSOs and main-sequence stars. If dust cavities are shaped by com-
panions, such companions must reside at larger orbital separations than those of the companions detected here, and we predict them
to be of planetary mass.

Key words. planets and satellites: formation – planet-disk interactions – planet-star interactions – protoplanetary disks – stars:
formation – stars: pre-main sequence

1. Introduction

Detecting planetary or stellar companions around forming stars
(or Young Stellar Objects, YSOs) is crucial for understanding

how multiple systems interact with their natal environments,
how companions and protoplanetary disks co-evolve, and for
placing observational constraints on the formation of planets and
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Fig. 3: 10th, 50th, and 90th percentiles (presented as a central value with uncertainties) of the distribution of possible companion
masses and separations (semi-major axes) for the transition disks with significant astrometric acceleration (30 sources, as no two-
body solution was found for GG Tau). Sources with known companions are shown with a star symbol. Left panel: cavity size at mm
wavelengths vs. companion semi-major axis. One-to-one line is shown in black and ±1 dex lines are shown in gray. All companions
are consistent with being inside the dust cavity (MP Mus is the source appearing above the one-to-one line). Centre panel: cavity
size vs. companion mass. Right panel: companion semi-major axis vs. companion mass.

masses in the brown-dwarf regime. Seven sources host com-
panions compatible with a planetary mass within uncertain-
ties (<13 MJ, HD 100453, J04343128+1722201, J16102955-
3922144, MHO6, MP Mus, PDS 70, and Sz 76), although
J04343128+1722201 is the only one with a companion median
mass close to the planetary limit.

3.2. Constraints from non-detections

The remaining 67 transition disk sources considered in this
work do not have a significant astrometric acceleration (i.e.
|∆µ|/ω|∆µ| < 3). For these, we consider the simulated com-
panions that should have produced a significant proper motion
anomaly or a RUWE higher than the one observed. This allows
us to define the ranges of companion masses and separations that
can be discarded in these systems (assuming each system’s as-
trometry is dominated by a single companion, Sect. 2). In par-
ticular, we consider the simulations with |∆µ|sim, ω|∆µ|sim , and
RUWEsim that satisfy either of these conditions:

|∆µ|sim/ω|∆µ|sim → 3, (6)

{
RUWE < RUWEsim, if RUWE → 1.25,
RUWEsim → 1.25, if RUWE < 1.25.

(7)

Fig. 4 shows this methodology for the systems LkCa 15 and
WISPIT 2. Equivalent plots for the other 65 transition disks with
non-detections are shown in Fig. A.3.

A non-detection does not imply the absence of companions
in a system. In fact, as exemplified in Fig. 4, even when consid-
ering the ideal two-body scenario only a narrow range of com-
panion masses and separations can be discarded. These are typi-
cally masses >40 MJ at separations of 0.3 to 10 au, but it varies
from source to source and we encourage the reader to check the
plots in Fig. A.3 for any particular object. In addition, differ-
ent sources of astrometric noise (e.g. variable extinction, jets,
starspots, crowding, scattered light, see Sect. 5) might have di-
luted potential companion astrometric signals, expanding the pa-
rameter space of possible companions in the non-detection sce-
nario beyond what is described by our simulations.

3.3. Comment on individual sources

In this section we touch on how our companion detections and
non-detections compare with the results of other works (see Figs.
A.2 and A.3 and Table A.1).

There are 14 known circumbinaries in the complete con-
sidered sample of 98 transition disks (see van der Marel 2023,
Cuello et al. 2025, and references therein): AK Sco, AS 205
S, CS Cha, GG Tau (circumtriple), GW Ori, HD 142527,
HD 34700, HP Cha, IRAS 04158+2805, MHO2, RXJ1633.9-
2442, UZ Tau E, V4046 Sgr, and V892 Tau. To this we add
PDS 70, IRAS 04125+2902, and WISPIT 2 with confirmed
substellar companions (Keppler et al. 2018; Haffert et al. 2019;
Barber et al. 2024; van Capelleveen et al. 2025; Close et al.
2025). We detect significant astrometric accelerations in 11 of
these sources, with the exceptions being AS 205 S, HD 34700,
MHO2, RXJ1633.9-2442, V4046 Sgr, and WISPIT 2. However,
AS 205 S, HD 34700, and V4046 Sgr are spectroscopic bina-
ries with short (few days) orbital periods (Kurtovic et al. 2018;
Torres 2004; Stempels & Gahm 2004), and hence are outside the
separation-detection range of Sect. 2 technique. On the other end
is WISPIT 2 b, which at ↑ 57 au (van Capelleveen et al. 2025)
is too separated for our detection range (Fig. 4). MHO2 and
RXJ1633.9-2442 have stellar companions reported at 7.3 and 3.3
au, respectively (Kraus et al. 2011; Ruíz-Rodríguez et al. 2016),
and thus could have been detected with our methodology. This
comparison with known companions sets a recovery fraction for
Sect. 2 methodology of 85% (11/13, excluding the three spectro-
scopic binaries and WISPIT 2).

Close et al. (2025) propose another nearby planetary mass
companion to WISPIT 2 at 15 au with 9 ± 4 MJ. As shown in
our non-detection plot (Fig. 4), a companion with that mass and
separation lies at the upper mass limit consistent with our non-
detection and could therefore have escaped detection with the
methodology of this work. Our results align best with the lower
end of the mass range proposed by Close et al. (2025) and dis-
favour substantially higher masses.

We also highlight the case of PDS 70, an intensively studied
system because of the broad consensus regarding the planetary
nature of the companions identified in its disk (e.g., Müller et al.
2018; Wang et al. 2021; Christiaens et al. 2024; Hammond et al.
2025). Notably, among the 98 disks with inner dust cavities anal-
ysed homogeneously in this study, PDS 70 stands out. We detect
a significant proper motion anomaly in this system that is consis-
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Fig. 4: Parameter space of orbital separations and companion
masses that would produce either a significant Gaia proper mo-
tion anomaly or a higher-than-observed RUWE value in LkCa
15 and WISPIT 2, smoothed with a kernel density estimate (con-
tours indicate the 20, 50, and 80% levels of the normalised area).
These regions can be discarded as hosting a companion dominat-
ing the astrometry (Sect. 3.2, Eqs. 6, 7). For WISPIT 2, the con-
firmed (at →57 au, van Capelleveen et al. 2025) and proposed (at
→15 au, Close et al. 2025) planetary mass companions are indi-
cated. Similar plots for all other 65 systems with non-detections
are shown in Fig. A.3.

tent with the presence of a planetary-mass companion. However,
along with the hierarchical triple system GG Tau (Sect. 3.1),
PDS 70 is one of only two systems exhibiting astrometric be-
haviour that is difficult to model using a simple two-body inter-
action. Very few of our two-body simulations reproduce the ob-
served astrometric signature of PDS 70 (Fig. A.2). We attribute
this to the system’s multiple-planet configuration, where both
PDS 70 b and c are of high mass and contribute significantly to
the overall astrometric signal. Our results therefore support the
idea that PDS 70 is a rare planetary system. From the perspective
of this study, the planets in PDS 70 are unusually massive (4.9
MJ for b and 13.6 MJ for c, Trevascus et al. 2025), which may
have facilitated their detection, whereas planets in other systems
may still lie below current detection thresholds. In addition, be-
cause PDS 70 c is at → 33 au, at the limit of our technique sepa-

ration sensitivity range, it is possible we are seeing the effect of
other massive bodies in the system which are closer to the star
(e.g. PDS 70 b and d, Christiaens et al. 2024).

The separations and masses we obtain for the companion
of HD 142527 (Fig. 2) are in agreement with the indepen-
dently characterised separation and mass of the known compan-
ion in this system. The semi-major axis has been measured to
10.80 ± 0.22 au (Nowak et al. 2024). Reported companion mass
estimates range from →100 to 400 MJ (136 ± 31 MJ from SED,
Lacour et al. 2016, 356±63 MJ and 115±63 MJ from spectral fit-
ting, Christiaens et al. 2018 and Claudi et al. 2019, and 270+170

↑150
MJ from dynamical considerations, Claudi et al. 2019). Our re-
sults indicate that companion masses above 300 MJ are more
likely. However, we note that we obtain a higher stellar mass for
HD 142527 than the one reported in Mendigutía et al. (2014, 2.2
instead of 2.0 M↓, both consistent within uncertainties), which
has been used as a benchmark in the aforementioned studies. A
lower stellar mass for HD 142527 would result in lower com-
panion masses in our astrometric analysis.

Some other sources with companion detections in this work
deserve special mention:

– MWC 758 and CQ Tau. We detect a significant proper mo-
tion anomaly in these systems, consistent with a brown
dwarf or stellar companion (Fig. A.2). For MWC 758,
Reggiani et al. (2018) reported a companion at 20 au, which
could be the one we are tracing (although it was ques-
tioned by Wagner et al. 2019). In CQ Tau a nearby mas-
sive embedded companion has been proposed (Wölfer et al.
2021), which is confirmed here. Both systems can be rec-
onciled with no previous detections with direct imaging
(Ragusa et al. 2025).

– MP Mus. A gas giant was detected using the methodology of
this work. This detection is presented in Ribas et al. (2025).

– RY Tau stands out among the detections of this work be-
cause the predicted companion has a very high median
mass (although it is also compatible with lower masses, Fig.
A.2), yet RY Tau has no known stellar companion. It also
shows a significant proper motion anomaly in the indepen-
dent work of Kervella et al. (2022). Garufi et al. (2019) and
Petrov et al. (2021) found indirect evidence for an unseen
planetary or substellar companion at sub-au to few-au scales,
which might be the one detected here.

We also report new companion detections with a high mass
ratio in the systems Sz 100, CIDA 9 A, and SR 24 S. The
remaining 13 YSOs with inner dust cavities for which we
find companions are: AA Tau, HD 100453, IRAS 16072-2057,
J04343128+1722201, J16102955-3922144, MHO6, PDS 111,
RXJ1852.3-3700, RY Lup, Sz 118, Sz 76, Sz 84, and T Cha.
All detections are presented in Table A.1 and Fig. A.2.

In contrast, there are sources with proposed compan-
ions for which we obtained non-detections. These are AB
Aur (Currie et al. 2022), HD 100546 (Quanz et al. 2013;
Blakely et al. 2025), HD 135344 B (Maio et al. 2025), HD
163296 (Pinte et al. 2018), HD 169142 (Hammond et al. 2023),
HD 97048 (Pinte et al. 2019), LkCa 15 (Kraus & Ireland 2012;
Sallum et al. 2015, Fig. 4), and 2MASS J16120668-3010270
(Sierra et al. 2024a; Ginski et al. 2025; Li et al. 2025). However,
some of these companions are debated and have unclear status,
and we are only sensitive to a particular range of companion
separations and masses. We refer the reader to Fig. A.3 where
the companion separations and masses that can be discarded for
these systems with our methodology are presented.
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Miguel Vioque et al.: Astrometric view of companions in the inner dust cavities of protoplanetary disks

Fig. 5: Left panel: stellar mass of the primary star vs. companion mass. One-to-one line is shown in black and ±1 dex lines are
shown in gray. Centre panel: stellar mass of the primary star vs. cavity size at mm wavelengths. Right panel: mass ratio (q) vs.
cavity size to semi-major axis ratio. We note only median values (50th percentiles) are shown.

4. Transition disk population analysis

Of the 98 transition disks considered, 31 have significant proper
motion anomalies (32%, Sect. 3.1) and 67 do not (68%, Sect.
3.2). In this section we analyse this sample of transition disks
from a population perspective.

4.1. Companions in the transition disk population

A two-sided Kolmogorov-Smirnov (KS) test shows no sig-
nificant difference in stellar mass between the population of
transition disks with companion detections and that with non-
detections (considering both |∆µ|/ω|∆µ| → 3ω and → 5ω thresh-
olds for companion detection). Indeed, we do not recover the
expected trend that more massive stars have a higher probabil-
ity of hosting a companion (Offner et al. 2023). However, the
methodology described in Sect. 2 loses sensitivity to low mass
companions as the mass of the primary star increases (because
we trace the companion’s gravitational influence on the system’s
photocentre), which biases the inferred companion probability
as low mass companions fall below our detection threshold and
are removed from the statistics. This effect can be seen in the left
panel of Fig. 5, which shows we detect the lowest mass compan-
ions around the lower mass stars, and mostly find stellar mass
companions for stars ↭ 0.4 M↑ (the exceptions being MP Mus
and PDS 70, with sub-stellar mass companions). Hence, with the
aid of the right panel of Fig. 5, we place a lower limit on the mass
ratio to which our method is sensitive, q ↭ 0.01. By construction,
we do not detect companions more massive than the primary star
(as we would have considered them the primary star, note we are
working under the assumption of bright companions, l = q

3.5).
IRAS 04158+2805 is an exception to this, but it is indeed an
equal mass binary (Ragusa et al. 2021).

The centre panel of Fig. 5 shows the distribution of sources
with detected companions with the methodology of this work as
a function of stellar mass and dust cavity size. From this plot
we note that we detect companions only in a specific region of
the cavity-size versus stellar-mass plane. In particular, we do not
detect companions in high mass stars (> 0.4 M↑) with small cav-
ities (↫ 20 au, the exception to this being MP Mus), and in low
mass stars (< 0.4 M↑) with large cavities (↭ 20 au, the exception
to this being IRAS 04158+2805). We speculate that this is a con-
sequence of selection effects arising from the method’s detection
limits in mass ratio and separation (Sect. 2). In particular, we the-
orise that small cavities may host low mass bodies for which our
sensitivity decreases as the primary mass increases, explaining

the lack of detected companions in small cavities around high
mass stars. Similarly, the lack of companion detections in large
cavities around low mass stars can be explained if these systems
host companions at separations larger than our detection range
(0.1–30 au, sensitivity peaks at 1–10 au).

We find that the fraction of companions in transition disks
identified with Gaia DR2-DR3 proper motion anomalies (32%)
is similar to the fraction found in random populations of main
sequence and YSO stars. In particular, we compare to all Gaia

stars within 100 to 200 pc (where 92% of the considered tran-
sition disks are), to the Sco-Cen YSO catalogues of Luhman
(2022a) and Ratzenböck et al. (2023), and to the Taurus cat-
alogue of YSOs from Esplin & Luhman (2019) and Luhman
(2023). In all those catalogues we find a fraction of compan-
ions compatible within uncertainties with the fraction found for
transition disks (accounting for the dependence of proper mo-
tion anomalies with distance and brightness). These fractions
are smaller than, and inconsistent with, the companion fractions
found in populations of known binary stars. For example, we
recover a ↓75% companion fraction in the nss_two_body_orbit

Gaia DR3 table of sources compatible with an orbital two-body
solution (Gaia Collaboration et al. 2023; Halbwachs et al. 2023;
Holl et al. 2023), a ↓53% companion fraction in the Washing-
ton Visual Double Star Catalog (Mason et al. 2001, 24-Feb-2025
version) and a ↓73% companion fraction in the circumbinary
catalogue of Cuello et al. (2025).

Hence, the population of transition disks cannot be fully de-
scribed as a circumbinary population, and transition disks host
as many binaries as do randomly sampled groups of YSOs
and main-sequence stars within the separations and mass ratios
probed by the methodology of this work (Sect. 2). This is re-
markable given that our sample of transition disks has 14 sources
in common with the circumbinary sample of Cuello et al. (2025,
Sect. 3.3). In addition, many of the considered transition disks
are on the high end of the stellar mass distribution (Herbig stars,
Vioque et al. 2018, 2022). Hence, if normalised by stellar mass
the fraction of companion detections in transition disks could be
even smaller.

4.2. On the companions carving the dust cavities

The formation of transition disk dust cavities has often
been attributed to unseen companions (e.g. Ragusa et al.
2017; van der Marel et al. 2018; Pinilla et al. 2018b;
Francis & van der Marel 2020; Guzmán-Díaz et al. 2023;
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Fig. 6: For each source with a significant proper motion anomaly, blue distributions show the cavity sizes each Sect. 3.1 (Fig A.2)
companion could produce in their disks (from bootstrapping uncertainties). These distributions consider the mass ratio of each
source and the theoretical prescription presented in Ragusa et al. (2025). Uncertainties in stellar mass, companion mass, and semi-
major axis have been propagated consistently. We consider all possible companion inclinations and eccentricities. Vertical red lines
show the observed dust cavity sizes at mm wavelengths (Fig. 1, with a generic 20% uncertainty).

Vioque et al. 2025). In this section, we evaluate whether the
companions detected with our method are consistent with
carving the observed cavities (Fig. 1).

Companions able to carve a dust cavity are expected to
have a semi-major axis 2-3 times smaller than the size of the
cavity (e.g. Miranda et al. 2017; Hirsh et al. 2020; Ragusa et al.
2020; Dittmann & Ryan 2024; Penzlin et al. 2024). In particu-
lar, Ragusa et al. (2025) report from theoretical considerations
an average ratio between cavity size and semi-major axis of →3.5
for stellar companions and →1.7 for planetary companions. Typ-
ical cavities do not exceed 7 times the companion’s semi-major
axis (Sudarshan et al. 2022; Penzlin et al. 2025).

We find a preferred locus for the companions detected in this
work in the mass ratio vs. cavity radius-to-semimajor axis ratio
plot (Fig. 5, right panel). Most companions have q = 0.1 ↑ 0.5
and their cavities have sizes 4 to 60 times larger than their semi-
major axes. We find that the four sources with the more massive
companions (> 400 MJ) are all located at → 1/10 of their cav-

ity size. This trend breaks for lower mass companions, although
only two sources (MP Mus and Sz 76) have companions closer
than 1/4 of their cavity size. However, we note these numbers
only consider the median values of the distribution for compan-
ion mass and separation. To evaluate if the detected companions
can be responsible for carving the observed cavities, we need to
propagate uncertainties consistently in stellar mass, companion
mass, and companion location. To do this, we apply the theoret-
ical prescription described in Ragusa et al. (2025) to derive the
cavity size that each companion could carve. To propagate uncer-
tainties, we bootstrap the stellar mass of the primary star and the
companion’s mass and separation from the results of Sect. 3.1.
We consider all possible companion inclinations and eccentrici-
ties over the full range of companion mass and separation. This
provides an assessment of which companions are entirely incon-
sistent with having carved the inner dust cavity in their respec-
tive protoplanetary disks under current theoretical considerations
(Ragusa et al. 2025).
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ABSTRACT

Recent discoveries of streamer-like structures around protostellar sources challenge the traditional
picture of isolated, axisymmetric star formation. Here, we present new ALMA observations of
[BHB2007]1, a flat-spectrum source connected to at least three such elongated structures. Two of
these features are symmetrically located to the north and south of the disk, with velocities aligned
with the disk on their respective sides. However, their unbound kinematics and curved morphology
make it di!cult to determine their origin. Possible explanations include outflows, interactions with
the nearby BHB2 system, and hyperbolic infall, but none fully account for all observed properties. In
contrast, a newly identified collimated structure to the west shows clear evidence of gravitationally
bound infall. Estimates of its mass, mass infall rate, and angular momentum suggest that this infalling
streamer would roughly double the mass budget available to form planets and tilt the disk by a few
tens of degrees. Furthermore, its misalignment with the midplane of the disk and the lack of di”use
envelope emission indicate that the streamer may have formed due to gravitational capture of cloud
material unrelated to the source’s natal core. Together, these findings support a more dynamic pic-
ture of star formation, one where environmental interactions continue to shape conditions for building
planetary systems.

Keywords: Star formation; Young stellar objects; Planet formation

1. INTRODUCTION

The textbook description of star formation describes
stars forming through the gravitational collapse of dense
gaseous cores, assumed to be isolated and axisymmetric
(e.g., F. H. Shu 1977; S. Terebey et al. 1984). While
these young stellar objects (YSOs) are still embedded
within their natal gaseous envelopes, a disk of material
forms around them. Within the disks around these Class
I YSOs, planet formation is expected to begin (e.g., #L.

Email: aashishgupta@virginia.edu

Tychoniec et al. 2020). As the protostars gain most of
their final mass and the surrounding gas envelopes dis-
perse, they transition into Class II systems, where disks
are expected to evolve in isolation to form planetary
systems.
Numerous recent observational and theoretical stud-

ies are challenging this traditional view of axisymmetric
Class 0 and I sources, and isolated Class II disks (J. E.
Pineda et al. 2023). In particular, sub-mm and scattered
light observations are revealing asymmetric channels of
infalling material, often referred to as streamers, around
very young Class 0 (e.g., J. J. Tobin et al. 2012; J. E.
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Table 2. Image properties

Emission Array R.M.S. Beam

CO (2–1) C1+ACA 11.8 mJy beam→1↑ 1.3↓↓ → 1.0↓↓ (PA = 74↔)
13CO (2–1) C1+ACA 7.9 mJy beam→1↑ 1.3↓↓ → 1.0↓↓ (PA = 76↔)

C18O (2–1) C1+ACA 5.9 mJy beam→1↑ 1.4↓↓ → 1.1↓↓ (PA = 77↔)

C18O (2–1) ACA 21 mJy beam→1↑ 7.7↓↓ → 4.4↓↓ (PA = -88↔)

Continuum (1.3 mm) C1 0.03 mJy beam→1 1.3↓↓ → 1.0↓↓ (PA = -71↔)

Note—↑ over the typical channel width of 0.17 km s→1.

Figure 1. Integrated intensity (moment 0) maps of all three CO isotopologue emission lines imaged for this analysis: CO (2–1)
(left), 13CO (2–1) (center), and C18O (2–1) (left). The horizontal grey lines in the bottom-left corners represent the length
scales of 1000 au, and the pink ellipses in the bottom-right corners represent the beam size. Green contour denote the continuum
emission (5 ω) from the protoplanetary disks. Location of structures A, B, and C, and the nearby source BHB2 are marked on
the maps.

Figure 2. Intensity weighted velocity (moment 1) maps of all three CO isotopologue emission lines imaged for this analysis:
CO (2–1) (left), 13CO (2–1) (center), and C18O (2–1) (left). The horizontal grey lines in the bottom-left corners represent the
length scales of 1000 au, and the pink ellipses in the bottom-right corners represent the beam size. Black contour denote the
continuum emission (5 ω) from the protoplanetary disks. Location of structures A, B, and C, and the nearby source BHB2 are
marked on the maps.

the observed streamer emission in the three-dimensional
position-position-velocity (PPV) space, where the spa-
tial dimensions are along R.A. and Decl., and the veloc-
ity dimension is along LOS (left panel, Figure 4). TIPSY
first generates a curve-like representation of the observed
streamer structure in this PPV space. Then this is com-
pared to a generalized version of analytical trajectories
for infalling material, as derived in S. Mendoza et al.

(2009) (for more details on the model, see Section 2.1,
A. Gupta et al. 2024). The key physical assumption
here is that the dynamics of the infalling material are
primarily governed by the protostar’s gravity.
For a general configuration of infalling material, we

need to define the initial position (→↑r0) and velocity (→↑v0)
of the infalling gas, relative to the protostar. The po-
sition in the POS (R.A. and Dec.) can be directly in-
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(left), 13CO (2–1) (center), and C18O (2–1) (left). The horizontal grey lines in the bottom-left corners represent the length
scales of 1000 au, and the pink ellipses in the bottom-right corners represent the beam size. Green contour denote the continuum
emission (5 ω) from the protoplanetary disks. Location of structures A, B, and C, and the nearby source BHB2 are marked on
the maps.

Figure 2. Intensity weighted velocity (moment 1) maps of all three CO isotopologue emission lines imaged for this analysis:
CO (2–1) (left), 13CO (2–1) (center), and C18O (2–1) (left). The horizontal grey lines in the bottom-left corners represent the
length scales of 1000 au, and the pink ellipses in the bottom-right corners represent the beam size. Black contour denote the
continuum emission (5 ω) from the protoplanetary disks. Location of structures A, B, and C, and the nearby source BHB2 are
marked on the maps.

the observed streamer emission in the three-dimensional
position-position-velocity (PPV) space, where the spa-
tial dimensions are along R.A. and Decl., and the veloc-
ity dimension is along LOS (left panel, Figure 4). TIPSY
first generates a curve-like representation of the observed
streamer structure in this PPV space. Then this is com-
pared to a generalized version of analytical trajectories
for infalling material, as derived in S. Mendoza et al.

(2009) (for more details on the model, see Section 2.1,
A. Gupta et al. 2024). The key physical assumption
here is that the dynamics of the infalling material are
primarily governed by the protostar’s gravity.
For a general configuration of infalling material, we

need to define the initial position (→↑r0) and velocity (→↑v0)
of the infalling gas, relative to the protostar. The po-
sition in the POS (R.A. and Dec.) can be directly in-
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of standalone ACA observations. However, that is pri-
marily due to the contribution of bright emission at the
edges of ACA field, which does not seem to be connected
to BHB1 source (e.g., Figure 6) and may instead repre-
sent interferometric artifacts, primary beam correction
e!ects, or substructures in larger-scale cloud.

Table 4. Streamer Properties

Quantity Value

Initial R.A. o!set [au] →2414 ± 235

Initial Dec. o!set [au] →2225 ± 267

Initial L.O.S. o!set→ [au] 880 ± 241

Initial R.A. speed→ [km s↑1] 0.35 ± 0.16

Initial Dec. speed→ [km s↑1] 0 ± 0

Initial L.O.S. speed [km s↑1] →0.21 ± 0.17

Infall time [yr] 17242 ± 2003

Misalignment [deg] 69 ± 34

Mass† [MJup] 1.66 ± 0.51

Mass infall rate [MJup/Myr] 75 ± 23

Angular Momentum† [g cm2 s↑1] (3.41 ± 2.31) ↑ 1051

Total energy† [erg] (→1.56 ± 0.54) ↑ 1040

Note— → These quantities are fitted directly within TIPSY,

as discussed in Section 3.1. † These values depend on the
estimated total mass of the streamer. As discussed in Sec-
tion 3.2, we are likely underestimating the total mass and
therefore these quantities should be considered lower limits.

3.3. Disk properties

To understand the role of streamers in enhancing
mass-budget to form planetary systems, we aim to com-
pare streamer mass and mass infall rates to disk mass.
Our observations, as shown in Figure 1, provide us
the total disk luminosity in all the three CO isotopo-
logues. Thermochemical disk models have shown that
disk masses can be constrained using multiple CO iso-
topologue line emission, particularly C18O (2–1) and
13CO (2–1) (A. Miotello et al. 2016). The major draw-
back of these models is that they do not account for
CO depletion and therefore, may underestimate the disk
mass. However, this e!ect is expected to be minimal in
disks around more massive Herbig stars (↭ 1.5 M→),
likely because they are warmer than typical T Tauri
disks (M. Kama et al. 2020; A. Miotello et al. 2023).
As the stellar mass for BHB1 is ↑ 2 M→ (F. O. Alves
et al. 2020), it is expected to have a low CO depletion
as well. Moreover, these limitations also persist in the
mass estimation of the streamer (Section 3.2), and both
sets of quantities should be taken as order of magni-
tude estimates. The total luminosity of the BHB1 disk
is ↑ 3.2 ↓ 105 Jy km s→1 pc2 in C18O (2–1) emission
and ↑ 1.2 ↓ 106 Jy km s→1 pc2 in 13CO (2–1) emis-

sion. Using equation 2 in A. Miotello et al. (2016), the
corresponding disk mass (Mdisk) is 3.8 MJup.
Using the mass of the disk, we can also try to estimate

its angular momentum and compare it to the streamer’s.
To do this properly, we need to know the surface density
profile of the disk and then multiply it by the Keplerian
rotation. However, the resolution of observations is not
high enough to characterize the surface density profile.
As an approximation, we can assume that radius of gy-
ration (k, e!ective radius for angular momentum esti-
mation) is roughly half of the actual disk radius. From
visual inspection of the CO (2–1) observations (Fig. 1
in F. O. Alves et al. 2020), the disk radius appears to
be ↑ 2↓↓, corresponding to ↑ 320 au at a distance of
163 pc. Using k ↔ 160 au, the angular momentum can
then be estimated as Mdisk

↗
GM↔k, yielding a value of

6↓ 1051 g cm2 s→1. This is remarkably consistent with
the streamer’s estimate within uncertainties. We em-
phasize that this is only an order-of-magnitude estimate
and an accurate determination would require character-
ising the surface density, as done by C. Longarini et al.
(2024).
As angular momentum is a vector quantity, it is also

worth comparing the orientation of the disk rotation
with respect to the streamer. As discussed in Section
3.1, we already know the orientation for the streamer
via TIPSY. For the orientation of the disk, we adopt
the values fit from the continuum visibilities presented
in F. O. Alves et al. (2020), which yield a position angle
(PA) and inclination (i) of 14.4±0.5↗ (measured east of
north for the redshifted side) and 76 ± 2↗, respectively.
Using these orientation angles, the 3D orientation of disk
rotational axes can be constrained as

x̂disk = (1↘ cos2(i)) cos(PA) î (along RA)

ŷdisk = ↘(1↘ cos2(i)) sin(PA) ĵ (along Dec.)

ẑdisk = ± cos(i) k̂ (along LOS)

Here, the “±” factor in the estimation of ẑdisk reflects the
degeneracy in whether the angular momentum vector is
pointed towards or away from the observer. This degen-
eracy can be resolved by identifying the near side of the
disk. Scattered light images of the disk reported in A.
Zurlo et al. (2021) (Figure 2) show a clear bowl-like mor-
phology of the disk’s surface layer to the east, and the
emission from the west side of the disk appears signifi-
cantly fainter. This suggests that the eastern side of the
disk is facing the observer (see H. Avenhaus et al. 2018,
for more resolved examples). Since the velocity maps
(Figure 2) indicate that the rotational axis is pointing
toward the east, we infer that ẑdisk = ↘ cos(i). There-
fore, the orientation of disk’s angular momentum can be

AכBס鵭䈱ס׿ב׿אע⣐ך⫃泅מ䫘禈ն
ն𝑀̇׾鵭䈱(M*=2.23 Mo)؅飃ֻ׾׀ך兠窜ךյ㛙⣐׊־׊ = 𝑀/𝑡
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ABSTRACT

Recent discoveries of streamer-like structures around protostellar sources challenge the traditional
picture of isolated, axisymmetric star formation. Here, we present new ALMA observations of
[BHB2007]1, a flat-spectrum source connected to at least three such elongated structures. Two of
these features are symmetrically located to the north and south of the disk, with velocities aligned
with the disk on their respective sides. However, their unbound kinematics and curved morphology
make it di!cult to determine their origin. Possible explanations include outflows, interactions with
the nearby BHB2 system, and hyperbolic infall, but none fully account for all observed properties. In
contrast, a newly identified collimated structure to the west shows clear evidence of gravitationally
bound infall. Estimates of its mass, mass infall rate, and angular momentum suggest that this infalling
streamer would roughly double the mass budget available to form planets and tilt the disk by a few
tens of degrees. Furthermore, its misalignment with the midplane of the disk and the lack of di”use
envelope emission indicate that the streamer may have formed due to gravitational capture of cloud
material unrelated to the source’s natal core. Together, these findings support a more dynamic pic-
ture of star formation, one where environmental interactions continue to shape conditions for building
planetary systems.

Keywords: Star formation; Young stellar objects; Planet formation

1. INTRODUCTION

The textbook description of star formation describes
stars forming through the gravitational collapse of dense
gaseous cores, assumed to be isolated and axisymmetric
(e.g., F. H. Shu 1977; S. Terebey et al. 1984). While
these young stellar objects (YSOs) are still embedded
within their natal gaseous envelopes, a disk of material
forms around them. Within the disks around these Class
I YSOs, planet formation is expected to begin (e.g., #L.

Email: aashishgupta@virginia.edu

Tychoniec et al. 2020). As the protostars gain most of
their final mass and the surrounding gas envelopes dis-
perse, they transition into Class II systems, where disks
are expected to evolve in isolation to form planetary
systems.
Numerous recent observational and theoretical stud-

ies are challenging this traditional view of axisymmetric
Class 0 and I sources, and isolated Class II disks (J. E.
Pineda et al. 2023). In particular, sub-mm and scattered
light observations are revealing asymmetric channels of
infalling material, often referred to as streamers, around
very young Class 0 (e.g., J. J. Tobin et al. 2012; J. E.
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Figure 5. Isometric projection of the best-fit infalling tra-
jectory (thick black line) and associated uncertainties (thin
grey lines) for the streamer, as discussed in Section 3.1, in
3D position–position–position space (RA, Decl., and LOS
distance). The blue disk and red cone represent the proto-
planetary disk and its angular momentum orientation, re-
spectively, as discussed in Section 3.3. An interactive ver-
sion of the left panel is available online, allowing rotation
and zooming of the 3D structures.

assumed the gas temperature (T ) of 25 ± 5 K, typical
at these scales (e.g., J. K. Jørgensen et al. 2005). This
resulted in QC18O(T ) of 9.3± 1.7, estimated by interpo-
lating between values provided in Cologne Database for
Molecular Spectroscopy (C. P. Endres et al. 2016).
For the primary mass estimation, we rely solely on

the ACA data, as described in Section 2 and shown
in Figure 6. This is because standalone ACA observa-
tions are the most sensitive to the length-scale (↭ 20→→)
of the streamer and have roughly twice the field-of-
view. If we focus on the emission from the streamer,
as seen in south-west quadrant of Figure 6, we get a to-
tal flux of → 2.34 ↑ 10↑20 W m↑2. Following Equation
4, this corresponds to the total mass of streamer to be
(1.6±0.5)↑10↑3 M↓ or 1.7±0.5 MJup. Multiplying the
mass estimate with dynamical properties estimated us-
ing TIPSY, we estimated the total angular momentum
and energy of the streamer as tabulated in Table 4. We
note the ACA observations are still limited in field-of-
view and largest recoverable scale, and thus, we may be
missing substantial streamer emission. Moreover, we are
not accounting for the e!ects of CO depletion. There-

Figure 6. ACA (7m array) integrated intensity (moment 0)
maps of C18O (2–1) emission line. The horizontal grey line
in the bottom-left corner represents a length scale of 1000 au,
and the pink ellipse in the bottom-right corner represents the
beam size. Grey dashed circle denotes the half power beam
width of the primary beam.

fore, the mass and mass-derived properties should be
taken as lower limits.
We cannot use the same streamer mass to estimate

mass infall rate if our infall time is estimated for the
smaller-scale C1+ACA data. This is because, unlike
specific angular momentum and specific total energy,
infall time depends on the exact point of the trajec-
tory. From the TIPSY analysis of C1+ACA data pre-
sented in Figure 1, infalling timescale was estimated to
be 17242±2003 yr for gas at a distance of → 20→→ (roughly
the field-of-view of C1+ACA data) from the protostar.
The total flux from streamer, within these smaller field-
of-view, is → 1.8↑10↑20 W m↑2, which corresponds to a
mass of 1.3± 0.4 MJup. This is in agreement with mass
estimate for ACA standalone data (Figure 6) within the
same distance of → 20→→. The average mass infall rate
(Mstreamer/Tinf) for the streamer is then estimated as
(7.2± 2.2)↑ 10↑8 M↓ yr↑1 or 75± 23 MJup Myr↑1.
If we account for all the extended C18O emission ob-

served within the field-of-view of C1+ACA data, within
the velocity range of 2–5 km s↑1 where we expect most of
the bound emission to lie (see Figure 3), we can similarly
estimate the total mass of gaseous “envelope” around
BHB1. We found this mass to be 1.7 ± 0.5 MJup, cor-
responding to the total flux of → 2.4 ↑ 10↑20 W m↑2.
This suggests that the streamer contains → 80% of total
extended gas bound to BHB1. Moreover, since it is un-
clear whether the remaining extended emission is truly
infalling or simply foreground or background cloud ma-
terial, the actual fraction of mass within the streamer
may be even higher. We note that this fraction re-
duces to → 30% when considering the wider field-of-view

6

Table 3. Input parameters for TIPSY modeling

Parameter Unit Description Value

M→ M↑ Protostellar mass (from F. O. Alves et al. 2020) 2.23

D pc Distance to the system (from S. A. Dzib et al. 2018) 163

vsys km s↓1 Systemic velocity (from F. O. Alves et al. 2020) 3.6

vxy0 lim km s↓1 Range of initial speeds on POS 0 to 1.2

vxy0 step km s↓1 Resolution of initial speeds on POS 0.03

vxy ang0 span ↔ Total span for initial angles between POS velocity and R.A. axis 90

vxy ang0 step ↔ Resolution of initial angles between POS velocity and R.A. axis 3

z0 lim au Range of initial distances along LOS →1000 to 3000

z0 step au Resolution of initial distances along LOS 40

N elements Number of bins used to discretize the streamer point cloud 20

theta weight Relative weight of POS angles in computing distance metric along the streamer 0

Note—The notebook used for this analysis is public: https://github.com/AashishGpta/BHB1 analysis.

Figure 4. The best fitted trajectory from TIPSY, as discussed in the Section 4.1, compared to C18O (2–1) data. Left panel
shows the full 3D PPV diagram of the molecular-line data, with the black line denoting the best fit. Center and right panels show
integrated intensity (moment 0) and position-velocity diagrams for the streamer, respectively, with green curves representing the
best fit. Thinner curves in all panels represent trajectories generated from 30 parameter combinations, randomly sampled from
a Gaussian distribution based on the uncertainties of the fitted trajectory. An interactive version of the left panel is available
online, allowing rotation and zooming of the 3D structures.

TIPSYך姲ג״髬鷹ע鈝峮מ媮׾ַיזն
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Interestingly, an infalling streamer has been recently re-
ported around FU Ori outbursting system (A. S. Hales
et al. 2024). Variability in mass infall rate also implies
that the absence of observable infall signatures in some
systems does not necessarily indicate a lack of infall alto-
gether; they may simply be observed during a quiescent
phase, when the infall rate is briefly low.

Figure 7. Expected variation of mass infall rate (y-axis)
as a function of time (x-axis) due to observed substructures
within the streamer, as discussed in Section 3.2. The pink
line and associated shaded region represents the mean infall
rate for the streamer and the uncertainty on it.

4.2. Origin of structures A and B

As shown in Figure 3 and discussed in Section 3, the
red-shifted structure to the north (labelled A) and blue-
shifted structure to the south (labelled B) seem unbound
from the BHB1 system, suggesting that they are not the
typical infalling streamers that are bound to the proto-
star (e.g., T. J. Thieme et al. 2022; J. E. Pineda et al.
2023). Despite that, the fact that they seem connected
to the disk and even aligned with disk velocities on their
respective sides suggests that they are not chance align-
ment of substructures within large-scale cloud with the
BHB1 system. Here we speculate on some of the possi-
ble mechanisms causing them:

• Outflows: As these structures exhibit opposite ve-
locities, they resemble bipolar outflows seen com-
monly around young sources (e.g. !L. Tychoniec
et al. 2019). However, ejection of material seen in
other observations as well as simulations (e.g. E. I.
Vorobyov et al. 2020) generally continues away
from the central source and does not curve back,
as these structures appear to do. It may be be-
cause these outflows are being gravitationally cap-
tured by the [BHB2007]-2, hereafter BHB2, sys-
tem nearby, as detected in near-infrared images

presented in A. Zurlo et al. (2021). However, A.
Zurlo et al. (2021) estimated the mass of BHB2
system to be → 1 M→, roughly a factor of two lower
than the mass of BHB1. Therefore, it is unclear
how this high velocity material can be trapped by
a less massive system. Alternatively, it could be
that the shape of the outflow is more directly af-
fected by the feedback from the BHB2 (e.g., H.-
W. Yen et al. 2019), or due to interaction with
surrounding larger-scale clouds (A. Duarte-Cabral
et al. 2012).

As outflows are generally expected to be paral-
lel to the rotational axes of YSOs (e.g., A. Gupta
et al. 2022), we can also examine the orientation of
these structures relative to the disk of BHB1. As
discussed in Section 3.3, the disk inclination and
position angle are estimated to be 76↑ and 14.4↑,
respectively. This implies that the disk is almost
edge-on with its rotational axis roughly aligned to
the East-South direction, contrary to the orienta-
tion of structures A and B. It is also possible that
the outflows originate from an inner disk that is
misaligned with the outer disk observed by ALMA.
However, A. Zurlo et al. (2021) reports a tentative
jet-like emission visible in NIR wavelengths con-
sistent with the rotational axis of the outer disk,
and thus perpendicular to the structures A and B.

• Interactions with nearby sources: The observed
tail-like structures may represent interactions
with nearby systems BHB2 and VLT 171104.07-
272258.8. They both are located a few arcseconds
south-east of the BHB1 (A. Zurlo et al. 2021), be-
tween the BHB1 source and region where struc-
tures A and B converge again. According to the
proper motion analysis using NIR observations,
A. Zurlo et al. (2021) demonstrated that VLT
171104.07-272258.8 is not comoving with BHB1,
and is likely to be a background object. On the
other hand, BHB2 is more likely to be physically
associated with BHB1 and may be interacting with
it.

A typical interaction in the form of a stellar flyby
can induce double-sided tidal tails (e.g., N. Cuello
et al. 2023). However, these tails are usually
curved in the opposite direction, with one tail
typically extending towards the perturbing source
while the other pointing away. This is inconsistent
with the observed morphology of structures A and
B, both of which curve eastward towards BHB2.
The dynamical signatures of these structures also
di”er from those expected in both prograde and

Gupta, A., et al.: A&A, 683, A133 (2024)

Intensity-weighted means

a)

b) c)

d)e)
Best FitBest Fit

Fig. 2. Flow of S CrA 13CO (2–1) data in the TIPSY pipeline. Panel a: intensity-weighted velocity (moment 1) map in colors, overlaid with contours
representing the integrated intensity (moment 0; see Fig. E.1). The red segments in the bottom-left corners depict a length scale of 1000 au. The
pink ellipses in the bottom-right corners depicts the beam size of the data. Panel b: isometric projection of the 3D PPV diagram of pixels with
intensity >5ω in the whole field of view. Panel c: isometric projection of the PPV diagram of an isolated and cleaned streamer. The red square and
its error bars represent intensity-weighted means and standard deviations, respectively. Panel d: same as panel c, but with the best-fit trajectory, as
represented by the black line. Black circles denote the interpolated values of the theoretical trajectory, which are directly compared to the intensity-
weighted means. Panel e: same as panel b, but with the best-fit trajectory, as represented by the black line. 3D interactive versions of panels d and
e are available online.
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ABSTRACT
Complex organic molecules (COMs) in starless cores provide critical insights into the early stages of star

formation and prebiotic chemistry. We present a chemical survey of 16 starless cores (including five prestellar
cores) in the Orion A and B molecular clouds, targeting CH3OH, N2H+, CCS, and c-C3HD, using the Atacama
Compact Array (ACA) and the Yebes 40-m telescope. CH3OH was detected toward all targets, confirming
its ubiquity in starless cores, consistent with previous surveys in Taurus and Perseus. ACA imaging shows
that CH3OH, CCS, and c-C3HD generally trace the outer layers of the dense cores outlined by N2H+, each
exhibiting distinct spatial distributions. Meanwhile, Comparison with Yebes data reveals an extended, flattened
CH3OH component. CCS and c-C3HD tend to be detected or non-detected together across cores, while cores
near dust-rich regions on a large scale often lack both, suggesting environmental influences linked to the
interstellar radiation field. Within individual cores, CCS typically resides in an outer layer relative to c-C3HD.
Our findings underscore the importance of high-resolution studies for understanding the origins and spatial
differentiation of COMs and carbon-chain molecules in cold, quiescent environments.

Keywords: astrochemistry — ISM: molecules — stars: formation and low-mass

1. INTRODUCTION

Complex organic molecules (COMs) in star-forming
regions are of great interest due to their potential link to
prebiotic chemistry in emerging planetary systems. COMs,
such as CH3OH, are defined as saturated organic molecules
composed of at least six atoms (Herbst & van Dishoeck

seansyhsu@gmail.com

syliu@asiaa.sinica.edu.tw

liuxunchuan001@gmail.com

2009). While COMs have been extensively studied in
protostellar cores (e.g., Belloche et al. 2020; Hsu et al.
2020; van Gelder et al. 2020; Yang et al. 2021; Hsu et al.
2022; Bouvier et al. 2022), their presence and behavior in
starless cores remain less well studied. Under the common
nomenclature, a starless core is a dense condensation of gas
and dust within a molecular cloud that lacks any protostellar
object. Meanwhile, prestellar cores are considered a
subset of starless cores that are gravitationally bound and
expected to evolve into protostellar cores in the future (e.g.,
Di Francesco et al. 2006). In this paper, we use the term
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CH3OHعترע辐ꪫت؝י׀ךך注׫聰ꦕ׾׌ն
⸉㡎佔壿꣪hot corino璡ס杼鉮מ奂י׬յ掂嶎ס扛ַ佔ت؝׏םךؓؤ׊ם
CH3OHֿ釤ֻע־׾┘伺ն
Taurus/Perseusס佔ךؓؤ׊ם吾⭳曍100%ֿ㕔⼔׽ֵחח׿׈յ▞孱٬UVֿ
䍚ַOrion־׋⺱׵ך
ALMASOP佔׼־ؓؤ׊םյACAמعؠق٤ؤך釤ֻؓؤ16׾ն ֿؓؤ5
prestellar (>2x107 cmˑ3)նd=400 pcն
N₂D⁺ֿ䍚ַ(⛥峪)յ韬ꄈ0.15-3.52 Moնי׬׌
ACA, 3mm, res~20", MRS~60", dv=0.18 km/s,
N₂H⁺, CH₃OH(96.74GHz; 7 K稗), CCS, c-C₃HDն
Yebes 40m ⶡ┉ꔕ, res~36", dv=0.24 km/s, CH₃OH(48.37GHz; 3 K稗)ն

Orion׵ךCH3OHע⪒吾⭳նCCS10/16עյc-C₃HD8/16עն7ךؓؤ⺱侇
吾⭳նc-C3HDعترע(350 µm)ֿ忆ַ䢥ך┘吾⭳ßךٜ٭آتو٤ٚؠ
佔ꝴ鮝㵣㕙ֿ鹃襞׿׈յ憇碛ꑷ׾םכ⩕סC⸉㯸յCؕ٤ֿ؛CO׼⛼׼־
նַׂמ׿
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We conducted baseline subtraction for each source and
extracted the spectrum centered at the expected line
frequency with a 5 MHz window. The typical noise level
in the extracted spectra is →10 mK.

3. DETECTION AND MORPHOLOGY REVEALED BY
INTERFEROMETRY

3.1. Detection

We applied the following processes for identifying the
molecular detections. First, we adopted the datacube without
primary beam correction so that the voxels across the entire
image have similar noise levels. A molecule is considered
detected if any voxel has a flux density above five times the
noise level within a sub-cube centered on the target position
within a circular region of 25→→ (10,000 au) and centered on
the source vLSR covering ±3 km s↑1 in velocity.

Figure 1 shows the detection statistics for each species
toward each source. As shown in Figure 1, we detected
N2H+ and CH3OH toward all the sources. On the
other hand, we detected CCS and c-C3HD toward only
10 and 8 among 16 sources, respectively. Seven of
these sources have both CCS and c-C3HD detections
together (G203.21E1, G205.46M3, G209.94N, G210.82N2,
G211.16N4, G211.16N5, and G212.10N1).

We found tentative evidence for environmental effects
influencing the chemical composition on large scales.
Several targets in our sample belong to the same PGCC,
hence likely sharing similar environments. The cores within
the same PGCCs have the same number in their short name,
including G206.21N/S, G209.29S1/S2, and G211.16N4/N5.
As shown in Figure 1, starless cores within the same
PGCC tend to show generally consistent detections or non-
detections of carbon-chain molecules. Figure 2 shows
the Planck 857 GHz (350 µm) map of the Orion A and
B clouds, with the target positions overlaid. White and
magenta markers indicate sources with and without c-C3HD
detections, respectively. The targets with weak or no
detections of c-C3HD appear to be located near regions of
bright 857 GHz emission (Fω > 10

↑3.5 MJy sr↑1, see
Figure 2). Since strong 857 GHz emission traces high dust
column density and, consequently, high visual extinction,
this suggests a possible correlation between dust extinction
and the reduced abundance of carbon-chain molecules.

3.2. Morphology

To access the morphology, we generated integrated
intensity (moment 0) maps for the four molecular species.
For each molecule of each source, a consistent velocity
integration interval was applied across the spatial plane.
To determine this interval, we initially used the datacubes
without primary beam correction. We then extracted sub-
cubes covering ±3 km s↑1 around the source vLSR, within

Figure 2. The Planck 857 GHz (350 µm) map of the Orion A and
B clouds covering our targets. Each marker represents one clump
in this study. The white and magenta colors illustrate the detection
and non-detection of c-C3HD, respectively. The white texts label
the names of the clumps as well as the cores within.

a 25→→ (10,000 au) circular region centered on the target
position. While the SNR for determining the molecular
detection was five for a more robust criteria, integration
interval was defined as the longest contiguous range of
velocity channels in which the signal exceeded three times
the noise level. The width of the integration interval is listed
in Table B2. We finally applied the primary beam correction
on the integrated maps. We include the resulting images
derived from the aforementioned methods in Appendix B.2
for completeness (Figures B1 – B16). In the main text, we

Planck 350 µm

c-C3HD┘吾⭳
⭳㛙吾♓׿א
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Figure 4. The integrated intensity images of c-C3HD (rasters) overlaid with that of N2H+ (brown dotted contours) and CCS (green solid
contours). The velocity range for deriving the integrated intensity images was fixed to vLSR ± 1 km s→1. The yellow ellipse at the lower left
corner of each panel shows the synthesized beam of the rasters achieved by the ACA. The text at the lower right corner of each panel corresponds
the peak value for the global color bar. For G209.94N and G212.10N1, the N2H+ contour levels are set at [5, 55, 105, 155, 205]ω; for the
remaining two cores, the contour levels are [5, 25, 45, 65, 85]ω. The CCS contours are plotted at levels of [5, 10, 15, 20, 25]ω. ω → 7.5 mK km
s→1. The magenta markers indicate the sources included in this study, with the target coordinate as the reference; the corresponding coordinates
are listed in Table 1. The cyan markers indicate nearby sources reported by literature, which can be found in the overview description of each
source in Appendix B.2.

exhibit filamentary structures with a core near the center of
the field, which we define as the primary starless core in
this study. Some targets, such as G205.46M3, G206.21N,
G208.68N2, and G209.29S2, show clearly identifiable
multiple N2H+ components within the field. Some of these
companion cores are newly detected in our study, while
others were previously identified as starless or protostellar
cores by surveys such as Yi et al. (2018) and Dutta et al.
(2020). Conversely, some known nearby YSOs are faint
in radio emission and do not show corresponding N2H+

components in our observations.
The spatial distribution of CH3OH emission exhibits

diverse and fragmented morphologies. It appears as core-
like (e.g., G206.21S, G209.29N1, G209.55N2, G209.77E3,
G210.37N); elongated and located on one side of the
N2H+ component (G203.21E1, G209.94N, G211.64N4);
elongated but aligned with N2H+ (G206.21N); extended
(G209.29S1, G209.29S2, G210.82N2, G211.16N3); and
complex (G205.46M3, G208.68N2, G212.10N1). In general,
CH3OH is distributed at the periphery of N2H+, which
was also observed in other cores (e.g., Tafalla et al. 2006;
Bizzocchi et al. 2014; Vastel et al. 2014; Jiménez-Serra et al.
2016; Ohashi et al. 2018; Harju et al. 2020; Hsu et al. 2025a).
Based on high–spatial- and spectral–resolution observations,
Hsu et al. (2025a) proposed that CH3OH traces turbulence-
driven shocks of diffuse gas impinging onto dense filaments
highlighted by N2H+.

Both CCS and c-C3HD are carbon-chain molecules, and
in the six targets both CCS and c-C3HD are consistently
detected (Figure 1). The two carbon-chain molecules and

CH3OH generally have different distributions, as shown in
the figures of Appendix B.2. Even though they are often
detected simultaneously, CCS and c-C3HD generally show
distinct spatial distributions. In Figure 4, we show the
integrated intensity images of N2H+, c-C3HD, and CCS
with a fixed velocity range of vLSR ± 1 km s→1 for the
selected sources. These sources were selected due to their
simultaneous detection of c-C3HD, and CCS and without any
nearby protostellar core. As shown in 4 ( and corresponding
panels in Figures B1, B11, B14, and B16), both CCS and
c-C3HD are located in the outer layers surrounding the
dense gas component traced by N2H+. The misaligned
peaks between CCS and N2H+ in four of our targets,
G203.21E1, G298.68N2, G211.16N5, and G212.10N1, were
also reported by Tatematsu et al. (2021). In addition to the
segregation between CCS and N2H+, as shown in Figure 4,
CCS appears to trace a more extended outer layer than c-
C3HD, which is particularly evident in the first two sources
(G203.21E1 and G209.94N).

Despite the limited number of detected transitions for each
molecule, we estimated the column density associated with
each core. Assuming optically thin and local thermodynamic
equilibrium (LTE) with a fixed rotational temperature of 10 K
(a typical gas temperature of starless cores, e.g., Scibelli
et al. 2024), we derive the molecular column density maps for
each species. For the CH3OH–7K transition, Scibelli et al.
(2024) reported optical thickness (ω > 1) in one starless core.
In our sample, the line peak brightness temperatures are all
below or comparable to 1 K, which is significantly lower than
the expected kinetic temperature of 10 K. On the basis that

6 HSU ET AL.

Figure 3. The integrated intensity images of CH3OH (rasters) overlaid with that of N2H+ (brown solid contours) and 3 mm dust continuum
(black dashed contours). The velocity range for deriving the integrated intensity images was fixed to vLSR ± 1 km s→1. The yellow ellipse
at the lower left corner of each panel shows the synthesized beam of the rasters achieved by the ACA. The text at the lower right corner of
each panel corresponds to the peak value for the global color bar. For five extremely dense starless cores, G205.46M3, G208.68N2, G209.94N,
G209.29S1, and G212.10N1, the N2H+ contour levels are set at [5, 55, 105, 155, 205]ω; for the remaining 11 cores, the contour levels are [5,
25, 45, 65, 85]ω with ω → 7.5 mK km s→1. The dust continuum contours are plotted at levels of [3, 6, 9, 12, 15] of the continuum noise levels,
which are shown in Table A3. The magenta markers indicate the sources included in this study, with the target coordinate as the reference; the
corresponding coordinates are listed in Table 1. The cyan markers indicate nearby sources reported by literature, which can be found in the
overview description of each source in Appendix B.2.
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ABSTRACT
Complex organic molecules (COMs) in starless cores provide critical insights into the early stages of star

formation and prebiotic chemistry. We present a chemical survey of 16 starless cores (including five prestellar
cores) in the Orion A and B molecular clouds, targeting CH3OH, N2H+, CCS, and c-C3HD, using the Atacama
Compact Array (ACA) and the Yebes 40-m telescope. CH3OH was detected toward all targets, confirming
its ubiquity in starless cores, consistent with previous surveys in Taurus and Perseus. ACA imaging shows
that CH3OH, CCS, and c-C3HD generally trace the outer layers of the dense cores outlined by N2H+, each
exhibiting distinct spatial distributions. Meanwhile, Comparison with Yebes data reveals an extended, flattened
CH3OH component. CCS and c-C3HD tend to be detected or non-detected together across cores, while cores
near dust-rich regions on a large scale often lack both, suggesting environmental influences linked to the
interstellar radiation field. Within individual cores, CCS typically resides in an outer layer relative to c-C3HD.
Our findings underscore the importance of high-resolution studies for understanding the origins and spatial
differentiation of COMs and carbon-chain molecules in cold, quiescent environments.

Keywords: astrochemistry — ISM: molecules — stars: formation and low-mass

1. INTRODUCTION

Complex organic molecules (COMs) in star-forming
regions are of great interest due to their potential link to
prebiotic chemistry in emerging planetary systems. COMs,
such as CH3OH, are defined as saturated organic molecules
composed of at least six atoms (Herbst & van Dishoeck

seansyhsu@gmail.com

syliu@asiaa.sinica.edu.tw

liuxunchuan001@gmail.com

2009). While COMs have been extensively studied in
protostellar cores (e.g., Belloche et al. 2020; Hsu et al.
2020; van Gelder et al. 2020; Yang et al. 2021; Hsu et al.
2022; Bouvier et al. 2022), their presence and behavior in
starless cores remain less well studied. Under the common
nomenclature, a starless core is a dense condensation of gas
and dust within a molecular cloud that lacks any protostellar
object. Meanwhile, prestellar cores are considered a
subset of starless cores that are gravitationally bound and
expected to evolve into protostellar cores in the future (e.g.,
Di Francesco et al. 2006). In this paper, we use the term
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CH₃OH vs N₂H⁺COע⬲磵عترי׊辐ꪫ⹚䑴؅颯ֿ׌׆յג׀ךCH3OHע⬲磵
㷺նס㳡䈱╈׾׿׼㱤׵׼־յ⩞╻ꦕ׍׎
CH₃OH vs CCS, c-C₃HD佔ꝴ鮝㵣עꪜ璡亠ךյ䍚ַ⣐ךCOֿ⩞╻ꦕי׊憇碛ꑷ⮆
㯸ֿ⛼ַ׌׷׿׼ն䍏ַ⣐עךCO׼־CH₃OHֿי׀ך⩞╻ꦕַם׿׈׵ն

Orion100%׵ך吾⭳ךסםյ掂聰ꦕַֿם壿꣪׵ך▞孱ؠش٘ب׾׻מյ氦掂⴫
㰢⹚䑴, 㱢㲈稗(ⱶ掂յ⩞)׾׻מ聰ꦕֿ⥸ׂն吾⭳曍עךׄד聰ꦕ嚀啶ע攐㲊┘⺎ն
CCSעc-C₃HD׽׻舂槡㳡䈱ע㛻ַֿ׀㛙⣐ն儔湳סS⴫㰢㛙עꝎַ憇碛ꑷֿ⩞╻
ꦕ

YebesסCH3OH 3K刻㳡䈱עACAסCH3OH 7K刻㳡䈱ס僃㛻~10⠘׽םמ䐂׾ն
䡗⮆նגז䇶ֿס"60<

METHANOL IN ORION STARLESS CORES 9

s→1, respectively. A higher assumed rotational temperature
results in a weaker modeled spectrum. In general, the
modeled spectra are weaker than those observed with the
Yebes 40-m telescope, regardless of whether Trot is 10
K or 5 K. This difference suggest that the missing flux
is significant in the ACA observations. In G206.21N,
G206.21S, and G210.37N, the modeled spectra fall below
the Yebes noise level, consistent with the non-detections in
the Yebes observations.

To quantitatively evaluate the flux filtered out by the
interferometer, we calculated the CH3OH column densities
at a common beam derived from the ACA and Yebes
observations, with the equations in Appendix A under
LTE, based on the observed CH3OH-7K and CH3OH-
3K transitions, respectively. The results are shown in
Figure 6. As illustrated in the figure, the ratio of the column
density derived from the Yebes observations to that from
the ACA data increases with increasing assumed rotational
temperature.

At Trot = 10 K, a typical gas temperature of starless cores
(e.g., Scibelli et al. 2024), the observed column densities of
the Yebes data can be up to ten times of those derived from
the ACA observations. Scibelli & Shirley (2020) investigated
CH3OH in starless cores within the Taurus cloud and found
that the typical CH3OH gas kinetic temperature is about
7.5 K. At this temperature, six sources in our sample show
column density ratios greater than

→
10, indicating that the

ACA observations may be missing an order of magnitude
of CH3OH flux. These results highlight the significant
amount of missing flux when observing CH3OH emission
with interferometry alone.

5. DISCUSSIONS

5.1. Chemical segregation related to CH3OH
5.1.1. CH3OH vs. N2H+

Our ACA observations show the general mismatched peak
positions among N2H+, CH3OH, c-C3HD, and CCS. On
top of that, N2H+ is tracing the cold and dense core, while
the other species seemingly reside in the outer layer of the
core. The shell-like morphology of CH3OH surrounding
the cold gas tracers (e.g., N2H+) or dust in starless cores
were also reported in the literature. For example, Tafalla
et al. (2006) found that, in L1498 and L1517B, molecules
such as CH3OH and c-C3H2 fit with profiles having a sharp
central hole. Bizzocchi et al. (2014) reported that in the
prestellar core L1544, the CH3OH emission resembles a non-
uniform ring surrounding the dust peak. Vastel et al. (2014)
applied the non-LTE analysis of the methanol lines in L1544
and shows that they are likely emitted at the border of the
core at a radius of ↑ 8,000 au. Jiménez-Serra et al. (2016)
compare the molecular composition between the continuum
peak and the CH3OH peak in L1544 and found that the

Figure 6. Variation of inferred CH3OH column density ratios
between Yebes and ACA observations as a function of assumed
rotational temperatures. The Yebes and ACA values were estimated
from the observed spectra of the CH3OH-3K and CH3OH-7K
transitions, respectively. Each polyline represents one source. Only
the 12 sources with CH3OH detections in the Yebes observations
are included in this plot. We note that the angular separation
between G209.29S1 and G209.29S2 (36→→) is smaller than the Yebes
beam size (36→→), indicating that their emissions may be mutually
contaminated. The dashed line indicates a difference of one order
of magnitude (

→
10).

COMs at the CH3OH peak are overall more abundant that
that at the continuum peak. Jiménez-Serra et al. (2016)
proposed a scenario to explain the shell-like morphology of
CH3OH. In this scenario, three conditions must be met: (1)
the density must be high enough for efficient CO freeze-
out, allowing CH3OH to form on grain surfaces; (2) the
density must not be too high, so that gaseous CH3OH is not
significantly depleted; and (3) the visual extinction must be
sufficiently large to shield CH3OH from photodissociation
by the external interstellar radiation field (ISRF). Together,
these conditions suggest that gaseous CH3OH can only
survive within a shell-like layer at intermediate densities.

5.1.2. CH3OH vs. carbon-chains molecules

Anti-correlations between CH3OH and the two carbon-
chain molecules (CCS and c-C3HD) are observed in our
studies (corresponding panels in Figures B1–B16). Chemical
segregation between CH3OH and c-C3H2 has been reported

CH₃OH, CCS, c-C₃HDעN₂H⁺י׿׍׼־ؠ٭م㛙⣐նCH3OHכCCS, c-C3HDע樟׾ם⮆䄭(chemical segregation)ն

CH3OH, N2H+, 3 mm c-C3HD, N2H+, CCS


