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ABSTRACT

Protostellar streamers are elongated structures that channel material from larger scale onto disks, influencing their physical and
chemical evolution. The M512 protostar in Orion/Lynds 1641 hosts one of the most massive and extended streamer discovered so
far, offering a unique opportunity to study these processes. We investigated the morphology, chemistry, and origin of this streamer,
along with its potential impact on the protostellar disk. Using archival ALMA observations of C18O, DCO+, N2D+, and HCO+, we
compared their spatial distributions through moment maps and spatial profiles. The streamer shows clear chemical stratification: C18O
lies on the western side of the protostar, N2D+ is farther out to the east, and DCO+ is in the middle. This suggests that the structure has
been shaped by environmental effects, rather than tracing a single coherent infalling flow, with only the densest gas near the protostar
likely to accrete onto the disk. Overall, the bulk of the streamer reflects the physical and chemical imprint of the surrounding cloud,
highlighting the importance of environmental shaping in interpreting streamer–disk connections and their role in disk growth.
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1. Introduction

Recent interferometric observations have reached unprecedented
spatial and spectral resolution, along with a high level of sensi-
tivity to detect molecular line emission revealing complex and
extended gas structure around young stellar objects. On scales
from ∼150 au to 10 000 au, elongated and asymmetric features
have been detected toward both Class 0 (e.g., Pineda et al. 2020;
Cabedo et al. 2021; Murillo et al. 2022; Thieme et al. 2022) and
Class I sources (e.g., Bianchi et al. 2022; Valdivia-Mena et al.
2022; Hsieh et al. 2023; Harada et al. 2023; Podio et al. 2024;
Tanious et al. 2024), as well as even more evolved system show-
ing late infall (e.g., Gupta et al. 2024). Molecular tracers not
only enable the detection of these structures, but also provide
insights into their physical and chemical properties. These obser-
vational results contrast with the traditionally symmetric pic-
ture of the protostellar phase (Shu 1977; Andre et al. 2000;
Frank et al. 2014), indicating that protostellar accretion is non-
axisymmetric and influenced by the surrounding environment.

These structures, known as streamers, trace material fun-
neling from the outer envelope to the disk. They can be
associated with disk misalignments, resulting from environ-
mental interactions or captured material (Gupta et al. 2026).
Observed in tracers as CO, HCO+, HC3N, they might con-
tribute to protostellar accretion and disk substructure, while
carrying enough mass to significantly replenish the disk
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(Pineda et al. 2023; Kuffmeier et al. 2023; Hennebelle et al.
2017; Kuznetsova et al. 2022; Tanious et al. 2025) or alter its
composition through shocks (Sakai et al. 2014; Garufi et al.
2022; Artur de la Villarmois et al. 2022; Podio et al. 2024).

One peculiar elongated structures is toward the low-mass
Class I protostar M512 in Orion A/Lynds 1641 (∼420 pc;
Gaia Collaboration 2022). This structure, detected in both gas
and millimeter dust (Grant et al. 2021), was interpreted as a
streamer by Cacciapuoti et al. (2024), who used a streamline
model of the C18O emission for its study. These authors found
that it is tentatively consistent with infall, deriving a mass of
∼80 MJ and a mass infall rate of 2× 10−6 M� yr−1. However,
their narrow (∼1 km s−1) line is only resolved by four to five
channels in that dataset, preventing a robust kinematic charac-
terization. If even a fraction of this material ends up reaching the
disk, it could significantly affect its physical and chemical evo-
lution, making it important to understand the structure’s nature.
More details on the source are given in Appendix A

In this work, we investigate the emission of HCO+, DCO+,
N2D+, and C18O to explore the chemistry of the M512 elongated
structure. The species distribution reveals chemical stratification
and an offset between gas and dust peaks associated with the
gas temperature structure. This raises the question of whether
this structure is an accretion flow channeling material onto the
disk or whether it mainly traces cloud material shaped by the
environment. Understanding this will provide new insights into
the interplay between the cloud, disk, and environment.
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Fig. 1. (a): HCO+ emission toward M512. Beam is in the lower right corner (b): Zoom-in on DCO+ (blue), N2D+ (orange) and C18O (magenta)
moment 0, with 5σ dust continuum (gray) from Cacciapuoti et al. (2024). Separated maps are in Figure C.1. Dashed gray lines show the spatial
profiles paths (Figure 2). Beams are the colored filled circles, and the solid lines the primary beams. The green arrow is the TIPSY stream-model
trajectory from Cacciapuoti et al. (2024). Contours starts at 3σ with 2σ steps (σ = 0.32, 0.24, 0.22 mJy beam−1 km s−1 for DCO+ N2D+ and C18O,
respectively), and 5σ steps for HCO+ (σ = 3 mJy beam−1 km s−1).

2. Observations

M512 (RA: 05h40′13.789′′, Dec:−07d32m16.02s) was observed
with ALMA in Band 6 on December 2019 (2019.1.00951.S,
PI: Grant, S.) and in Band 3 on January 2023 (program
2022.1.00126.S, PI: Wendeborn, J.). Both programs achieved a
resolution of ∼1′′.2, and maximum recoverable scales of 11′′.7 for
Band 6 and 14′′.1 for Band 3. Further details on data calibration are
in Grant et al. (2021) and Cacciapuoti et al. (2024). For the pur-
poses of the present work, we used the 12m data of C18O, HCO+,
DCO+, and N2D+ (see Table 1). The two latter belong to a low
spectral resolution spectral window (channel width∼5 km s−1; see
Table 1) and their detection is limited to one single channel. The
cubes have been self-calibrated mapping the continuum-based
gainsolutionsfoundinCacciapuoti et al. (2024) to the linespectral
windows closest in frequency, continuum-subtracted, and primary
beam-corrected. They were imaged in CASA1 using tclean with
a natural weighting, multiscale deconvolution (scales = [0, 5, 15,
30]) with a pixel size of 0.2′′, and automasking. The resulting syn-
thesized beams and root mean square (rms) values are reported in
Table 1. We analyzed the cube and produced moment maps using
CARTA2, GILDAS3 and in-home python routines. We assumed a
10% flux calibration uncertainty (Remijan et al. 2019).

3. Analysis and results

Figure 1(a) shows the large-scale moment 0 emission (integrated
intensity) of HCO+ over 2.4–4 km s−1. As expected for relatively
abundant species with low transition, the emission seems to be
dominated by the envelope. In addition to the central curved fea-
ture associated with the streamer identified by Cacciapuoti et al.
(2024), HCO+ also traces an elongated structure to the south east
and a cavity in the opposite direction. The envelope-dominated
nature of HCO+ is further supported by the comparison between
HCO+ and C18O channel maps shown in Appendix B. The

1 Common Astronomical Software Applications (CASA Team 2022):
https://casa.nrao.edu/
2 Cube Analysis and Rendering Tool for Astronomy (Comrie et al.
2026; Wang et al. 2026): https://carta.almascience.nrao.edu/
3 Grenoble Image and Line Data Analysis Software (Gildas Team
2013): https://www.iram.fr/IRAMFR/GILDAS/

streamer feature identified by Cacciapuoti et al. (2024) is clearly
traced by C18O over a narrow velocity range (<1 km s−1), spread
across a few channels, indicating it traces the densest part of the
structure. In contrast, HCO+ is more extended and peaks close to
the systemic velocity (∼3.3–3.5 km s−1), where strong envelope
emission is expected. Therefore, the streamer signature in HCO+

is clearly contaminated by the envelope, while C18O provides a
cleaner view of its kinematics.

In the inner 25′′, Figure 1(b) shows the moment 0 maps of
C18O, integrated over 2.8–4 km s−1, and DCO+, and N2D+, inte-
grated over the single channel of emission, overlaid on the dust
continuum. The same maps can be seen separately in Figure C.1.
All three species show a similar arc-like structure following the
dusty streamer from Cacciapuoti et al. (2024) and they show a
clear stratification: C18O is primarily on the western side on the
eastern side of the cavity, N2D+ is farther and toward the east
and DCO+ seems to lie in between for most part of the streamer.
The emission extends over ∼25′′ (∼10 500 au) along the arc, with
widths of ∼3–5′′ (1200–2000 au depending on the tracer), reach-
ing a maximum projected distance of ∼17′′ (∼7000 au) from the
protostar. To better characterize the stratification, we extracted
spatial profiles along cuts intersecting the molecular emission
peaks and oriented to highlight the differences between tracers
(Figure 2). To better trace the morphology, the cuts (Figure 1b)
were chosen to follow the streamer’s dust curvature, rather than
being perpendicular to the streamer or radial to the protostar.

The flux at each position along the cuts was computed as the
mean intensity along three pixels (0′′.6, ∼250 au) perpendicular
to the path, while the associated errors correspond to the stan-
dard deviation within a 3×3 pixel box around each point. The
profiles are normalized by their maximum value to emphasize
the relative spatial variation, enabling a direct comparison of the
tracers. The profiles extracted along these cuts (Figure 2) confirm
the chemical stratification: in the three north-east cuts (1, 2, 3),
DCO+ lies between C18O and N2D+; whereas in the two south-
west cuts (4, 5), N2D+ is located between C18O and DCO+. We
note that the DCO+ emission in cuts 4 and 5 lie near the edge of
the primary beam, where the sensitivity decreases and, thus, it
appears fragmented and so, the observed profiles there should be
interpreted with caution. In addition, the apparent inversion of
DCO+ and N2D+ could also be a result of projection effects not
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Fig. 2. Normalized continuum (gray), C18O (magenta), DCO+ (blue), and N2D+ (orange) profiles along 5 cuts across the streamer (Figure 1).
Fluxes are averaged over 3 pixels; error bars are 3×3-pixel standard deviation. Offsets are relative to the C18O peak.

Table 1. Spectroscopic and image parameters of the detected lines.

Line Transition Frequencya log10(Ai j)a Ea
up ga

up Spect. Res. Beam RMS ALMA project
[GHz] [K] [km s−1] [′′×′′(◦)] [mJy/beam ]

C18O 2–1 219.56036 −6.2 16 5 0.16 1.67 × 1.26 (−72) 13.2 2019.1.00951
N2D+ 3–2 231.32183 −3.8 22 63 5.1 1.5 × 1.2 (−74) 2.8 2019.1.00951
DCO+ 3–2 216.11258 −3.1 21 7 5.4 1.28 × 1.61 (−75) 3.5 2019.1.00951
HCO+ 1–0 89.18852 −4.4 5 3 0.24 1.41 × 1.75 (62) 1.7 2022.1.00126

Notes. aSpectroscopic parameters come from Tinti et al. (2007) for HCO+, Winnewisser et al. (1985) for C18O, Amano et al. (2005), Pagani et al.
(2009) for N2D+, (Caselli & Dore 2005; Lattanzi et al. 2007) for DCO+, from the CDMS catalog (Müller et al. 2005).

knowing the 3D structure. Nevertheless, the overall stratification
is evident, indicating variations in chemical composition and/or
physical conditions across the streamer.

Given the detection of both HCO+ and DCO+ along
the streamer, we estimated the deuteration ratio (N(DCO+)/
N(HCO+)) to probe chemical variations along the structure. This
estimate, however, is subject to significant caveats: HCO+ is
likely optically thick and contaminated by the envelope, while
DCO+ is spectrally diluted due to the low spectral resolution
preventing a determination as to whether both species trace the
same gas. To compute the ratio, we derived the column densities
of both species, under the assumptions of local thermal equilib-
rium (LTE) and optically thin emission (Eq. (D.1)). We assumed
a 10–30 K temperature range, for a cold dense cloud (∼10 K)
and warmer gas in streamer (up to 30 K; Codella et al. 2024)
to account the spectroscopy of the two transitions (Table 1). To
minimize envelope contamination, the HCO+ column density was
estimated integrating the emission overlapping with C18O (2.9–
3.5 km s−1; Figure B.1). We derived N(HCO+) and N(DCO+)
along the streamer of 0.2–2× 1013 cm−2 and 0.3–0.9× 1013 cm−2,
respectively. HCO+ becomes optically thick in the 10–30 K range
with a column density higher than 1× 1013; thus, the derived
column densities should be treated as lower limits and the result-
ing ratio as an upper limit. We estimated N(DCO+)/N(HCO+)
of ∼0.2–5, depending on temperature (10–30 K) and position
along the streamer (Figure D.1 at 30 K). These values should be
taken with caution as they are are upper limits for the reasons
mentioned above. Additionally, deuteration seems enhanced in
the south, where DCO+ shows stronger emission (see Figure 1,
D.1). However, this occurs at the edge of the primary beam. For
completeness, we computed the column density of N2H+ and
C18O (see Appendix D). Although HCO+/DCO+ could be used
to estimate the ionization fraction and the cosmic ray ionization

rate (e.g., Pineda et al. 2024), the Caselli et al. (1999) method
requires cold ∼10 K pre-stellar conditions and co-spatial tracers,
which are not met here, so the derived values would end up
overestimated (Sabatini et al. 2023).

4. Environmental shaping of the M512 streamer

The molecular stratification observed along the streamer pro-
vides insights into its physical and chemical structure. The
arrangement of N2D+ in the outer eastern regions, DCO+ in
the middle, and C18O on the west close to the cavity reflects
the interplay between temperature, CO depletion, and deuterium
chemistry. In particular, the enhanced outer N2D+ indicates CO
depletion (that happens below 25 K), DCO+ forms where some
CO remains and where N2D+ and CO coexist (Caselli 2002;
Pagani et al. 2011; Ceccarelli et al. 2014). In addition, the inner
C18O reflects regions where CO has sublimated. Dust accumu-
lation near the eastern edge may enhance CO shielding and the
increase of local density. The presence of C18O emission at the
eastern edge of the streamer cannot be explained by the pro-
tostar: with ∼1 L�, at ∼7000 au, the dust temperature is below
the CO sublimation temperature (20–25 K), while CO should be
frozen onto dust grain. Detecting gas-phase CO at this location
suggests the presence of an additional local heating source, such
as compression or external irradiation.

The chemical stratification and the dust morphology iden-
tified in our analysis suggest that the elongated structure
could have been shaped by external feedback, potentially
pushing material from north-east (NE) to south-west (SE).
These signatures naturally arise in a swept-up layer that pro-
duces dust accumulation, a localized temperature increase
that leads to the release of C18O, and the preservation of
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Fig. 3. Scheme of the proposed external feedback scenario shaping the
M512 structure. N2D+ (blue), traces the cold outer regions, DCO+ (pur-
ple) the intermediate layer, and C18O (red) the warmer gas. The M512
protostar+disk is at the center. Arrows indicate feedback direction and
the resulting velocity and temperature gradients. The figure is qualita-
tive and not to scale.

deuterated species in the outer regions. These signatures are
found to be consistent with the tentative NE–SW veloc-
ity gradient seen in C18O (Cacciapuoti et al. 2024). In this
scenario, shown in Figure 3, the observed molecular layer-
ing and morphology are more naturally explained than in
the alternative interpretations discussed by Grant et al. (2021)
and Cacciapuoti et al. (2024) (see Appendix A). In addi-
tion, the lack of FIR nebulosity and the normal Class-I–like
SED (see Appendix A) suggest that any external influence
is mild, consistent with the moderate heating or compres-
sion required to produce the observed stratification. Filamen-
tary and streamer-like structures are ubiquitous in star-forming
regions, but their formation and role are still under debate
(e.g., Hennebelle & Inutsuka 2019; Robitaille et al. 2020). Often
they are influenced by external triggers, such as expanding
bubbles, shocks, or nearby stellar activity (e.g., Hacar et al.
2018; Socci et al. 2024; De Simone et al. 2022; Chahine et al.
2022). Orion shows a filamentary environment with cavities and
feedback-driven structures (Feddersen et al. 2018; Zheng et al.
2021), while intermediate FUV radiation fields from nearby
A–B stars are known to influence the surrounding gas and disks
(van Terwisga & Hacar 2023), even though the local FUV field
around M512 is modest (Appendix A). We note that the field
covered by Feddersen et al. (2018) do not include M512, but
they do indicate that small-scale feedback is widespread in
Orion A (Figure A.1). In this view, the morphology and chemical
stratification of the M512 structure are more naturally explained
by environmental shaping than by a single coherent gravitational
accretion flow. It is only its densest inner region that is likely to
accrete onto the disk, while the bulk of the elongated feature
reflects the imprint of the surrounding cloud, possibly channeled
through the parent filament (Valdivia-Mena et al. 2024), with
limited impact on the disk itself. Higher resolution (<0.1 km s−1)
data would be needed for kinematics, while slightly larger-scale
shock and dense-gas mapping could probe gentle compression
or illumination in the surrounding filament.
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Appendix A: Source description

M512 (also known as [MGM2012] 512 or 2MASS J05401378-0732160) is a young stellar object located in the Lynds 1641 region
of the Orion A molecular cloud at a distance of ∼420 pc, based on the Gaia DR3 parallax (p ∼ 2′′.38; Gaia Collaboration 2022).
Although the source has been identified as young star with a disk (Megeath et al. 2012), Caratti o Garatti et al. (2012) classify it as
a Class I based on the 2–25 µm spectral index (α2−25µm ∼ 0.33;), with a stellar mass of 0.15 M� and a luminosity of 0.9 L� derived
from SED modeling. Extended millimeter continuum and CO isotopologue emission surrounding the disk were first reported by
Grant et al. (2021), revealing a large-scale elongated structure connected to the central source. The CO emission does not show
clear signatures of outflow emission (through morphology and/or velocty structure) and it is primarily associated with the elongated
structure, while the disk kinematics and orientation remain uncertain. The dust mass of the extended emission is estimated to be
65±32 M⊕, corresponding to about 50% of the disk mass; if this material belongs to an envelope, the envelope-to-disk mass ratio
would be consistent with a Class I source (Jørgensen et al. 2009), although the disk mass may be underestimated due to optical
depth effects. The origin of this elongated structure is uncertain. Grant et al. (2021) discussed several possible scenarios, including
an envelope or accretion streamer, an outflow cavity wall, perturbations from a companion, or interaction with the parent cloud. They
concluded that the detection of the structure in dust continuum implies the presence of relatively large grains and dense material, and
that interaction between the young system and the surrounding cloud may play an important role. More recently, Cacciapuoti et al.
(2024) modeled the structure as a streamer using C18O emission and derived a mass of ∼80 MJ and a high infall rate of 2 × 10−6 M�
yr−1, suggesting that, if fully accreted, this structure could significantly affect the disk and the protostar. However, the nature of the
structure and the extent to which this material is effectively accreting onto the disk remain uncertain. In this context, studying the
chemical structure of the elongated feature can provide important constraints on its physical origin and its role in the star-disk system.
To place these properties in context, it is important to consider the larger scale environment in which M512 is embedded. M512 lies
within the southern part of Orion A, an environment that contains numerous cavities and feedback-driven structures on (sub-)parsec
scales. Although the field mapped by Feddersen et al. (2018) do not intersect this specific region, such structures illustrate that
small-scale feedback is common across Orion A and may influence the local gas distribution around M512. Additionally, several
A-B stars in L1641 contribute to a moderate FUV radiation field (van Terwisga & Hacar 2023), but no individual irradiating source
can be uniquely associated with M512. The local radiation field seems to be relatively weak (<10 G0) (van Terwisga & Hacar 2023).
Additionally, Herschel 70 µm maps show no extended nebulosity around M512 (Grant et al. 2018), indicating the absence of strong
local heating or illuminated cavity walls on ∼103−4 au scales. Furthermore, the source’s SED closely resembles that of a normal
Class I protostar viewed at low inclination (Grant et al. 2018, with no excess emission that would suggest strong external irradiation.
These FIR and SED characteristics imply that any environmental influence on the extended material must be relatively mild, acting
primarily on the surrounding cloud rather than on the protostar itself. While this rules out strong photo-evaporation or intense shock
heating, it remains consistent with a scenario in which moderate external compression, low-level FUV illumination, or larger-scale
cloud dynamics shape the morphology and chemistry of the material surrounding M512.

Fig. A.1. Herschel SPIRE observations at 250, 300, and 500 µm (background) overlapped with external FUV flux estimated map in the Orion A
cloud from van Terwisga & Hacar (2023). The cyan stars mark possible ionizing stars in their vicinity and crosses show the Class II disks. Active
star-forming regions and the location of the M512 protostar are indicated. The yellow circles show the CO shells identified by Feddersen et al.
(2018) in the yellow square field.
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Appendix B: Channel maps of C18O and HCO+

The channel maps in Figure B.1 illustrate the kinematics of C18O and HCO+ around the M512 streamer. C18O emission is confined
to a narrow velocity range (∼2.9–3.5 km s−1), tracing the densest parts of the structure, while HCO+ is more extended and peaks near
the systemic velocity, indicating significant contribution from the surrounding envelope. Only a few channels show HCO+ emission
coincident with the streamer, highlighting the difficulty of isolating the streamer in this tracer due to spectral dilution. These maps
therefore demonstrate that C18O provides a cleaner probe of the streamer kinematics, while HCO+ is better suited for tracing the
overall envelope, supporting its use as a complementary rather than primary tracer.

Fig. B.1. Kinematics of C18O (magenta) and HCO+ (blue) shown through channel maps. The synthesized beams are shown in the lower left corner.
The velocity bins are depicted in the upper right corner. Contours are [3, 5, 7, 11, 15] σ for C18O with σ=0.26 mJy beam−1 and [3, 5, 7, 11, 13,
15, 20, 25, 30] σ for HCO+ with σ =5 mJy beam−1.
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Fig. C.1. Same as Figure 1(b) but shown in separated panels for clarity. The green arrow represent the TIPSY stream-model trajectory for 0.15 M�

and vsys of 3.25 km s−1 from Cacciapuoti et al. (2024).

Appendix C: Moment comparison of N2D+, DCO+ and C18O with dust emission

Figure C.1 shows the individual moment 0 maps of C18O, DCO+, and N2D+ over the same field as Figure 1(b). Displaying the tracers
separately highlights their different spatial extents and relative offsets with respect to the dust continuum, which are discussed in
detail in Sect. 3. These maps provide a complementary view to the overlaid representation shown in the main text.

Appendix D: Column densities and abundance ratio

The column densities were computed under the assumptions of Local Thermal equilibrium (LTE) and optically thin emission, using
the integrated intensity (

∫
TbDv) of each line as (Mangum & Shirley 2015; Goldsmith & Langer 1999):

Ntot =
8πkν2

hc3Aul

Q(Trot)
gu

exp
(

Eu

kTrot

) ∫
Tb dv, (D.1)

where Ntot is the total column density, k, h the Boltzmann and Plank constants, c is the speed of light, ν is the line rest frequency,
Aul, gu, Eu are the line spectroscopic parameters, and Q(Trot) is the partition function at rotational temperature, Trot.

Figure D.1 shows the map of the column density ratio of DCO+ and HCO+ (values in Section 3). We computed as well the
column density of N2D+ and C18O using the same assumption of LTE and optically thin emission, in the 10–30 K temperature
range. We found N(N2D+) of 3–8 1011 cm−2 and N(C18O) of 0.7–1.7 1014 cm−2 along the streamer.

Fig. D.1. N(DCO+)/N(HCO+) column density ratio computed assuming 30 K (right panel) and using the moment 0 intensity map of HCO+ (middle
panel in orange) and DCO+ (left panel in blue). Contours starts at 3σ with 3σ steps (σ=0.32 mJy beam−1 km s−1) for DCO+ and 6σ steps (σ=3
mJy beam−1 km s−1) for HCO+. Note that the ratio values represent an upper limit due to optical thickness and contamination of HCO+ (see text).
Primary beam and beams are reported.
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