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ABSTRACT

Context. Over the past few years, chemical studies have revealed multiple structures in the vicinity of young stellar objects (YSOs). It
has become evident that specific physical conditions are associated with the emission of particular molecular lines, allowing us to use
molecular probes of the YSO physics. Consequently, chemical surveys are now necessary to fully constrain the origin of the observed
structures. Several surveys have been conducted to explore the chemistry of YSOs, focusing on Class 0 and Class II objects. However,
our knowledge of intermediate objects, that are Class I objects, remains limited.
Aims. To bridge the gap and establish the relationship between observed structures and molecular line emission at the Class I evolu-
tionary stage, we investigate the spatial distribution of key molecular gas species in the low-mass Class I protostar L1489 IRS (IRAS
04016+2610), a source part of the ChemYSO survey.
Methods. We performed a 3 mm line survey at high spatial and high spectral resolution using the NOEMA interferometer and the
IRAM-30 m telescope. For the data analysis, we applied and compared two methods: a streamline model and the new python package
TIPSY.
Results. We present here the ten brightest lines of our survey, in which we identified a new ∼3000 au long streamer in HC3N, C2H, and
c−C3H2 emission, likely associated with more localized accretion shocks probed in SO. In addition, two ∼10 000 au bubbles are seen
with the dense molecular tracers HCO+, CS, and HCN around the YSO. We retrieve previously identified structures, like an outflow
in HCO+ and another streamer in C2H. Additionally, potential indicators of a second outflow appear in CS and HCN emission, but its
nature remains to be confirmed.
Conclusions. The late infall identified at large scales may originate from the nearby prestellar core L1489 and is likely responsible
for the formation of an external warped disk in this system. The detection of a potential second outflow could be the direct evidence of
a binary system. Finally, we hypothesize that the bubbles may result from the magnetic pressure as observed in numerical simulations.

Key words. astrochemistry – protoplanetary disks – stars: low-mass – ISM: bubbles – ISM: kinematics and dynamics –
ISM: lines and bands

1. Introduction
Over the past decades, the latest generation of high-sensitivity
telescopes has provided access to the cradles of star and planet
formation at unprecedented spatial and spectral resolutions.
They have uncovered countless structures at each stage of the
planet formation, from the very early phases of young stars
(Class 0) to planetary systems (Class III). Most of those struc-
tures can be probed using the gas seen with rotational transitions
of molecules, which makes the study of chemistry of young
stellar objects (YSOs) a powerful tool to investigate their physics.

Through the past years, several programs investigated the
chemical composition at the Class 0 stage – for instance
TIMASSS (Caux et al. 2011), PILS (Jørgensen et al. 2016),
ASAI (Lefloch et al. 2018), SOLIS (Ceccarelli et al. 2017),

⋆ Datacubes are available at the CDS via anonymous ftp to
cdsarc.cds.unistra.fr (130.79.128.5) or via https:
//cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/687/A92
⋆⋆ NASA Hubble Fellowship Program Sagan Fellow.

GEMS (Fuente et al. 2019) – or in the late protoplanetary disks
or Class II stage – such as DISCS (Öberg et al. 2010, 2011),
CID (Guilloteau et al. 2016), MAPS (Öberg et al. 2021).
However, much less is known about the chemistry of the interme-
diate evolutionary stage, that are Class I systems. The ChemYSO
survey started to look at this chemistry in a more generic way,
using IRAM-30 m obervations of seven Class I YSOs in the Tau-
rus star-forming region (Le Gal et al. 2020). They appeared to be
chemically rich with more than 20 molecules detected with less
than three atoms in each source. However, interferometric obser-
vations are needed to access to their spatial distribution within
the disks, to assess the impact of physical conditions on chemical
evolution.

The recent ALMA Large Program eDisk (PI: N. Ohashi)
consisted in observations with a spatial resolution below
0.′′1 of nineteen objects, including seven Class I YSOs
(Ohashi et al. 2023). Its main objective is determining whether
substructures are present in Class 0/I disks (e.g., in Oph IRS 63,
Segura-Cox et al. 2020), but it offers in addition interesting
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results for linking chemistry to physics. For instance, it revealed
the freeze-out of 12CO, 13CO, C18O, H2CO, and SO near the
midplane of the Class I object IRAS 04302+2247, whose CO
snowline is located at 130 au (Lin et al. 2023). Spiral infalling
arms probed in SO and multiple streamers in C18O emission of
Oph IRS 63 were also detected (Flores et al. 2023), as well as an
expanding bubble in the CO (2−1) line emission in Oph IRS 43
(Narayanan et al. 2023).

Among the sources of the ChemYSO and eDisk surveys
is L1489 IRS (also know as IRAS 04016+2610), an embed-
ded Class I YSO located in the Taurus star-forming region
(Gaia Collaboration 2018). It is a relatively isolated object still
inside its parental molecular cloud Barnard 207 (B207) and at
the edge of the prestellar core L1489. The position of the YSO
suggests its potential migration from the core that would still
feed material into the YSO’s disk (Brinch et al. 2007a).

L1489 IRS is known to have three nested disks: a
15 au radius inner disk, modeled by Gramajo et al. (2010)
from HST/NICMOS observations (Padgett et al. 1999), and
then observed in the continuum and SO emission with
a position angle (PA) of 86◦ (Yamato et al. 2023). An
intermediate disk, with a 200 au radius extent (PA =
69◦), is traced in the continuum, 13CO and C18O emission
(Sai et al. 2020; Yamato et al. 2023). The latter is warped from
a larger external Keplerian disk traced in C18O emission, and
lying between 300 au and 600 au, with a PA = 54◦ (Sai et al.
2020; Yamato et al. 2023). These three disks are embedded in an
even larger molecular envelope (∼5000 au, Sai et al. 2020) mis-
aligned from the disk (Brinch et al. 2007b). Some properties of
this source from the literature are summarized in Table 1.

Previous observations at infrared and (sub)millimeters wave-
lengths suggested a potential unresolved binary system, which
would explain the quadrupolar flow observed in H2 (1−0) S(1)
emission, interpreted as two outflows (Lucas et al. 2000), as well
as the high luminosity of the object (Hogerheijde & Sandell
2000) despite its relative low mass (Brinch et al. 2007b).
Additionally, infalling material within the envelope and a poten-
tial SO ring located at ∼300 au of the protostar(s) were reported
by Yen et al. (2014). A dusty ring was also tentatively iden-
tified by Ohashi et al. (2022) in 1mm continuum emission,
subsequently confirmed by Yamato et al. (2023).

As for the chemistry, several previous studies, which used
single dishes to perform single pointing observations toward
L1489 IRS, showed the molecular diversity of this object (Hirota
et al. 2001; Jørgensen et al. 2004; Öberg et al. 2014; Bergner et al.
2017; Law et al. 2018; Le Gal et al. 2020; Mercimek et al. 2022).
Nevertheless, the low spatial resolution of these telescopes gives
observed emission blending together all the structures of the
object, resulting in an inability to infer where molecules are
emitting from, and thus their associated physical conditions.

Spatial distributions can only be accessed through inter-
ferometric observations for this source, according to its size.
However, most of them focused on CO and its isotopologues so
far (Hogerheijde et al. 1998; Yen et al. 2013, 2014; van’t Hoff
et al. 2020; Sai et al. 2020, 2022; Yamato et al. 2023), resulting
in a biased view of traced structures in this system. There is only
few mappings of other lines but they are almost all 1 mm obser-
vations (with spatial resolutions from 8′′ to 0.1′′, e.g., Ohashi
et al. 1996; Hogerheijde 2001; Brinch et al. 2007b; Yen et al.
2014; van’t Hoff et al. 2020; Tychoniec et al. 2021; Yamato et al.
2023), limiting the accuracy of column density estimates through
radiative transfer modeling, especially for sub-thermally excited
species whose fundamental or lowest rotational transitions lie
below 100 GHz.

Table 1. Properties of L1489 IRS from the literature.

Property Value Reference

RA (J2000) 04:04:43.071 (1)
Dec (J2000) 26:18:56.390 (1)
Tbol 213 K (2)
L⋆ 3.4 L⊙ (2)
M⋆ 1.7 ± 0.2 M⊙ (3)
MEnv. 0.023+0.010

−0.004 M⊙ (4)
MDisk 0.009 ± 0.001 M⊙ (4)
MDisk/MEnv. 0.39 (4)
REnv. ∼5000 au (5)
RDisk ∼600 au (5)
vLSR 7.37 km s−1 (3)
i 72◦ (3)
Distance ∼146 pc (6)

Notes. (1) Gaia Collaboration (2018), (2) Ohashi et al. (2023),
(3) Yamato et al. (2023), (4) Sheehan & Eisner (2017), (5) Sai et al.
(2020), (6) Roccatagliata et al. (2020).

The chemical richness and the wide diversity of structures
found in L1489 IRS make this source an ideal target to study
the link between physical structures and molecular probes. We
present here the results of a 3 mm mapping molecular survey
conducted with the IRAM-30 m and the NOrthern Extended
Millimeter Array (NOEMA) at high spectral and high spatial res-
olution toward L1489 IRS. Section 2 describes the observations,
the data reduction, and the imaging procedure. We report the
observed structures in Sect. 3, especially infalling-like material
for which we did an in-depth analysis in Sect. 4. We discuss the
inferred physical and chemical structure of L1489 IRS in Sect. 5,
and summarize our results in Sect. 6.

2. Observations

2.1. NOEMA observations

2.1.1. Description of the observations

Interferometric observations of L1489 IRS were carried out
with NOEMA in Band 1 (Project IDs: S20AH and W20AJ,
PI: R. Le Gal). The phase tracking center of this single point-
ing observations was α(J2000) = 04h04m43.s071, δ(J2000) =
26◦18′56.′′390. The observations combine C- and A-array con-
figurations from November 10, 2020 to March 25, 2021, with
projected baselines ranging from 17.4 m (5.2 kλ) to 759.8 m
(226 kλ). Observations in the C configuration were conducted,
first, with 10 antennas on November 10, 15, and 16, 2020, and
then with 11 antennas on March 20 and 25, 2021, resulting in an
on-source time of 9.3 h. Observations in A configuration utiliz-
ing 11 antennas were performed on February 24 and 26, 2021,
accumulating an on-source time of 6.7 h. These observations,
combining A- and C-array configuration, yield a synthesized
beam ∼1.′′4 at 90 GHz using natural weighting. The primary
beam of the NOEMA antennas is ∼55′′ at ∼90 GHz. For both
projects (S20AH and W20AJ), 3C 84 served as the bandpass
calibrator, and MWC 349 and LKHα 101 served as flux calibra-
tors. The uncertainty for the derived intensities are below 10%.
QSO B0400+258 and 4C 32.14 served as phase and amplitude
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Table 2. Primary targeted lines.

Transition Eup Rest frequency θmaj × θmin (PA) Per-channel rms (†) Velocity range (∗) Integrated intensity
(K) (GHz) (′′× ′′, ◦) (mJy beam−1) (km s−1) (mJy km s−1)

HCO+ (1−0) 4.3 89.188525 2.05 × 1.43 (23.1) 1.48 [−7.89, 20.75] ≥112 785 (a)

H13CO+ (1−0) 4.2 86.754288 2.13 × 1.48 (22.5) 1.47 [4.01, 10.79] ≥22 315 (a)

HCN (1−0) 4.3 88.631602 2.10 × 1.46 (22.9) 1.60 [−5.60, 18.54] ≥86 295 (a,b)

H13CN (1−0) 4.1 86.339921 2.16 × 1.49 (21.6) 1.59 [−3.24, 17.76] 230 ± 23 (b)

HC3N (11−10) 28.8 100.07639 1.82 × 1.30 (24.4) 1.45 [4.75, 9.49] ≥7210 (a)

C2H (11.5,2−00.5,1) 4.2 87.316898 2.12 × 1.47 (22.4) 1.39 [5.01, 9.72] ≥21 135 (a,c)

c-C3H2 (20,2−11,1) 6.4 82.093544 2.31 × 1.58 (22.1) 1.68 [5.91, 8.10] ≥9590 (a)

CS (2−1) 7.1 97.980953 1.85 × 1.32 (24.6) 1.44 [4.44, 10.65] ≥49 470 (a)

SO (23−12) 9.2 99.299870 1.83 × 1.31 (24.5) 1.42 [3.45, 10.77] ≥20 770 (a)

SO (22−11) 19.3 86.093950 2.17 × 1.49 (21.6) 1.45 [4.25, 10.87] 156 ± 16

Notes. Eup and rest frequencies are from the CDMS (Müller et al. 2001, 2005). (†)Estimated from line-free channels of cubes before primary beam
correction. (∗)LSR velocity range over which moment maps are produced and the integrated intensity derived. (a)As the emission is more extended
than the primary beam, a lower limit is given. (b)The line properties are those of the major hyperfine component. All hyperfine components are
integrated together for the flux. (c)While six hyperfine components are detected, we only present the brightest one here.

calibrators for S20AH, 0354+231 and 4C 32.14 served as phase
and amplitude calibrators for W20AJ.

NOEMA’s correlator covered a total instantaneous nominal
bandwidth of ∼15.5 GHz per polarization, from 81.9 to 89.6 GHz
and 97.4 to 105.1 GHz, with a resolution of 2 MHz. Within these
frequency ranges, the correlator was set up to provide in paral-
lel 128 high-resolution windows, each 64 MHz wide and with
an effective spectral resolution of 62.5 kHz, corresponding to
velocity resolutions of ∼0.2 km s−1. Table 2 shows the bright-
est lines identified in our survey and used for the present study.
Other molecular lines were also covered in this dataset but their
emission is significantly weaker. Consequently, the analysis and
presentation of these lines will be the focus of a forthcoming
study.

2.1.2. Data calibration

The data calibration was performed using the NOEMA pipeline
in the Continuum and Line Interferometer Calibration (CLIC)
software, which is part of the Grenoble Image and Line Data
Analysis Software (GILDAS1) distribution. Visibilities exceed-
ing 1.′′5 or 1.′′6 seeing threshold in the C or A configuration,
respectively, or surpassing an atmopsheric phase rms of 80◦ were
flagged and excluded from the analysis due to a significant loss
of data quality. Calibrated visibilities were then stored in spec-
tral window specific uv tables for both high and low resolutions.
Subsequent data processing were then realized with the GILDAS
MAPPING program.

2.1.3. Data reduction

For the continuum data, uv continuum tables were created for
both the lower sideband (LSB) and the upper sideband (USB) of
the correlator, by applying a 3σ threshold to filter out line emis-
sion in the 2 MHz tables using the uv_filter and uv_average
commands. Three iterations of phase self-calibration were per-
formed on these continuum tables using the selfcal task with
masks defined around the 3σ emission. We applied 45 s solution

1 http://www.iram.fr/IRAMFR/GILDAS

intervals on 100, 400 and 800 iterations cycle, using visibili-
ties having a signal to noise ratio (S/N) above 3. Visibilities
with an S/N < 3 were retained after the process to enhance the
S/N of the continuum image and preserve the synthesized beam
size. The achieved noises are 5.70µJy beam−1 for the LSB (i.e.,
1.03 times the expected thermal noise), and 7.32µJy beam−1 for
the USB (i.e., 1.20 times the expected thermal noise). The gains
estimated for each sideband from the selfcalibration of its con-
tinuum table were then applied to its lines-filtered table using the
uv_cal task. The LSB and the USB selfcalibrated lines-filtered
tables were then merged using the uv_merge task with a spectral
index α = 2.295± 0.055 (estimated from those tables). Finally, a
continuum table of this merging was created with uv_average.

Line-specific uv tables were produced from the 62.5 kHz
spectral resolution windows, by extracting a 20 MHz spectral
window centered on the line’s rest frequency in the uv plane
(using command uv_extract), followed by a subtraction of a
1st order baseline obtained from line-free emission (with the
uv_baseline command). Notably, gain solutions from the self-
calibrated continuum (LSB or USB, depending on the line’s
frequency) were not applied to the line uv tables, as they did not
significantly improve the S/N.

2.1.4. Data imaging

The uv tables were imaged with natural weighting and
then deconvolved using the Högbom CLEAN algorithm
(Högbom 1974) by specifying a stopping criterion on the maxi-
mal intensity in the residual image. For the continuum, we first
performed a shallow clean using three times the expected ther-
mal noise to identify the emission. Subsequently, we defined a
mask and cleaned down to 0.5 times the expected thermal noise
to reach convergence. After using the uv_restore command,
we obtained the 3.2 mm dust continuum image shown in Fig. 1.
As for the lines, we performed a cleaning down to three times
the expected thermal noise without mask. The continuum peak
was found to be offset from the phase tracking center. The tables
have thus been reprojected on the continuum peak localized in
α(J2000) = 04h04m43.s085, δ(J2000) = 26◦18′56.′′206.
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Fig. 1. 3.2 mm continuum image of L1489 IRS. The contour lev-
els are [−3, 3, 10, 50, 200]σ where σ = 4.52µJy beam−1. The
position (0′′, 0′′) corresponds to the continuum peak localized in
α(J2000) = 04h04m43.s085, δ(J2000) = 26◦18′56.′′206. The color scale is
stretched by the arcsinh function to make faint extended features more
visible. The synthesized beam (1.79′′ × 1.24′′, 22.6◦) is displayed in the
lower left corner while the scale bar in the bottom right corner indicates
500 au.

2.2. IRAM-30 m observations

Single dish observations of L1489 IRS were carried out with
the IRAM-30 m between July 21 and 26, 2021 for a total on-
source time of 29.4 h (Project ID: 184-20, PI: R. Le Gal). The
Eight MIxer Receiver (EMIR) E090 was used and connected
to the narrow fast Fourier Transform Spectrometers (FTS 50)
backends, offering 4 × 1.82 GHz bandwidth at 50 kHz channel
resolution (∼0.2 km s−1) per spectral setup. Four spectral setups
were required to encompass the entire bandwidth covered by the
NOEMA observations. A 3′ × 3′ region centered on L1489 IRS
was mapped using the On-The-Fly position-switching observ-
ing mode. The primary beam of the IRAM-30 m is ∼27′′ at
∼90 GHz. The reference position was set to an offset of ∆α =
351.′′5, ∆δ = 0.′′0 from L1489 IRS. Single pointing spectra
acquired in frequency switching mode toward the reference
position showed no contamination from our targeted lines.
EQ 0439+360, 3C 84, 4C 32.14 and EQ 0439+360 were used
as calibrators for the observations. The pointing was checked
approximately every ∼1–1.5 h on a nearby continuum source.
The focus was assessed every ∼2–2.5 h using a strong source.

The data reduction was conducted using the GILDAS CLASS
software on the automatically calibrated data provided by the
telescope. The polarizations were averaged resulting in an
increase of maps’ S/N. Fluxes were converted from antenna tem-
perature corrected from the forward efficiency T ∗A to main beam
temperature Tmb with the command modify beam_eff /ruze
which uses Ruze’s equation (Ruze 1952) to compute beam effi-
ciencies. We extracted a 30 MHz spectral window around the
rest frequency of the line, and removed a 1st order baseline (esti-
mated by eye on the emission filtered from the line) for each
spectrum. This baseline-subtracted dataset was then used to pro-
duce the maps with the CLASS commands table and xy_map.

2.3. Combination of IRAM-30 m and NOEMA data

Single dish and interferometric data were combined using the
uv_short task within MAPPING with a single dish weighting

factor of 1. The method employed by this task computes pseudo-
visibilities for IRAM-30 m data and adds them to NOEMA uv
tables. It is robust as it enforces the dirty image to have a total
positive flux and facilitates the simultaneous deconvolution of
both short and long baselines (Rodriguez-Fernandez et al. 2008).
We note that another commonly used method is the hybridiza-
tion technique introduced by Weiß et al. (2001) which combines
interferometric data that are already deconvolved to single dish
data. But in this case, the deconvolution lacks crucial informa-
tion, such as the total flux to be recovered (i.e., the zero-spacing
visibility), which is not desirable.

The combined uv tables were deconvolved without masks
using the Multi Resolution Clean (MRC) algorithm (Wakker &
Schwarz 1988) to CLEAN both compact and extended emission.
The gain was set to 0.05, the smoothing ratio to 2, and the
stopping criterion to three times the noise level expected in
the continuum-free images. All observations presented here are
the result of combined data, except for the 3.2 mm continuum
presented in Fig. 1, and the H13CN (1−0) and SO (22−11) lines
which used NOEMA data only.

3. Results

3.1. Dust continuum

The NOEMA 3.2 mm dust continuum image is presented in
Fig. 1. An elongated disk-like structure is oriented in the north-
east southwest direction, as identified in previous 1 mm obser-
vations (Yen et al. 2014; Sai et al. 2020; van’t Hoff et al. 2020;
Tychoniec et al. 2021; Ohashi et al. 2022; Yamato et al. 2023).
After a correction by the primary beam, and the truncation of
the image to 90% of the beam response (which is enough to
contain all emission), we derived the integrated intensity to be
4.8 ± 0.5 mJy and the peak intensity 2.2 ± 0.2 mJy beam−1. The
integrated intensity seems consistent with pure thermal emis-
sion from dust when extrapolating the SED to these wavelengths
(Furlan et al. 2008; Sheehan & Eisner 2017).

3.2. Molecular line observations

In this study, we focus on the following main detected molecules
of our dataset: HCO+, H13CO+, HCN, H13CN, CS, SO, C2H,
HC3N and c−C3H2. These molecules serve as distinct diagnos-
tics in tracing different physical conditions within the observed
region. HCO+, H13CO+, HCN, H13CN and CS are well estab-
lished tracers of cold, dense gas, which are particularly useful for
identifying the envelope and potential outflows. SO is known to
be a shock tracer (e.g., Garufi et al. 2022, and references therein),
as well as tracing fresh material (e.g., Hacar & Tafalla 2011,
and references therein), C2H and c−C3H2 trace cavity walls
(Tychoniec et al. 2021), and HC3N is characteristic of infalling
material such as “accretion streamers” (Pineda et al. 2020). The
properties of the synthesized beam, the per-channel rms and the
integrated intensities for these lines are provided in Table 2. Inte-
grated intensity maps for these lines are presented in Fig. 2, while
their channel maps are shown in Appendix A. To estimate the
total integrated intensity of each line, we used the 0th moment
map (produced with the new GILDAS CUBE software) of the pri-
mary beam-corrected cubes. The velocity ranges used to produce
these maps are also detailed in Table 2. The cubes were truncated
at a radius corresponding to 20% of the beam response (∼44.′′3)
for most lines, except for the SO (22−11) and the H13CN (1−0)
where a 90% (∼11.′′6) truncation was applied due to their com-
pact emission. Beyond this 20% threshold, noise from the edges
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Fig. 2. Integrated intensity maps of the primary targeted lines summarized in Table 2. The color scale is stretched by the arcsinh function to make
faint extended features more visible. Its minimum is set to 3σ emission. The synthesized beam of each line is displayed in the lower left corner of
each panel, the primary beam with white dashed circles, and the scale bar on the bottom right corner indicates 1000 au.

significantly contaminates the map. Given that the emission is
more extended than the primary beam for all lines (except for
SO (22−11) and H13CN (1−0)), we provide a lower limit for the
measured flux.

3.3. Traced structures

3.3.1. Envelope

Among the variety of molecular tracers presented in Fig. 2,
we visually distinguish three main groups of traced structures
that may reflect the critical density and/or optical depth of

each molecular line. Optical depth effects can be appreciated
by comparing the emission of HCO+ and HCN main and rare
isotopologues. This variety of tracers thus enables us to trace
different shells of the protostellar envelope. Firstly, H13CN and
SO primarily trace relatively compact structures (∼1000 au) near
the disk that could be identified as the innermost envelope.
Next, HC3N, c−C3H2, C2H and H13CO+ are indicative of sub-
structures within the broader envelope (∼5000 au), suggesting
their association with infalling material (as further detailed in
Sect. 3.3.4). Lastly, HCO+, HCN and CS trace the extent of the
larger envelope (∼10 000 au). Additionally, it worth noting that
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Fig. 3. Simplified schematic view of the L1489 IRS system at scale. The external warped disk (discussed in Sect. 5.1.1) is drawn in green, the
intermediate disk in yellow and the inner disk in orange. Blue (respectively red) colored structures correspond to blue-shifted (respectively red-
shifted) emissions. White arrows indicate the direction of moving material (for the outflow, see Sect. 3.3.3, for the streamers, see Sect. 3.3.4 and
4). The accretion shocks (see Sect. 5.2) are represented in orange. The potential second outflow along the primary axis (see Sects. 5.3) is drawn
with dashed contours.

HCO+ and HCN also trace the outflow within the envelope, due
to its broader velocity range, which exceeds that of the envelope
itself. Some other structures are also revealed by the targeted
molecules, albeit to a lesser extent. For instance, an elongated
structure of infalling material, that is an accretion streamer, is
apparent in the HCN, H13CO+ and CS emission. However, it
is rapidly drown in the larger envelope emission, challenging
its characterization without contamination. This seems to be
avoided using a less abundant tracer like HC3N, which was pre-
viously identified as a streamer tracer (see Pineda et al. 2020, and
Sect. 3.3.4 for a further description). Additionally, HCO+, HCN,
CS and H13CO+ exhibit an intermediate bean-shaped envelope
as illustrated in Fig. 2. A summary of the different physical com-
ponents traced by each molecule can be found in Table 3, and
illustrated in Fig. 3.

3.3.2. Bubbles

Within the channel maps of CS, HCO+ and HCN, a distinctive
pattern emerges, as outlined in Fig. 4. These structures, which
we hereafter refer to as “bubbles”, consist of two distinct arcs
located to the north and south of the targeted source. These
bubble features are particularly prominent in the velocity range
from 6.8 to 7.7 km s−1 for all three molecules (see Figs. A.8,
A.1, and A.3). These bubble structures are characterized by their
substantial width, extending to ∼10 000 au, that is beyond the
half-power primary beam. It should be noted that these struc-
tures are not clearly visible in IRAM-30 m data (maybe due to

the dilution of these thin ∼10′′ structures in the ∼30′′ half power
30 m beam width), thus mosaic observations with NOEMA are
required to confirm their presence. These unique structures are
noteworthy features observed on both sides of the targeted low-
mass YSO, and their properties and implications warrant further
investigation as further described in Sect. 5.4.

3.3.3. Outflow

Figure 5 displays the integrated intensity map (i.e., moment
0 map) of HCO+ (1−0) in contours, and its velocity map (i.e.,
moment 1 map) in background, over the velocity range speci-
fied in Table 2 excluding the envelope component between 5.7
and 9.3 km s−1. An outflow clearly stands out with a PA of −8◦,
which is perpendicular to the inner disk major axis (PA = 82◦,
Yamato et al. 2023). This outflow was previously identified with
12CO (2−1) emission but with a less extended emission than the
HCO+ (1−0) presented here (Yen et al. 2014). Specifically, the
12CO (2−1) seems to trace the walls of the cavity while HCO+

traces the material within it, in which a knot on the northern part
(referred to as “knot N1” in Fig. 5) and two knots on the south-
ern part are detected (designated as “knots S1 and S2” in Fig. 5).
Interestingly, “knot S2” appears to be consistent with the Herbig-
Haro object HH 360A, which has been previously detected in H2
and S[II] (see Gomez et al. 1997, and Fig. C.1). Additionally, the
velocity gradient at the bottom of the blue lobe (about 2 km s−1)
indicates a rotation of the cavity. The SO (23−12) emission also
reveals two knots at δDec = ±22′′ that are slightly more distant
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Table 3. Main physical components traced by the primary targeted lines of the survey.

Line Inner Intermediate Outer Inflows Streamers Outflow Knots Bubbles
envelope envelope envelope

HCO+ (1−0) – ✓ ✓ ✓ ∼ ✓ ✓ ✓
H13CO+ (1−0) – ✓ ✓ ✓ ∼ – – ∼
HCN (1−0) – ✓ ✓ ∼ ∼ ✓ – ✓
H13CN (1−0) ✓ – – – – – – –
HC3N (11−10) ✓ – – ✓ ✓ – – –
C2H (11.5,2−00.5,1) – – – ✓ ✓ – – –
c-C3H2 (20,2−11,1) – – – ✓ ✓ – – –
CS (2−1) – ✓ ✓ ∼ ∼ ∼ – ✓
SO (23−12) ✓ – – ✓ – – ✓ –
SO (22−11) ✓ – – – – – – –

Notes. We distinguish streamers, i.e., elongated structures of infalling material, from inflows, that are wider structures of infalling material. If a
structure is barely seen with a molecular tracer, a “∼” symbol is indicated.
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Fig. 4. Channel maps of CS (2−1) at 7.14 km s−1 (left), HCO+ (1−0) at 7.25 km s−1 (middle) and HCN (1−0) at 7.33 km s−1 (right). The bubbles are
indicated with pink dashed lines. The half power primary beam of each line is drawn as the white dashed circle, the synthesized beam is displayed
in the lower left corner of each panel and the scale bar in the bottom right corner indicates 5000 au.

than those in HCO+. The outflow is also traced by HCN, but the
hyperfine components are blended in the spectra due to the wings
of the outflow, making a detailed dynamical study challenging.
We note that the second branch of the V-shape (PA = −60◦) in
the northern 12CO (2−1) emission (see Fig. 3 in this work and
Fig. 2 in Yen et al. 2014) is not traced with the molecules we
targeted here. This emission may be hidden in the envelope if its
velocity range is not broad enough.

3.3.4. Quadrupolar flow

A quadrupolar flow-like structure was identified in previ-
ous H2 (1−0) S(1) observations at 2.12 µm obtained with
the United Kingdom Infrared Telescope (UKIRT), where two
major axis were characterized as “primary” and “secondary”
(Lucas et al. 2000). We also detect this structure in our data,
as shown in Fig. 6, and further described below. Subsequently,
we consistently adopt the same nomenclature for these axes.

Primary axis. Elongated emission toward the southeast
along a PA = −60◦ is prominently observed in the blue-shifted
emission of CS (which was also observed in the same emission
line with the Nobeyama Millimeter Array (NMA), by Ohashi
et al. 1996, with 8′′ of resolution), HCN and SO (23−12) (see
Figs. 6, A.8, A.3, A.9) with a projected length of ∼2100 au.
Its extent is consistent with the H2 emission pattern reported by

Lucas et al. (2000). In particular, the emission peak in the inte-
grated blue-shifted CS map is spatially distinct from the disk’s
center (located at (0′′, 0′′)) and is instead concentrated at the
southeastern edge of the 3.2 mm continuum shown in Fig. 1.
Furthermore, the HC3N emission overlaps with the CS along the
primary axis between the emission peak and the secondary axis,
and are thus collocated within the continuum emission.

Secondary axis. The integrated map of C2H is shown on
the left panel of Fig. 7. The red-shifted component shows an
elongated structure with a projected length of ∼1900 au ori-
ented toward the southwest of the protostar(s). It matches the
red-shifted component of the C18O (2−1) emission reported by
Yen et al. (2014), which they characterized as infalling material.
The right panel of Fig. 7 shows the integrated map of HC3N.
Its red-shifted component is along the C2H and the C18O (2−1)
emission, but is more than twice smaller than C2H (projected
length of ∼800 au). The SO channel maps (see Figs. A.9 and
A.10) between 8 and 8.6 km s−1 reveal a filamentary structure
within the C2H emission that connects the disk to a bright blob
located at a projected distance of 785 au from the disk. A trace of
this blob is also seen on the c−C3H2 channel map at 7.98 km s−1

(with a 6σ emission peak in δRA = −4.10′′, δDec = −2.30′′, see
Fig. A.7). Another filamentary structure on top of the SO fila-
ment is seen in HCN for the same velocity range but the blob
does not appear in the HCN emission (see Fig. A.3).
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 Knot N1

Knot S1

Knot S2

Fig. 5. Moment 0 map (contours) overlaid on the moment 1 map (color)
for the outflow seen in the HCO+ J = 1−0 emission. The contour levels
are 5σ to 25σ by 2σ steps where σ = 3.22 mJy beam−1 km s−1. The
central velocity is set to the vLSR = 7.37 km s−1. The synthesized beam
is displayed in the lower left corner. The scale bar on the bottom right
corner indicates 1000 au.

Regarding the blue-shifted component, the C2H emission unveils
a much wider structure at the northeast of the protostar(s)
(projected length of ∼5500 au) than the C18O (2−1) in
Yen et al. (2014). Sai et al. (2022) also mapped the C18O (2−1)
emission at larger scales and revealed a much more extended
emission than C2H. They modeled the kinematics of this wide
emission and concluded to slow infalling material at a speed
∼0.4 of the free-fall velocity. The blue-shifted emission of HC3N
is as extended as C2H but traces a V-shape structure with a
smaller opening angle than the C2H emission. The northern part
of the V-shape, elongated along the secondary axis (PA = 40◦),
especially stands out on the channel map of HC3N (between 7.05
and 7.23 km s−1, see Fig. A.5) and is also seen on the chan-
nel map of C2H (between 7.13 and 7.35 km s−1, see Fig. A.6)
and c−C3H2 (between 7.07 and 7.29 km s−1, see Fig. A.7). This
emission is reminiscent of a streamer, likely nested within the
broader, extended envelope. Indeed, this thin structure is also
visible on the blue-shifted channels maps of H13CO+, HCN and
CS (see Figs. A.2, A.3, A.8 and 6) but is rapidly drown in the

Fig. 6. CS(2−1) blue-shifted (4.65 − 7.24 km s−1) integrated intensity
map (contours) overlaid on the HC3N(11−10) integrated intensity map
(background, colorbar saturated between 0 and 15 mJy beam−1 km s−1).
The contour levels are 30σ to 45σ by 5σ steps then 45σ to 125σ by 10σ
steps where σ = 1.0 mJy beam−1 km s−1. The two axis of the quadrupo-
lar flow are denoted with dashed red lines. The synthesized beams are
displayed in the lower left corner. The scale bar on the bottom right cor-
ner indicates 1000 au.

envelope emission as the velocity increases. The southern part of
the V-shape, elongated along a PA = 84◦, shows a clump around
(24′′, 2′′), corresponding to velocity channels between 6.67 and
6.86 km s−1 (see Fig. A.5). This velocity range corresponds to
the vLSR of the parental cloud (6.6−6.8 km s−1, Wu et al. 2019).

Finally, we note a spatial correlation between the two
brightest peaks of emission of the integrated intensity map of
SO (23−12) displayed with black triangles in Fig. 7, and the base
of the blue and red-shifted emission of both HC3N and C2H.

4. Analysis

4.1. Position-velocity diagrams

We extracted the position-velocity (PV) diagrams along the two
major axis of the quadrupolar flow, corresponding to PA of
−60◦ (primary axis) and 40◦(secondary axis), for HC3N, C2H
and CS whose emissions are structured along those two axis.
The results are shown in Fig. 8. On the primary axis, the HC3N
emission is concentrated between [−6′′, 2′′] offsets but shows
a velocity gradient from the core/cloud vLSR = 6.6−6.8 km s−1

(Wu et al. 2019) to 8 km s−1. This same structure is seen in the
C2H emission over the same positional offsets, but connects to a
larger emission at 6.6−6.8 km s−1 extending to −22′′, resulting in
an arm-shape structure. This feature is not clearly seen in the CS
emission. For the secondary axis, an arm-shape is also present
on the blue-shifted side in HC3N and C2H, while CS shows a
prominent emission at red-shifted velocities that is also partly
seen in C2H, and to a lesser extent in HC3N.

Those arms-like structures bear resemblance with infalling
material, indicated by the increasing velocity of the material as
it approaches the disk. To ascertain the presence of infalling
material, we modeled the kinematics using two models, and
attempted to reproduce the observations, as further described in
the following.
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Fig. 7. Integrated intensity contours maps of the C2H (11.5,2−00.5,1) emission, on the left, and the HC3N (11−10) emission, on the right. The beam
of each line is displayed in the lower left corner of each panel. The three brightest peaks of the SO (23−12) integrated map are shown by black
triangles, whose size depends on their intensity relative to the overall maximum. The primary and the secondary axis are represented by the grey
dashed-lines. Left: C2H (11.5,2−00.5,1) blue-shifted emission (5.01−7.35 km s−1) in blue contours and red-shifted emission (7.75−9.72 km s−1)
in red contours. The levels are 10σ to 33σ by 3σ steps where σ = 0.97 mJy beam−1 km s−1. Right: HC3N (11−10) blue-shifted emission
(4.75−7.24 km s−1) in blue contours and red-shifted emission (7.77−9.49 km s−1) in red contours. The contour levels are 7σ to 19σ by 2σ steps
where σ = 0.89 mJy beam−1 km s−1.
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to the core vLSR = 6.6−6.8 km s−1 (Wu et al. 2019) and the disk vLSR = 7.37 km s−1, the horizontal to the 0′′ offset. Offsets are positive toward the
north. First column: HC3N emission. The contour levels are [5, 8, 11, 14, 17]σ where σ = 1.45 mJy beam−1. Second column: C2H emission. The
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4.2. Streamline model

We used the Newtonian analytic solutions provided by
Mendoza et al. (2009) to model infalling material within a
rotating cloud, converging toward a central object where grav-
itational forces dominates. This model, hereafter referred as the
“streamline model”, is an extension of the Ulrich profile (Ulrich
1976; Mendoza et al. 2004), a widely employed framework for
characterizing material within systems featuring both envelopes
and disks (e.g., Yen et al. 2017, 2019; Pineda et al. 2020; Garufi
et al. 2022; Thieme et al. 2022; Valdivia-Mena et al. 2022; Kido
et al. 2023; Flores et al. 2023). We used the implementation of
Pineda et al. (2020)2 in the following. The input parameters of
the model are:

– the initial angular velocity of the cloud Ω0,
– the mass of the central object M⋆,
– the initial position (r0, θ0, φ0) and radial velocity vr,0 of the

infalling mass in spherical coordinates.
r0 is the initial radius with respect to the central object.
Initially in the model, θ0 is the polar angle with respect to the
z-axis (oriented toward positive Dec) and φ0 is the azimuthal
angle with respect to the x-axis (oriented toward negative RA).
The rotational axis of the material is thus the z-axis. However, a
user-defined rotational axis can be chosen through its inclination
i and its PA. In that case, the inclination value is rotated around
the x-axis, followed by a similar rotation of the PA around the
y-axis. This results in definitions of θ0 and φ0 in the disk’s ref-
erence system (as described in Pineda et al. 2020). The model’s
output is the trajectory and the velocity of the mass along the
streamline in cartesian coordinates.

No previous values of the initial angular velocity of the cloud
Ω0 are available in the literature. In the model, Ω0 is only used
for calculating the centrifugal radius ru using:

ru =
r4

0 Ω
2
0

GM⋆
. (1)

In their study, Sai et al. (2022) used a centrifugal radius ru =
600 au for their disk-and-envelope model, which corresponds to
the radius of the external Keplerian disk (Sai et al. 2020). As
the overall shape of the projected trajectory on the sky does
not change much with ru values of few hundreds of au, we
adopted the same here and we inferred Ω0 from Eq. (1), using
ru = 600 au. Concerning the central mass M⋆, Yamato et al.
(2023) derived M⋆ = 1.7±0.2 M⊙. We tested three values in this
range: 1.5 M⊙, 1.7 M⊙ and 1.9 M⊙. As the central mass increases,
the projected trajectory on the sky does not substantially change
the shape of the streamline. We thus elect to adopt M⋆ = 1.7 M⊙.
For the radial velocity vr,0, we also tested three values: 0 km s−1,
0.4 v f f , 0 (slow infall identified by Sai et al. 2022) and v f f , 0 where
v f f , 0 is the free fall velocity at r0 computed as:

v f f , 0 =

√
2GM⋆

r0
. (2)

The increase of the initial radial velocity does not change the
overall shape of the streamline (see Fig. B.1). However, it has
a clearer impact on the observed velocity profile along the pro-
jected radius which can be directly compared to the observations,
and thus serve to enhance the precision in the parameter con-
straints (see Fig. B.1). The limitation of reduced data points
in using a specific PA cut for PV diagrams can be overcome
with the Kernel Density Estimation (KDE) technique, providing
2 https://github.com/jpinedaf/NOEMA_streamer_analysis

a global representation of PV diagram variations (Pineda et al.
2020). We applied this technique, using the scipy python mod-
ule (Virtanen et al. 2020), on the velocity map (moment 1 map)
within a user-defined mask corresponding to the region of inter-
est for the modeling. Finally, we tested three different rotational
axis :

– the default z-axis : i = 0◦, PA = 0◦, hereafter the (Rz) axis;
– the outflow-defined axis, assuming its inclination perpendic-

ular to the disk (as in Valdivia-Mena et al. 2022): i = 18◦,
PA = −8◦, hereafter the (Ro) axis;

– the external-disk-defined axis, assuming its inclination and
its PA perpendicular to the disk: i = 18◦, PA = −36◦,
hereafter the (Rd) axis.

4.2.1. Along the primary axis

First, we conducted a large exploration focused on refining the
geometry by examining only the projected trajectory on the sky.
We compared the output to the blue-shifted CS emission, which
is the best tracer recovering this elongated emission along this
axis. We fixed r0 = 1500 au, as keeping a ∼104 au long stream-
line does not alter the overall shape of the projected trajectory
in the sky, and vr,0 = 0 km s−1. With the (Rz) axis, we var-
ied θ0 between 90◦ and 180◦ by 5◦ increments and φ0 between
−90◦ and −270◦ by 5◦ increments. This initial step enabled us to
refine the geometric parameters, leading to a subsequent second
investigation with finer parameter ranges: θ0 between 100◦ and
130◦ by 1◦ increments and φ0 between −120◦ and −170◦ by
5◦ increments. r0 was kept fixed at 1500 au. We then assessed the
correspondence between the velocity profile along the projected
radius toward the center and the KDE. The latter is computed on
the C2H blue-shifted (4.65−7.37 km s−1) velocity map, within
a mask delineated by the first contour level of the blue-shifted
CS emission in Fig. 9. The choice of using C2H instead of CS
for the KDE computation was motivated by the PV diagrams
(see Fig. 8). Notably, the arm-like structure is more pronounced
in the C2H emission than the CS emission, possibly indicating
that C2H traces deeper layers than CS, likely due to its lower
optical depth (the C2H (11.5,2−00.5,1) and CS (2−1) Einstein coef-
ficients from the CDMS are 1.5 × 10−6 s−1 and 1.7 × 10−5 s−1

respectively). Note this mask implies a contamination by the disk
and/or the inner envelope, resulting in the presence of veloci-
ties at ∼6.5 km s−1 at small projected radii in Fig. 9. As we
searched for a better constraint on the velocity profile, we var-
ied vr,0 accross three values: 0 km s−1, 0.4 v f f , 0 = 0.6 km s−1 and
v f f , 0 = 1.4 km s−1.

We found degenerated results, where multiple parameter sets
falling within these ranges match either with the projected tra-
jectory in the plane of sky or the KDE. Figure 9 illustrates one
of the most visually compelling models which reconciles the
two. However, the modeled trajectory is not very satisfying as
it does not suit well the observed emission. This discrepancy
remains when considering the (Ro) and (Rd) axis. Consequently,
the infalling material hypothesis along the primary axis remains
uncertain.

4.2.2. Along the secondary axis

We adopted a similar methodology for the secondary axis, using
this time the HC3N emission (the best tracer recovering this
elongated emission along this axis), by first starting with a
wide parameter exploration. We fixed r0 = 5000 au and vr,0 =
0 km s−1. With the (Rz) axis, we varied θ0 between 35◦ and 75◦ by
5◦ increments and φ0 between −90◦ and −180◦ by 5◦ increments.
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Fig. 9. Streamline model of the CS blue-shifted emission for the set of parameters (r0, θ0, φ0, vr,0) = (1500 au, 115◦, −160◦, 1.4 km s−1) around
the (Rz) axis. See Sect. 4.2.1 for more details. Left: theoretical projected trajectory (in pink) from the streamline model overlayed on the CS
blue-shifted emission and the two brightest peaks of the SO emission of Fig. 7. The contour levels are 65σ to 125σ by 10σ steps where σ =
1.0 mJy beam−1 km s−1. Right: theoretical line of sight velocity profile from the streamline model overlayed on the KDE of the C2H blue-shifted
velocity map. The vertical dotted line corresponds to the disk vLSR = 7.37 km s−1, the horizontal to the 0′′ offset.

Fig. 10. Streamline model of the HC3N blue-shifted emission for the set of parameters (r0, θ0, φ0, vr,0) = (5000 au, 41◦, −180◦, 0.0 km s−1)
around the (Rz) axis. See Sect. 4.2.2 for more details. Left: theoretical projected trajectory (in pink) from the streamline model overlayed on the
HC3N blue-shifted emission and the two brightest peaks of the SO emission of Fig. 7. The contour levels are 7σ to 19σ by 2σ steps where σ =
0.89 mJy beam−1 km s−1. The black contour delimits the mask used to compute the KDE. Right: theoretical line of sight velocity profile from the
streamline model overlayed on the KDE of the HC3N blue-shifted velocity map. The vertical dotted line corresponds to the disk vLSR = 7.37 km s−1,
the horizontal to the 0′′ offset.

Then we carried out a second exploration with finer ranges on
this better constrained geometry: θ0 between 40◦ and 50◦ by
1◦ increments and φ0 between −135◦ and −180◦ by 5◦ incre-
ments. r0 was still fixed to 5000 au. We then assessed the
correspondence with the KDE. The latter is computed on the
HC3N blue-shifted (4.65−7.37 km s−1) velocity map, within a
mask shown in black contour in Fig. 10. As in the previous
section, this mask implies a contamination by the disk and/or
the inner envelope at small radii. As we searched for a better
constraint of the velocity profile, we varied vr,0 across the fol-
lowing values: 0 km s−1, 0.4 v f f , 0 = 0.31 km s−1 and v f f , 0 =

0.78 km s−1.
Unlike the primary axis, multiple parameter sets within these

ranges match both the projected trajectory on the plane of sky
and the KDE around the (Rz) axis. One of them is shown as an
example in Fig. 10. However, no satisfying fit was found for the
(Ro) or the (Rd) axis. The streamline model does not enable us to
fully constrain the geometry of the streamer, but it confirms that
material is infalling toward the central object in the (Rz) axis

case. Moreover, modeled trajectories fall near the observed SO
peaks, supporting the accretion shocks hypothesis discussed in
Sect. 5.2.

4.3. TIPSY fitting model

Based on the generalized form of the equations of Mendoza
et al. (2009), TIPSY3, standing for Trajectory of Infalling Par-
ticles in Streamers around Young stars, is a python package
that directly fits the position-position-velocity (PPV) cube to test
the infalling nature of observed material (Gupta et al. 2024).
TIPSY first generates a curve-like representation of the observed
streamer structure and then compares this curve to the theoret-
ically expected trajectories of infalling material. A solution is
determined to be the best fit based on its fitting fraction, defined
as the fraction of observed values consistent with the theoretical
trajectory, and its χ2 deviation. The model inputs are:

– the PPV cube to fit;

3 https://github.com/AashishGpta/TIPSY
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Fig. 11. Trajectory computed by TIPSY from the HC3N PPV cube. The
outer and intermediate disks are displayed in grey and orange. Their
parameters come from Sai et al. (2020).

– the mass of the central object M⋆, set to 1.7 M⊙;
– the distance to the object, set to 146 pc;
– the systemic velocity of the source, set to 7.37 km s−1.

The computation of the trajectory then enables us to derive var-
ious parameters, like the direction of the rotational axis through
the angular momentum vector, the kinematic, potential and total
energies, or the infalling time. We tested this model to compare
its output to the “visual fits” made in Sect. 4.2.

4.3.1. Along the primary axis

We used the full CS PPV cube masked by the 65σ level contour
from the CS blue-shifted emission (as in Sect. 4.2.1), using only
emission above a 5σ threshold, but the model did not converge
(see Fig. D.1, fitting fraction of 0.73 with a χ2 = 47.9 deviation).
As the PV diagrams along the primary axis revealed a more pro-
nounced arm-like structure in the C2H emission (see Fig. 8), we
used the C2H PPV cube as input, applying the same masking
as for CS. However, once again, the model failed to converge,
leaving the streamer hypothesis unconfirmed.

4.3.2. Along the secondary axis

We used the full HC3N PPV cube applying the same mask as
the one described in Sect. 4.2.2 using only emission above a
5σ threshold. The model converged and returns the best model
shown in Fig. 11 with the highest fitting fraction (0.97) and the
lowest deviation (χ2 = 5.47, see Fig. D.2). The modeled mate-
rial is coming toward us which is consistent with blue-shifted
emission. Using the same definitions as in Sect. 4.2, relative to
the (Rz) axis, it gives r0 = 3 230 ± 165 au, θ0 = 44.9 ± 2.9◦ and
φ0 = −207.7 ± 6.2◦. The output rotational axis is i = −2.7◦ and
PA = −47.9◦.

4.4. Summary and models comparison

The PV diagrams of HC3N and C2H along both axes showed
a similar arm-like structure with a velocity increase near the
disk (see Fig. 8), reminiscent of infalling material. However,
both models along the primary axis are not able to reproduce

the elongated blue-shifted emission, challenging this infalling
hypothesis discussed in Sect. 5.3. It highlights the need of
modeling the emission before drawing conclusions based on
hypotheses derived from the PV diagrams. For the secondary
axis, both models agree on infalling material toward the disk, but
multiple parameter sets lead to similar trajectories and velocity
profiles projected on the sky’s plane that reproduce the obser-
vations. The main challenge is determining the best parameter
sets, especially with the streamline model’s requirement for ini-
tial conditions. This necessitates constructing a grid in r0, θ0, φ0,
and vr,0, leading to intensive computations and lengthy analyses
for model-observation comparisons. TIPSY makes things easier
by directly estimating initial conditions, computing the accuracy
of the estimated set of parameters, displaying fit quality maps
(see Figs. D.1 and D.2), and giving the best trajectory. TIPSY
can also provide interesting additional parameters such as the
infalling time, the total energy, and the angular momentum for
instance (Gupta et al. 2024).

5. Discussion

5.1. Late infall

5.1.1. Warped disk origin

Brinch et al. (2007b) suggested that a misalignment between
the rotational axes of the envelope and the disk is causing the
external warped disk in this source. To test this hypothesis,
Sai et al. (2020) performed an hydrodynamical simulation
involving infalling gas, during which the angular momentum
of the gas changes direction after a certain time (equivalent to
10 rotation periods of the gas at 200 au). As a result, they suc-
cessfully formed a warped disk comparable to the one observed
in L1489 IRS. However, Sai et al. (2022) measured the spe-
cific angular momentum from the envelope to the disk, using
C18O (2−1), and found their observations to be consistent with
models of inside-out collapsing cores conserving their angular
momenta, and thus their overall rotational axis.

The use of the streamline model and TIPSY along the sec-
ondary axis enabled us to confirm infalling material from the
northeast toward the disk, which is consistent with Sai et al.
(2022). The streamer is nested within a larger envelope and is
likely connected to the disk. Given that L1489 IRS is consid-
ered to be a late Class I protostar, we see a late infall, like in the
Class I object Per-emb-50 (Valdivia-Mena et al. 2022). In some
hydrodynamical simulations, it has been demonstrated that the
interaction of infalling material on an existing disk can result
in the formation of a second-generation disk around the initial
one. This newly formed disk may exhibit misalignment relative
to the inclination of the infalling material’s trajectory, all with-
out requiring any prior misalignment between the envelope and
the initial disk axis. In this scenario, the resulting misaligned
disk system would be able to survive for more than 100 kyr
without aligning with each other (Kuffmeier et al. 2021). This
phenomenon could explain the warp between the outer (300–
600 au) and the intermediate disk (15–200 au) as illustrated in
Figs. 3 and 11.

An alternative scenario could be a break in the disk due to
a binary protostar. However, this would occur between 5aB and
15aB (according to the disk viscosity) where aB is the semi-major
axis between the protostars (Nixon et al. 2013; Facchini et al.
2018; Rabago et al. 2023; Young et al. 2023, Cuello et al., in
prep.). The best resolved images of L1489 IRS up to date are
1.3 mm continuum images with a resolution of 11 au but no
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binary was resolved (Yamato et al. 2023), resulting in two dif-
ferent cases. Either aB > 11 au, and the secondary was thus not
detected. This could be explained by a very unequal mass binary,
or a secondary with no mm emission, but an indirect effect of
its presence across the continuum emission would be expected,
like the gap seen ∼30 au (Yamato et al. 2023). This gap may
indeed have been dug by a planet whose mass would be less than
2.4 MJup (Yamato et al. 2023). However, the mass ratio between
the two companions would be substantially lower than the min-
imal 0.2 value needed to break the disk (Cuello et al., in prep.).
Or aB < 11 au, and the binary is simply not resolved. An upper
limit on the break radius Rbreak due to the binary is therefore
Rbreak ≤ 165 au (i.e., 15aB) which is less than the gap location
modeled by Sai et al. (2020), but could explain the gap identified
around 30 au (Yamato et al. 2023). Assuming Rbreak = 30 au,
it gives aB = 3–6 au which is close to the estimation of Covey
et al. (2006) of aB = 2.4 au based on theoretical orbital motions
for M⋆ = 1.6 M⊙.

Stellar encounters could also produce similar effects (Cuello
et al. 2023). The presence of an external companion to the
system, following a periodic orbit misaligned with the inter-
mediate disk, could also results to such geometries in Class II
disks (whose accretion rates, and viscosities, are different from
Class 0/I stages, and could impact the lifetime of structures, Long
et al. 2021; Gonzalez et al. 2020; Nealon et al. 2020). However,
to the best of our knowledge, no companion has been detected in
the L1489 IRS system so far. Hence, the late infall theory is the
most compelling explanation for the warped of the outer disk.

Finally, it’s worth noting an intriguing characteristic angle of
this system. Indeed, 14◦ separates the mean PA of the observed
streamer (PA = 40◦) from the outer disk (PA = 54◦, Sai et al.
2020), 13◦ the outer disk from the intermediate disk (PA = 67◦,
Yamato et al. 2023), and 15◦ the intermediate disk from the
inner disk (PA = 82◦, Yamato et al. 2023). This ∼15◦ angle
may reflect a preferred dynamical configuration adopted by the
system to stabilize itself, that could originate from an angular
momentum transfer between the different disks, with the outflow
constraining the PA variation of the most inner disk.

5.1.2. Core-disk connection

The PV diagram along the streamer shows a velocity gradient
from the nearby prestellar core vLSR = 6.6–6.8 km s−1 (Wu et al.
2019), to the disk vLSR = 7.37 km s−1 (Yamato et al. 2023, see.
Fig. 8). Moreover, the H13CO+ emission on the northeast, as
shown in Fig. A.2 from combined data, is localized at the edge of
the core where H13CO+ is detected in the IRAM-30 m data (see
Fig. 12). The latter shows an emission peak outside the primary
beam of NOEMA, suggesting that the emission is extended fur-
ther than what the combined data show. Similar conclusions are
drawn from the other tracers of large structures in this survey,
such as HCO+, HCN, C2H and c−C3H2. Therefore, the link in
gas between the prestellar core and the YSO is very likely to be
present, which is consistent with the modeling of Brinch et al.
(2007a). This would imply that the prestellar core is feeding the
protostar, offering interesting prospects to investigate the chem-
istry from the core to the disk. A similar conclusion was reached
for the Class I protostar Per-emb-53 localized in the dense core
region of Barnard 5 (Valdivia-Mena et al. 2023).

L1489 IRS could have formed within the core and then
migrated outside of it, as suggested by its position at the edge
of the core (Brinch et al. 2007a). Adams et al. (2001) estimated
a gravitational tide radius of the Pleiades cluster of ∼6◦ on the
sky’s plane. This system is found to be within this radius, and

Fig. 12. Integrated intensity maps of the H13CO+ emission from the
IRAM-30 m (background) and combined (IRAM-30 m + NOEMA)
data (contours). The contour levels are 5σ to 55σ by 5σ steps where
σ = 1.75 mJy beam−1 km s−1. The dashed white line shows NOEMA’s
primary beam. The beams are displayed in the lower left corner. The
scale bar on the bottom right corner indicates 5000 au.

could have belong to the Pleiades rather than Taurus (Rebull
et al. 2011). The YSO is localized on the edge of its parental
cloud and toward the Pleiades cluster which might attracted
L1489 IRS, giving a potential explanation to its migration from
the core. To confirm the link between the prestellar core and the
protostellar object, mosaic observations of this connection are
required, as the extent of the emission goes beyond the primary
beam of NOEMA.

5.2. SO, a shock tracer

As pointed out in Sect. 3.3.4 and Fig. 7, we see a clear spatial
correlation between the SO emission peaks and the base of the
emission of infall tracers. A similar observation has been made
between C18O (2−1) and higher frequency lines of SO (Yen et al.
2014; Yamato et al. 2023). Accretion shocks with slow velocities
(around 1 km s−1) likely due to streamers have been observed
in similar Class I/II disks like DG Tau and HL Tau along the
streamers (Garufi et al. 2022). Using a ring model for L1489
IRS, Yen et al. (2014) were able to reproduce the PV diagram of
the SO (56−45) emission. This is consistent with core collapse
simulations using non-ideal MHD effects coupled with chem-
istry, which predict the formation of a streamer that shocks the
disk, if the streamer lands in the equatorial plane of the disk
(Mauxion et al. 2024). From the TIPSY best-fit trajectory, con-
sidering typical Class I disks gas scale heights (Podio et al. 2020)
we estimate the incidence angle between the streamline and the
external layer of the disk on the side of the streamline to be
8.8◦ for z/r = 0.2, and 3.1◦ for z/r = 0.3. Using z/r ≥ 0.4, the
streamline falls into the equatorial plane of the disk. Therefore,
accretion shocks in the disk due to the streamer is the most likely
explanation.

Concerning the offset SO blob described in Sect. 3.3.4, it
is further away and not in contact with the disk (i.e., even
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with the most external disk). A similar configuration is seen
in the Oph-IRS 44 Class I system with an offset region of
SO2 located inside a streamer at ∼400 au of the protostar
(Artur de la Villarmois et al. 2022). According to the low tem-
perature of this SO2 spectral line (Eup = 36 K), Artur de la
Villarmois et al. (2022) classified this region as a SO2 knot. The
SO blob could also just be a knot within the red-shifted infall
along the secondary axis in our case. However, the upper ener-
gies of our SO lines are lower than 36 K and yet the most natural
explanation of the other two emission peaks is an accretion shock
as explained above. Hence, the same phenomenon could happen
here, with an accretion shock occurring onto the dense envelope
close to the disk, rather than directly onto the disk itself.

We also note that the integrated intensity map of the
SO (23−12), shown in Fig. 2, displays an elongated structure
on the north that lies on the edge of the northeastern envelope,
traced by H13CO+ for instance. In HH 212, a ∼300 au rotating
flow probed in SO was identified and suspected to be associated
to an MHD disk wind (Tabone et al. 2017; Lee et al. 2021). How-
ever, in our case, this emission is more than ten times longer and
is not symmetric with respect to the HCO+ outflow axis, making
this interpretation unlikely. Instead, it could be attributed to a
recollimation shock, assuming a launching radius of the molec-
ular outflow < 5 au (Jannaud et al. 2023), which is consistent
with resolved Class 0 and I observations (Pascucci et al. 2023).
Another explanation could be that this elongated SO structure
reflects a shearing layer at the interface between the infalling
material from the northeast and the outflow, due to opposite
directions of their velocities (Cunningham et al. 2005; Tabone
et al. 2018).

5.3. Primary axis’ flow nature

We discuss here the nature of the blue-shifted emission along
the primary axis, as raised by Ohashi et al. (1996) who could
not distinguish between infall or outflow due to a too low spatial
resolution with the NMA (∼8′′).

HC3N, C2H, and CS PV diagrams along this axis (see Fig. 8)
suggest infalling material. This inference is further supported by
the presence of core material along this direction. This aligns
with CS and SO observations toward YSOs in the Perseus star-
forming region, which have identified these molecules as tracers
of infalling material (Artur de la Villarmois et al. 2023). Nev-
ertheless, our infalling models, as described in Sect. 4.4, do not
align with the observations.

Furthermore, the blue-shifted emission along the primary
axis shows a bending pattern toward the blue lobe of the outflow,
situated at the edge of the cavity, resembling a configura-
tion observed in the case of the Class I object Oph IRS 63
(Flores et al. 2023). This raises the possibility that the outflow
could perturb a free-fall trajectory as the one modeled in our
study. Alternatively, the outflow could also contribute to feed this
infalling material. However, confirming this hypothesis would
require a comprehensive chemical analysis, involving the com-
parison of molecular abundance ratios derived from radiative
transfer models, which is beyond the scope of this paper.

Considering, the blue-shifted emission along the primary
axis as additional infalling material implies the presence of at
least three distinct infalls toward the disk and one outflow for
this Class I object. Interestingly, a similar configuration with
multiple streamers and an outflow has been recently observed
in an other object at an earlier stage, the Class 0 protostar
IRAS 16544-1604 (Kido et al. 2023). Additional investigations,
involving a broader sample of Class 0 and Class I systems,

are needed to further assess the relationship between multiple
infalls and a single outflow.

On the other hand, the outflow hypothesis is also a possibil-
ity. Optical images from the HST show a structure reminiscent of
an outflow cavity in the southwest direction (Padgett et al. 1999).
This pattern matches the H2 (1−0) S(1) and K-band emission
of Lucas et al. (2000) along this axis, with V-shape structures
indicative of high-velocity material movements, characteristic
of outflows. Additionally, the red-shifted 12CO (2−1) emission
traces an elongated structure toward the northwest (Yen et al.
2014), remarkably coinciding with the PA of the blue-shifted
emission detected with CS, HCN and SO (see Sect. 3.3.4). These
components may correspond to the blue and red lobes of the
hypothetical second outflow. Moreover, multiple HH objects are
detected in S[II] at large distances from the YSO (0.4′ to 4.6′),
roughly aligned along the same PA (see Fig. C.1, Gomez et al.
1997). The unstructured distribution of these objects on larger
scales suggests that they may originate from a YSO’s outflow
whose direction changes erratically over time (Gomez et al.
1997). This outflow would have been observed with 12CO (1−0)
(Myers et al. 1988) but this emission seems to rather come from
the large cavity of the parental cloud B207 traced in optical and
infrared bands (Togi et al. 2017, and see Fig. C.1). The positions
of the HH objects also seem to follow this large cavity whose ori-
gin remains unknown and which could also be the origin of these
objects. If this elongated blue-shifted emission is indeed an out-
flow, the YSO has two outflows, confirming the binarity of the
system. These outflows would also define a cavity where mate-
rial could fall onto the disk, which is consistent with the C2H and
c−C3H2 emissions (see Fig. 2). In this scenario, it is important
to note that this second outflow would not be accurately aligned
with any of the system’s disks.

5.4. Bubbles origin

Two bubbles around the YSO are seen with the dense molecular
tracers HCO+, CS and HCN (see Fig. 4). The superposition of
these three different tracers shows the exact same structure, sug-
gesting that these structures are likely more related to physical
conditions than chemical processes. As discussed in Sect. 5.1.1,
the extent of interaction due the potential binarity of the sys-
tem is limited to ∼100 au, clearly less than the ∼10 000 au
width of the bubbles. Similar arc-like or ring structures have
been found around YSOs with a range between ∼100 au and
∼10 000 au width, but are either attributed to streamers (e.g.,
Tokuda et al. 2014; Yen et al. 2019; Alves et al. 2020; Pineda
et al. 2020; Garufi et al. 2022; Murillo et al. 2022; Valdivia-
Mena et al. 2022; Mercimek et al. 2023), outflows seen face-on
(Fernández-López et al. 2020; Harada et al. 2023) or shocked
gas from an interaction with an outflow (Sai et al. 2023).
However, a ∼7000 au width bubble spaced ∼5000 au from
the Class I protostar CrA-IRS 2 has recently been reported,
and is likely a magnetic bubble created following a removal
of magnetic flux (Tokuda et al. 2023). The bubbles in Fig. 4
are indeed reminiscent of star-forming simulation outputs from
core collapse models, where expanding magnetic bubbles, that
are regions where the magnetic pressure dominates the ther-
mal pressure, dig cavities around the YSO, either for low-mass
(Hennebelle et al. 2020; Tu et al. 2023) or high mass stars
(Mignon-Risse et al. 2020, 2021a,b). The material is thus not
able to enter the magnetic bubble and thus accumulates at its
edges. In the low-mass regime, with the collapse of a one solar
mass core, the width of these bubbles is ∼250 au (Hennebelle
et al. 2020). In the high-mass regime, with the collapse of a
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hundred solar masses core, the width of these bubbles is
∼2000 au (Mignon-Risse et al. 2021b). It thus appears the higher
the mass is, the wider the bubbles are, but the strength of the
magnetic field could counteract this effect: the higher the mag-
netic field is, the wider the bubbles are (Hennebelle et al. 2020).
A very preliminary study with the RAMSES code (Teyssier 2002)
showed that we could retrieve the same ∼10 000 au width we
observe with the 1.7 M⊙ of the system. However, further in-depth
studies would be necessary to confirm this preliminary findings,
offering interesting prospects. We thus hypothesize the bubbles
to be the witness of the magnetic flux removal of the star(s) in
this object. To confirm their presence, since they extend beyond
NOEMA’s primary beam, mosaic observations are required.

6. Conclusions

We present a new NOEMA 3 mm molecular mapping sur-
vey of HCO+, H13CO+, HCN, H13CN, CS, SO, C2H, c−C3H2
and HC3N toward the Class I protostar L1489 IRS. Our main
conclusions are summarized as follows:
1. We identified a large streamer (∼ 3000 au) that stands out

in HC3N, C2H and c−C3H2 3 mm emission. It is compatible
with a generic streamline model but multiple set of param-
eters are consistent with the emission, preventing us from
finely constraining its geometry. This streamer likely lands
onto the disk, resulting in accretion shocks seen in the SO
emission;

2. Most of the molecular tracers exhibits extension toward
the northeast, coinciding with the location of the prestellar
core. The observed streamer is likely coming from this core,
L1489, suggesting a gas bridge supplying material from the
core to the YSO;

3. The external warped disk is likely due to the late infall
around the YSO, as a binary would not warp the disk that
far in radius;

4. The nature of emission along the primary axis is not clear.
It cannot be well fitted by streamers models. That could be
due to the complexity of the environment, where an inter-
action between the infall and the bipolar outflow may have
occurred. The PV diagrams suggest infalling material while
the HH objects and the geometry of the system suggest an
outflow. In the latter case, that would be a direct evidence of
a binary system with two outflows;

5. We identified two bubbles with a ∼10 000 au width in
the dense gas tracers HCO+, CS and HCN. An interest-
ing hypothesis would be that their origin is linked to the
magnetic flux removal of the protostar(s), as observed in
simulations and recent observations.

To confirm the origin of the large streamer in the prestellar core,
and thus its bridge-like connection with the protostellar object,
as well as the presence of the bubbles, mosaic observations are
required, as the extent of the emission goes beyond the pri-
mary beam of NOEMA. If the gas bridge is indeed present,
it would enable interesting prospects to investigate the chemi-
cal relationship from the core to the YSO through the streamer.
It is worth noting that this YSO is a source of interest to dig
the question of the interstellar heritage, as it is localized in its
parental molecular cloud, offering a view of the time evolution
of the chemistry through the look of the different spatial scales.
Regarding the bubbles, further in depth studies with numerical
simulations are needed to better constrain their origin. Finally,
the present study increased the likelihood of a potential second
outflow in the L1489 IRS system highlighting the possibility of

a binary system, which would also require further observations
to be confirmed.
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Appendix A: Channel maps

The channel maps of the lines listed in Table 2 are presented in
Fig. A.1 to A.10.

3.68

1000 au

3.89

1000 au

4.10

1000 au

4.31

1000 au

4.52

1000 au

4.73

1000 au

4.94

1000 au

5.15

1000 au

5.36

1000 au

5.57

1000 au

5.78

1000 au

5.99

1000 au

6.20

1000 au

6.41

1000 au

6.62

1000 au

6.83

1000 au

7.04

1000 au

7.25

1000 au

7.46

1000 au

7.67

1000 au

7.88

1000 au

8.09

1000 au

8.30

1000 au

8.51

1000 au

8.72

1000 au

8.93

1000 au

9.14

1000 au

9.35

1000 au

9.56

1000 au

9.77

1000 au

50050
R.A. ('')

50

25

0

25

50

D
ec

. (
'')

9.98

1000 au

10.19

1000 au

10.40

1000 au

10.61

1000 au

10.82

1000 au

11.03

1000 au

0

0.1

0.2

0.3

0.4

Intensity (Jy beam
1)

0

0.1

0.2

0.3

0.4

Intensity (Jy beam
1)

Fig. A.1. Velocity channel maps of the HCO+ J = 1 − 0 emission before primary beam correction. The channel velocity in km·s−1 is shown in the
upper left corner of each panel, while the synthesized beam is shown in the lower left corner. Red crosses show the (0′′, 0′′) position.
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Fig. A.2. Same as Fig. A.1 but for the H13CO+ J = 1 − 0 emission.

Fig. A.3. Same as Fig. A.1 but for the HCN J = 1 − 0 emission. The three hyperfine components are stacked.
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Fig. A.4. Same as Fig. A.1 but for the H13CN J = 1 − 0 emission. Only the J = 12 − 01 and the J = 11 − 01 lines are stacked as the J = 10 − 01 line
is not detected. Note that the scale is different.

Fig. A.5. Same as Fig. A.1 but for the HC3N J = 11 − 10 emission.
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Fig. A.6. Same as Fig. A.1 but for the C2H JN,F = 11.5,2 − 00.5,1 emission.

Fig. A.7. Same as Fig. A.1 but for the c−C3H2 JKa,Kc = 20,2 − 11,1 emission.
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Fig. A.8. Same as Fig. A.1 but for the CS J = 2−1 emission.
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Fig. A.9. Same as Fig. A.1 but for the SO JN = 23 − 12 emission. Note that the scale is different.
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Fig. A.10. Same as Fig. A.9 but for the SO JN = 22−11 emission.
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Appendix B: Comparison of different initial
velocities

Figure B.1 compares the streamline model for HC3N with the
three different initial velocities used (see Sect. 4.2.2).
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Fig. B.1. Streamline model of the HC3N blue-shifted emission for the set of parameters (r0, θ0, φ0) = (5000 au, 41◦, −170◦) around the (Rz) axis,
with vr,0 = 0 km s−1 (pink), vr,0 = 0.31 km s−1 (blue) and vr,0 = 0.78 km s−1 (orange). See Sect. 4.2.2 for more details. Left: Theoretical projected
trajectories from the streamline model overlayed on the HC3N blue-shifted emission and the two brightest peaks of the SO emission of Fig. 7.
The contour levels are 7σ to 19σ by 2σ steps where σ = 0.89 mJy beam−1 km s−1. The black contour delimits the mask used to compute the
KDE. Right: Theoretical line of sight velocities profiles from the streamline model overlayed on the KDE of the HC3N blue-shifted emission. The
vertical dotted line corresponds to the disk vLSR = 7.37 km s−1, the horizontal to the 0′′ offset.
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Appendix C: Herschel dust map

Figure C.1 shows the Herschel/SPIRE map at 250 µm from the
Herschel Key Program Guaranteed Time (KPGT, PI: P. Andre),
where we overlaid the HH objects identified in Gomez et al.
(1997).

Fig. C.1. Herschel SPIRE dust map at 250 µm from the Herschel Key Program Guaranteed Time (KPGT, PI: P. Andre). The positions of the
HH objects, represented as blue triangles, come from Gomez et al. (1997). The color scale is stretched by the log function and saturated on the
10 − 1000 MJy sr−1 range. The cross denotes L1489 IRS position in (0′′, 0′′). The scale bar in the bottom right corner indicates 25000 au.
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Appendix D: TIPSY fitting fraction and deviation

Figures D.1 (for CS, see Sect. 4.3.1) and D.2 (for HC3N, see
Sect. 4.3.2) present the 2D space of parameters explored by
TIPSY models, that is initial distance along the line of sight and
initial speed in the plane of sky, and their associated fitting frac-
tion and χ2 deviation. The higher the fitting fraction is, the better
the observations are reproduced, as it is defined as the fraction
of observed values consistent with the theoretical infall trajec-
tory (i.e., within observations uncertainties). The lower the χ2

deviation is, the better the fit is, as it is computed from observa-
tions nominal values. The combination of the two identifies the
best-fit model (displayed with the red square). It is all the more
reliable if it falls within a cluster of good parameters, like for
HC3N (see Fig. D.2) and not for CS (see Fig. D.1). Uncertainties
of the best-fit model are calculated from good enough models,
that means having a fitting fraction above 0.9. The absence of
uncertainties (like for CS, see Fig. D.1) reflects the low reliability
of the model.
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Fig. D.1. Quality of the TIPSY fit for the CS masked PPV cube (see Sect. 4.3.1). The red square indicates the best-fit model. Left: Fitting fraction
of function of the initial distance on the line of sight (L.O.S) and the initial speed in the plane of sky (P.O.S.). Right: Like the left panel but for the
deviation with log(log( χ2)) to enhance the contrast.
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Fig. D.2. Same as Fig. D.1 but for the HC3N masked PPV cube (see Sect. 4.3.2).
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