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ABSTRACT

Context. Snowlines are key ingredients for planet formation. Providing observational constraints on the locations of the major snow-
lines is therefore crucial for fully connecting planet compositions to their formation mechanism. Unfortunately, the most important
snowline, that of water, is very di�cult to observe directly in protoplanetary disks due to its close proximity to the central star.
Aims. Based on chemical considerations, HCO+ is predicted to be a good chemical tracer of the water snowline, because it is par-
ticularly abundant in dense clouds when water is frozen out. This work aims to map the optically thin isotopologue H13CO+ toward
the envelope of the low-mass protostar NGC1333-IRAS2A, where the snowline is at larger distance from the star than in disks.
Comparison with previous observations of H18

2 O will show whether H13CO+ is indeed a good tracer of the water snowline.
Methods. NGC1333-IRAS2A was observed using the NOrthern Extended Millimeter Array (NOEMA) at ⇠ 000.9 resolution, targeting
the H13CO+ J = 3 � 2 transition at 260.255 GHz. The integrated emission profile was analyzed using 1D radiative transfer modeling
of a spherical envelope with a parametrized abundance profile for H13CO+. This profile was validated with a full chemical model.
Results. The H13CO+ emission peaks ⇠200 northeast of the continuum peak, whereas H18

2 O shows compact emission on source.
Quantitative modeling shows that a decrease in H13CO+ abundance by at least a factor of six is needed in the inner ⇠360 AU to
reproduce the observed emission profile. Chemical modeling predicts indeed a steep increase in HCO+ just outside the water snowline;
the 50% decrease in gaseous H2O at the snowline is not enough to allow HCO+ to be abundant. This places the water snowline at 225
AU, further away from the star than expected based on the 1D envelope temperature structure for NGC1333-IRAS2A. In contrast,
DCO+ observations show that the CO snowline is at the expected location, making an outburst scenario unlikely.
Conclusions. The spatial anticorrelation of the H13CO+ and H18

2 O emission provide a proof of concept that H13CO+ can be used as a
tracer of the water snowline.

Key words. ISM: individual objects: NGC1333-IRAS2A – ISM: molecules – astrochemistry – stars: protostars – submillimeter:
planetary systems

1. Introduction

Water is probably the molecule that appeals most to our imagi-
nation, as it is essential for life as we know it. In star-forming re-
gions, water plays an important role as coolant of the warm gas,
as dominant carrier of oxygen, and as major constituent of icy
grain mantles deep inside a planet-forming disk (see e.g., Mel-
nick 2009; Bergin & van Dishoeck 2012; van Dishoeck et al.
2013, for reviews). The transition from water being frozen out
onto dust grains to being predominantly present in the gas phase
occurs at the water snowline: the midplane radius at which 50%
of the water is in the gas phase, and 50% is in ice. Since the selec-
tive freeze-out of the major oxygen carrier alters the elemental
C/O-ratio in both gas and ice, the bulk chemical composition of
planets depends on their formation location with respect to the

? Based on observations carried out with the IRAM NOEMA interfer-
ometer. IRAM is supported by INSU/CNRS (France), MPG (Germany),
and IGN (Spain).

freeze-out radius of water (e.g., Öberg et al. 2011; Madhusudhan
et al. 2014; Ali-Dib et al. 2014; Ali-Dib 2017; Walsh et al. 2015;
Mordasini et al. 2016; Eistrup et al. 2016; Booth et al. 2017).
In addition, planetesimal formation is thought to be significantly
enhanced in this region (e.g., Stevenson & Lunine 1988; Schoo-
nenberg & Ormel 2017). The exact location and time evolution
of the water snowline in protostellar systems is thus a crucial
ingredient in planet formation.

Unfortunately, the water snowline is very hard to observe
directly in protoplanetary disks. Because of the large binding
energy of H2O, the transition from ice to gas happens a few
AU from the young star where the midplane temperature ex-
ceeds ⇠ 100–200 K (depending on the vapor pressure). For the
nearest star forming regions, this would already require angu-
lar resolutions of . 000.01. Emission originating from cold water
(Eup < 100 K) has been detected in the disk around TW Hya with
the Herschel Space Observatory (Hogerheijde et al. 2011; Zhang
et al. 2013), but the large Herschel beam (10–4500) could not spa-
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背景：スノーラインの位置を観測的に制限することは、惑星形成メカニズムの解明に不可欠 
　　　最も重要な水のスノーラインは、原始惑星円盤での直接観測することがとても難しい

目的：HCO＋は水のスノーラインの良いトレーサーなのか。 
　　　低質量星NGC1333-IRAAS2Aのエンベロープに対し、光学的に薄いH13CO+でマップピング。 
　　　H218O観測結果との比較で、本当にこれがよいトレーサーかどうかわかる。

観測：NOrthern Extended Millimeter Array (NOEMA) @ ~0.9’’ 分解能 
　　　H13CO+ J=3-2 @ 260.255 GHz

H13CO+のemission peak：　continuum peakの北~2’’ 
　一方、H218Oはコンパクトなemission
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tially resolve the snowline. Furthermore, the only thermal water
lines that can be observed from the ground (except for the H2O
line at 183 GHz) are lines from the less abundant isotopologue
H18

2 O. As such, even ALMA will have great di�culty locating
the water snowline in protoplanetary disks.

An alternative approach is to use chemical imaging, as has
been done for the CO snowline. Due to CO being highly volatile,
its snowline is located tens of AU from the central star (around
⇠20 K; see e.g. Burke & Brown 2010). Although this is far
enough to be spatially resolved with ALMA, locating it directly
remains di�cult; since CO line emission is generally optically
thick, it does not reveal the cold disk midplane. Reactions with
gaseous CO are the main destruction route for N2H+, so N2H+
is expected to be abundant only when CO is frozen out. Taking
simple chemical considerations into account, an upper limit for
the CO snowline location can therefore be derived from N2H+
emission (Aikawa et al. 2015; van ’t Ho↵ et al. 2017), as has
been done for the disks around TW Hya and HD 163296 (Qi
et al. 2013, 2015), and several protostellar envelopes (Jørgensen
2004; Anderl et al. 2016).

For young protostars, the emission of complex organic
molecules (COMs) has been used as tracer of the inner region
warm enough to sublimate water ice, the so called hot core, be-
cause these species are expected to be trapped in water ice. How-
ever, the exact binding energy, and thus spatial extent, will di↵er
for di↵erent molecules. Compact COM emission has been de-
tected toward NGC1333-IRAS2A (hereafter IRAS2A) extend-
ing between ⇠ 000.4 and ⇠ 100.0 (e.g., Jørgensen et al. 2005; Maret
et al. 2014; Maury et al. 2014), similar to the size (⇠ 000.8) of
the H18

2 O emission (Persson et al. 2012). The exact relationship
between COMs and the water snowline remains unclear though.
For example, the extent of methanol emission in IRAS2A is half
the size of the H18

2 O emission (Maret et al. 2014), while it is
twice the size in NGC1333-IRAS4A (Anderl et al. 2016). In
addition, Persson et al. (2012) conclude that C2H5CN is likely
not related to sublimation of water ice. Since the detection of
COMs is very di�cult in mature protoplanetary disks, with only
methyl cyanide and methanol being observed so far (Öberg et al.
2015; Walsh et al. 2016), they are not suited as tracer of the water
snowline in these systems.

The best candidate to chemically trace the water snowline is
HCO+, because its most abundant destroyer in warm dense gas
is gaseous H2O:

H2O + HCO+ ! CO + H3O+. (1)

A strong decline in HCO+ is thus expected when H2O desorbs
o↵ the dust grains (Phillips et al. 1992; Bergin et al. 1998).
ALMA observations of the optically thin isotopologue H13CO+
toward the Class 0 protostar IRAS 15398–3359 indeed revealed
ring-shaped emission (Jørgensen et al. 2013). The spatial dis-
tribution is consistent with destruction by water in the inner-
most region, but the inner radius of the H13CO+ emission is
further out than expected. This can be explained if the tempera-
ture has recently been higher, that is, if the source has undergone
a luminosity outburst. Follow-up observations by Bjerkeli et al.
(2016) did not detect the H18

2 O 414�321 high excitation transition
(Eup = 322 K). However, an HDO transition with lower upper
level energy (Eup = 22 K) was clearly detected. Although HDO
emission is also present in the outflow lobes, the observations
are consistent with the H2O-HCO+ anticorrelation scenario.

Protostellar envelopes are good targets to test the H13CO+-
H18

2 O anticorrelation. Because of the higher luminosity (due to

Table 1. Overview of the molecular line observations toward IRAS2A.

Transition Frequency Eup/k Beam �va

(GHz) (K) (00) (km s�1)
H13CO+ J = 3 � 2 260.255 25 0.93⇥0.68 0.09
H18

2 O 31,3 � 22,0 203.408 204 0.87⇥0.72 0.115
DCO+ J = 2 � 1 144.068 10 2.1⇥1.7 4.06

Notes.

(a) Velocity resolution.

higher accretion rates) and the lower vapor pressure, the snow-
line is located further away from the star than in protoplanetary
disks (10s–100 AU instead of a few AU, Harsono et al. 2015;
Cieza et al. 2016). In addition, H18

2 O has already been observed
toward four of these objects (Jørgensen & van Dishoeck 2010;
Persson et al. 2012, 2013). The only thing lacking are thus high-
spatial resolution images of H13CO+. Here, we present NOEMA
observations of H13CO+ toward one source, IRAS2A, and com-
pare these to the H18

2 O emission presented by Persson et al.
(2012). IRAS2A is a deeply embedded Class 0 protostar in the
NGC1333 region of the Perseus molecular cloud. The quadruple
outflows suggest that it is a close binary (Jørgensen et al. 2004a),
which has recently been confirmed (000.6 separation, Tobin et al.
2015). Similar to Persson et al. (2012) we adopt a distance of
250 pc (Enoch et al. 2006).

The observations and results are presented in Sects. 2 and 3,
and compared with the H18

2 O observations from Persson et al.
(2012). In Sect. 4, the integrated H13CO+ emission is analyzed
using 1D radiative transfer modeling of a spherical envelope
with a parametrized H13CO+ abundance profile. In addition,
this abundance profile is validated against the outcome of a
full chemical network and low-resolution DCO+ observations.
The main conclusions, including that we confirm the predicted
anticorrelation between H13CO+ and H18

2 O, are summarized in
Sect. 5.

2. Observations

IRAS2A (↵(2000) = 03h28m55s.58; �(2000) = 31�1403700.10)
was observed using the NOrthern Extended Millimeter Array
(NOEMA) on December 1 2015 (C configuration), and April 9
2016 (B configuration), for a total of 2.3 h on source in B config-
uration and 1.2 h in C configuration. Combining the observations
in the di↵erent configurations, the data cover baselines from 16.8
to 456.9 m (14.5 to 396.6 k�). The receivers were tuned to the
H13CO+ J = 3�2 transition at 260.255 GHz (1.15 mm), and the
narrow band correlator was set up with one unit (bandwidth of 40
MHz) centered on this frequency providing a spectral resolution
of 0.078 MHz (0.09 km s�1). In addition, the WideX correlator
was used, covering a 3.6 GHz window (259.2–262.8 GHz) at a
resolution of 1.95 MHz (2.2–2.3 km s�1).

Calibration and imaging were performed using the CLIC
and MAPPING packages of the IRAM GILDAS software1. The
standard calibration procedure was followed using the quasars
3C454.3 and 3C84 to calibrate the bandpass, 0333+321 to cal-
ibrate the complex gains and the point sources MWC349 and
LkH↵101 to calibrate the absolute flux scale. The continuum vis-
ibilities were constructed from line-free channels in the WideX
spectrum, and the continuum was subtracted from the line data
before imaging. Both the line and continuum data were imaged

1
http://www.iram.fr/IRAMFR/GILDAS
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Fig. 2. Integrated intensity map for the H13CO+ J = 3 � 2 transition
(color scale) toward IRAS2A, with the 1.2 mm continuum overlaid in
white contours (top panel) and the H18

2 O 31,3 � 22,0 transition in blue
contours (middle panel). The continuum contours are 1.8 (1�) ⇥ [3, 10,
25, 50, 75] mJy beam�1, and the H18

2 O contours are 9.8 (1�) ⇥ [3, 8, 15,
25, 35] mJy beam�1 km s�1. The beams are depicted in the lower left
corners. The position of the continuum peak is marked by a black cross
(the close binary is unresolved in these data) and the outflow axes by
red and blue arrows. The integrated intensities along the dashed white
line are shown in the bottom panel, normalized to their maximum value.
The zero flux level and source position are marked by dotted lines.

is brightest for the red-shifted velocities. In none of the chan-
nels does the H13CO+ emission peak at the source position. In-
stead, emission peaks are observed at o↵sets (RA,Dec) of ap-
proximately (-200,1.500) and (300,-300) in the red-shifted channels,
and at (100,-600) in the blue-shifted channels. H18

2 O, on the other
hand, shows compact emission on source (located by Persson
et al. 2012 ⇠000.1 southwest of the continuum peak) and extends

Fig. 3. Integrated intensity maps for a spherically symmetric ring-
shaped H13CO+ distribution. Emission simulated with the radiative
transfer code Ratran is convolved with the observed beam (left panel),
and simulated with the (u, v) coverage of the NOEMA observations
(right panel). The southern peak in the simulations is probably not ob-
served due to presence of water in the outflow (see text for details). The
continuum peak is denoted with a cross, and the beam is shown in the
lower left corner.

Fig. 4. Spectra extracted in a beam toward the continuum peak position
(left panels) and the H13CO+ peak position (⇠ 200 NE of the continuum
peak, right panels). The top panels show the H13CO+ J = 3�2 transition
and the bottom panels the H18

2 O 31,3 � 22,0 transition. The two spectra
for each species are shown on the same vertical scale. The systemic
velocity is marked by the vertical dotted line at vlsr ⇡ 7 km s�1.

along the southern outflow axis. Overlaying the integrated in-
tensity maps for H13CO+ and H18

2 O (see Fig. 2) shows that the
H13CO+ emission surrounds the water emission and peaks ⇠200
northeast of the continuum peak.

The asymmetry in the spatial distribution of the H13CO+
emission is partly due to the sampling of the (u, v) plane; sim-
ulating emission from a spherical envelope model with a ring-
like H13CO+ abundance distribution using the same (u, v) cov-
erage as the observations results in emission peaks in the north-
east and southwest, rather than a spherically symmetric emis-
sion pattern (see Fig. 3). The absence of a strong southwestern
peak in the data may be attributed to the presence of water in the
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水スノーラインの丁度外側でH13CO+が増加： 
　化学モデルの予測と一致 
  （水スノーラインが225AU付近で、 
     一方H13CO+のabundanceピークは360AUからさらに135AU外側） 

H13CO+とH218Oの空間的不一致： 
　「H13CO+は水スノーラインのトレーサーとして使える」ことを示す。

水スノーラインは225AUに置かれる。

1Dエンベロープの温度構造から予測される距離よりも、かなり遠い

=> 定量的モデル：　このずれは、360AU以内でのH13CO+のabundance
の減少で説明できる。

Merel L.R. van ’t Ho↵ et al.: Imaging the water snowline in a protostellar envelope with H13CO+

southern outflow. Alternatively, it could be an e↵ect of the three-
dimensional structure of the source, which causes the H13CO+
emission from that part to be blocked. Finally, it could perhaps
be the result of asymmetries in the initial filamentary structure at
large scales (� 10,000 AU).

Spectra for H13CO+ and H18
2 O extracted toward the contin-

uum and H13CO+ peak positions are presented in Fig. 4. Al-
though there is still H13CO+ emission present on source, it is
reduced by ⇠40% compared to the region where water emis-
sion is absent. The narrow width (FWHM ⇡ 0.8 km s�1) of
the H13CO+ line at its peak position indicates that the emission
does not originate in the outflow. In comparison, the H18

2 O line
width is ⇠3.5 km s�1. In addition, it has been shown in Persson
et al. (2012) that the outflow component of the H18

2 O emission
can be distinguished spatially from the compact component. The
emission around vlsr = 3 km s�1 in the H18

2 O spectrum is due to
dimethyl ether (CH3OCH3, Persson et al. 2012).

The absorption feature for H13CO+ around the systemic ve-
locity is partly due to emission from the large-scale envelope
being resolved out, as can be seen from the channel maps in
Fig. 1 where most of the emission is absent around the systemic
velocity. In addition, a comparison with JCMT single dish ob-
servations from Jørgensen et al. (2004b) shows that only ⇠7% of
the peak flux is recovered in the NOEMA observations, demon-
strating that the bulk of the H13CO+ is located on larger scales.
Imaging the data before continuum subtraction shows that some
absorption also occurs against the continuum in the central chan-
nels, indicative of cold gas along the line of sight at scales larger
than the scale of interest.

4. Analysis and discussion

4.1. Parametrized abundance profile for H13CO+

To establish the origin of the dip in the H13CO+ emission at the
central position, 1D spherically symmetric physical-chemical
modeling has been performed using the radiative transfer code
Ratran (Hogerheijde & van der Tak 2000). For the physical struc-
ture we adopt the temperature and density profiles for IRAS2A
from Kristensen et al. (2012), derived using the 1D spherically
symmetric dust radiative transfer code DUSTY (Ivezić & Elitzur
1997). In this procedure the free model parameters were fit-
ted to the spectral energy distribution (SED) and the spatial ex-
tent of the sub-mm continuum emission. Based on the chemi-
cal consideration that H13CO+ is particularly abundant when its
main destructor H2O is frozen out, the simplest H13CO+ dis-
tribution is an abundance profile with a low abundance inside
the 100 K radius (i.e., the water snowline) and a higher abun-
dance at larger radii. Both the inner and outer abundances are
varied to get the best match to the observed integrated intensity
along the radial cut shown in Fig 2. The absence of the south-
west H13CO+ peak (discussed in Sect. 3), cannot be modeled
with an axisymmetric 1D model. We therefore restrict the com-
parison to the northeastern part of the radial cut. For a first analy-
sis, we do not adopt a velocity structure. The di↵erence between
the blue- and red-shifted channels can then not be reproduced
exactly. Since there is almost no emission along the radial cut
in the blue-shifted channels, only the red-shifted channels are
used to construct the zeroth moment maps. Including all chan-
nels does not significantly change the observed integrated radial
profile, but only a↵ects the H13CO+ abundance required to reach
the observed intensity (by a factor of ⇠3). However, deriving the
precise H13CO+ abundance is not the goal of this work. Finally,
simulated images representing the observed (u, v) coverage are

Fig. 5. Di↵erent H13CO+ abundance profiles (left panels) and the result-
ing simulated integrated emission along the northeastern part of the ra-
dial cut shown in Fig. 2 (right panels). The observed emission is shown
in purple. The location of the abundance jumps (in Kelvin and AU) is
indicated in the top right corners. Bottom panel: Temperature (gray) and
density (blue) profiles for the IRAS2A envelope from Kristensen et al.
(2012) used in the top two models. The location of the H2O and CO
snowlines (at 100 K and 20 K, resp.) are marked by the dotted red and
blue lines, respectively. The temperature profile increased by a factor
of 2.2, used in the bottom two models, is shown in black. The resulting
H2O snowline is indicated by the dashed red line while the CO snowline
now falls outside the adopted radial range. For IRAS2A, 100 corresponds
to ⇠250 AU.

produced from the Ratran images in GILDAS by creating a (u, v)
table with the function uv_fmodel.

Di↵erent H13CO+ abundance profiles with their correspond-
ing integrated emission profiles are presented in Fig. 5. For the
adopted physical structure, the temperature drops below 100 K
around 90 AU. An H13CO+ abundance of 1 ⇥ 10�10 at radii
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Fig. 6. Left panels: Temperature (gray) and density (blue) profiles for the IRAS2A envelope from Kristensen et al. (2012) (top), and the corre-
sponding H2O (light blue), CO (blue) and HCO+ (purple) abundances predicted by the GRAINOBLE model (bottom). The dashed green line
shows the empirically inferred abundance profile for H13CO+ (scaled down by a factor 100). Right panels: As left panels, but with the temperature
increased by a factor 2.2. The vertical dotted lines mark the H2O and CO snowlines.

>90 AU can roughly reproduce the observed integrated intensity
(Fig. 5, second row). However, independent of the inner abun-
dance, the emission always peaks on source, as in the case of
a constant H13CO+ abundance at all radii (Fig. 5, top row). Al-
though a large fraction (⇠90%) of the emission is already be-
ing resolved out with the (u, v) coverage of the observations, this
thus does not result in a dip in the H13CO+ emission toward the
source position.

To reproduce the location of the emission peak, the abun-
dance jump has to be shifted outward to a radius of ⇠360 AU.
To move the 100 K radius, representing the water snowline, this
far out, the temperature profile has to be multiplied by a fac-
tor of 2.2 (Fig. 5, third row). However, the observed integrated
intensity cannot be reached with this abundance profile, as the
H13CO+ emission becomes optically thick for outer abundances
higher than 3 ⇥ 10�10. Varying the abundance does not a↵ect the
position of the emission peak.

The best match to the observed H13CO+ radial profile can
be reached by introducing an additional drop in the abundance
around ⇠4000 AU (Fig. 5, fourth row). An increase in abun-
dance of at least a factor of six is required around 360 AU to
get the emission peak at the observed location, but the exact ra-
dius of the outer drop does not influence the peak position. Such
a decrease in the H13CO+ abundance can be expected around the
CO snowline because formation of HCO+ will be limited in this
region due to a reduction in the parent gaseous CO molecules.
A radius of 4000 AU corresponds to 17 K for the Kristensen
et al. (2012) temperature profile, consistent with the CO freeze-
out temperature for a pure CO ice binding energy. In contrast,
for the increased temperature profile the temperature is 38 K at
this radius; temperatures below 20 K are not reached within the

20,000 AU radial extent of the model. An increased temperature
is thus required to set the inner radius of the H13CO+ abundance
at the water snowline, while the original temperature places the
outer radius around the CO snowline. This discrepancy will be
further discussed in Sects. 4.2 and 4.3. The main result of these
models is that the observed position of the H13CO+ emission
peak can only be reproduced by a reduction in the abundance of
at least a factor 6 in the inner ⇠360 AU.

4.2. Comparison with a full chemical model

To inspect the legitimacy of the simple abundance profile, we
compare it to the outcome of the astrochemical code GRAINO-
BLE (Taquet et al. 2012a,b, 2013, 2014). In short, GRAINOBLE
uses the rate equations approach (Hasegawa et al. 1992) con-
sidering three types of reactions (a so-called three-phase model
based on Hasegawa & Herbst 1993): reactions for gas-phase
species, reactions for species on the ice surface, and reactions for
bulk ice species. The gas-phase chemical network is taken from
the KIDA dabatase (Wakelam et al. 2015) supplemented by ion-
neutral reactions described in Taquet et al. (2016). A cosmic ray
ionization rate of 5 ⇥ 10�17 s�1 is used. In addition to thermal
desorption, UV-photodesorption and chemical desorption upon
formation of an exothermic surface reaction have been included
as desorption processes. The surface chemical network follows
the results of recent laboratory experiments in order to form the
main ice species (see Taquet et al. 2013, for references). For CO
and H2O binding energies have been adopted for an amorphous
water ice substrate: 1150 K and 5775 K, respectively (Collings
et al. 2004; Fraser et al. 2001). The formation of interstellar ices
is first followed during the formation of a dense starless core
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ABSTRACT

In this letter a near-infrared integral field study of a proto-brown dwarf candidate is presented. A ⇠ 0.005 blue-shifted outflow is detected
in both H2 and [Fe II] lines at Vsys = (-35 ± 2) km s�1 and Vsys = (-51 ± 5) km s�1 respectively. In addition, slower (⇠ ± 10 km s�1) H2
emission is detected out to < 5.004, in the direction of both the blue and red-shifted outflow lobes but along a di↵erent position angle
to the more compact faster emission. It is argued that the more compact emission is a jet and the extended H2 emission is tracing
a cavity. The source extinction is estimated at Av = 18 mag ± 1 mag and the outflow extinction at Av = 9 mag ± 0.4 mag. The H2
outflow temperature is calculated to be 1422 K ± 255 K and the electron density of the [Fe II] outflow is measured at ⇠ 10000 cm�3.
Furthermore, the mass outflow rate is estimated at Ṁout[H2] = 3.8 ⇥ 10�10 M� yr�1 and Ṁout[FeII] = 1 ⇥ 10�8 M� yr�1. Ṁout[FeII] takes
a Fe depletion of ⇠ 88% into account. The depletion is investigated using the ratio of the [FeII] 1.257 µm and [PII] 1.188 µm lines.
Using the Pa� and Br� lines and a range in stellar mass and radius Ṁacc is calculated to be (3 - 10) ⇥ 10�8 M� yr�1. Comparing these
rates puts the jet e�ciency in line with predictions of magneto-centrifugal models of jet launching in low mass protostars. This is a
further case of a brown dwarf outflow exhibiting analogous properties to protostellar jets.

Key words. stars: brown dwarfs - stars:jets - stars:formation

1. Introduction

Outflows play an important role in the star formation process
and are driven by young stellar objects (YSOs) in the Class 0
to Class II evolutionary stages (Frank et al., 2014). Thus, they
can be observed across a large range in wavelength (Whelan,
2014a). Also, as di↵erent wavelength regimes can o↵er comple-
mentary observational constraints to launching models, multi-
wavelength studies have proven important (Nisini et al., 2016).
Near-infrared (NIR) integral field observations are a particularly
useful tool for studies of jet launching in Class 0/I sources which
are still very much embedded in their natal clouds (Davis et al.,
2011). The J,H, and K NIR bands cover Fe II forbidden and H2
ro-vibrational emission lines that are strong tracers of jets. These
lines can be used to infer jet properties such as temperature and
density and to measure the extinction towards the jet (Garcia
Lopez et al., 2013). Integral field spectroscopy provides spectro-
images which allow the properties of the jets to be mapped as a
function of velocity and distance (Davis et al., 2011). Such stud-
ies have found the [Fe II] and H2 lines to be tracing di↵erent
components of the jet, with the forbidden emission associated
with faster, hot dense material and the molecular emission trac-
ing lower excitation, slower molecular gas (Caratti o Garatti et
al., 2006; Garcia Lopez et al., 2010). Additionally, H2 is often
found to trace cavities which are postulated to be evacuated by a
wide-angled wind (Davis et al., 2011).

Recently, we reported the first detection of a large-scale
Herbig-Haro optical jet driven by a Class I proto-brown dwarf
(proto-BD) that shows several of the well-known features seen

? Based on Observations collected with SINFONI at the Very Large
Telescope on Cerro Paranal (Chile), operated by the European Southern
Observatory (ESO). Program ID: 097.C-0732(A).

in protostellar HH jets (Riaz et al., 2017). Here we present the
results of a near-infrared study of an outflow from a proto-BD
candidate, which also shows characteristics similar to protostel-
lar jets. The driving source of the outflow is a YSO named ISO-
Oph 200 (↵ = 16:31:43.8, � = - 24:55:24.5). The near- to mid-
infrared (2-24 µm) spectral slope of the SED for ISO-Oph 200
is consistent with a Class I classification (Evans et al., 2009).
We have conducted physical and chemical modelling of sub-
millimeter/millimeter continuum and molecular line data for this
object, and find the results to be consistent with an early Stage
0+I evolutionary stage (Riaz et al. in prep). The total (dust +
gas) mass for ISO-Oph 200 as derived from the sub-millimeter
850 µm flux is 0.06±0.01 M� with a bolometric luminosity of
⇠ 0.09±0.02 L�. The mass of the central object in this Class I
system can be constrained to within the sub-stellar mass regime
using the measured bolometric luminosity and numerical sim-
ulations of stellar evolution, as discussed in Riaz et al. (2016).
Considering the very low mass reservoir in the (envelope+disk)
for this system, and the presence of an outflow that will further
dissipate the envelope material, ISO Oph-200 will likely have a
final mass below the sub-stellar limit, and can be considered as
a strong candidate proto-BD.

2. Observations and data reduction

ISO-Oph 200 was observed at the Very Large Telescope (VLT)
using the integral field spectrograph SINFONI, on April 19 2016
(H and K band, seeing = 1.1), May 12 2016 (J band, seeing
= 1.003), and May 13 2016 (K band, seeing = 0.0055). SINFONI
is a medium resolution instrument with R =2000, 3000, 4000,
in the J, H and K bands respectively (Gillessen et al., 2005).
Observations were made with the 8 00⇥ 8 00field of view (FOV)

1

ar
X

iv
:1

80
1.

08
74

9v
1 

 [a
st

ro
-p

h.
SR

]  
26

 Ja
n 

20
18

proto-brown dwarf候補天体のNIR観測論文。

天体：ISO-Oph 200（0,06+-0.01 Msun）。SEDからClass Iと考えられている（Evans+09）

観測：integral field spectrograph SINFONIを使ってVLTで観測。
Whelan, E.T. et al.: The ISO-Oph 200 NIR Outflow

Fig. 2. Continuum subtracted spectro-images of the ISO-Oph
200 outflow in the H2 1-0 S(1) and [Fe II] 1.257 µm lines.
Velocities have been corrected for the systemic velocity of the
source. Top panels: Here the emission in a mainly blue-shifted
velocity range is shown to highlight the blue-shifted jet emission
only. Black contours begin at 3� and increase in multiples of 1.5.
1� = 4.5 ⇥ 10�15 erg cm�2 s�1 µm�1. The blue contours show the
continuum emission and they correspond to 50%, 75% and 95%
of the peak flux of the continuum. The black stars marks the po-
sition of the emission peaks and the emission PA is delineated
by the dashed line). Bottom panels: Here the emission in the
velocity ranges -80 km s�1 to 128 km s�1 (H2) and -96 km s�1 to
114 km s�1 ([Fe II]) is shown. This range was chosen to show si-
multaneously the extended blue and red-shifted low velocity H2
emission which it is argued traces the cavity. The chosen range
also shows that there is no red-shifted counterpart to the blue-
shifted jet emission and that the cavity emission is not seen in
[FeII]. Contours start at 3� and increase in multiples of 1.5. 1�
= 5 ⇥ 10�15 erg cm�2 s�1 µm�1. The continuum emission is plot-
ted in the same way as for the top panels.

regions shows that the H2 emission peaks at a distance of 0.007
from the source along a position angle (PA) of 230� and the [Fe
II] emission at a distance of 0.005 from the source along a position
angle (PA) of 215�. The emission in this velocity bin is compat-
ible with a small-scale jet where the jet width is not spatially
resolved in the observations. The di↵erence between the veloc-
ity of the H2 and [Fe II] jets is consistent with the fact that the
H2 tracers the outer layers of the jet where material is cooler and
slower (Davis et al., 2011).

In the bottom panels the H2 and [Fe II] emission in the ve-
locity range -96 km s�1 to 128 km s�1 is shown. The velocity
range was extended to 128 km s�1 to check for a red-shifted jet
lobe along the same PA and with a similar velocity to the blue-
shifted lobe. None is detected. However, low velocity (⇠ 10 km
s�1), fainter (also see Figure 3), red and blue-shifted spatially re-

Outflow Vsys O↵set PA
Feature (km s�1) (00) (�)
H2 Jet -35 ±2 0.007 230

Fe II Jet -51 ± 5 0.005 215
F1 4 ± 3 4.000 67
F2 10 ± 3 2.006 80
F3 -14 ± 5 5.004 248

Table 1. Outflow emission features and corresponding proper-
ties. O↵sets are with respect to the source position and along the
given PA. PAs are measured E of N. It is argued that F1, F2 and
F3 form part of a cavity around the jet.

solved H2 emission is seen at distance of 2.006 to 5.004 and along a
di↵erent PA to the faster emission. The main emission features
here are marked F1, F2 and F3 in Figure 2. The velocity, mor-
phology and PA of this emission would suggest that it is tracing
a cavity around the collimated jet. This emission is not detected
in [Fe II] and is discussed further in Section 4.

A H2 excitation diagram can be constructed by plotting the
natural log of the column densities (divided by the statistical
weight), of a number of H2 lines against the upper energy level
of the line. This can be used to derive the temperature and to
constrain the extinction of the line emitting region (Davis et al.,
2011). In a thermalised gas at a single temperature the points
will lie along a straight line, the slope of which is the tempera-
ture (Caratti o Garatti et al., 2006). The extinction is constrained
by investigating the scatter of the points about this straight line.
Correcting the line fluxes for extinction should reduce the scat-
ter of the points about a linear fit. Therefore, varying Av and
analysing the goodness of the fit leads to an estimate of Av (Todd
& Ramsay Howat, 2006). A H2 excitation diagram for the ISO-
Oph 200 jet was constructed (see Figure A.1) using the fluxes
given in Table 1. For Av = 9 mag, T = 1442 ± 255 K is mea-
sured. This result is in agreement with the temperatures reported
by Garcia Lopez et al. (2013) for the very low mass protostar
IRS54. By varying the extinction it is found that the analysis of
the excitation diagrams is in a agreement with the Av estimates
presented in Section 3.1.

Using the ratios of the [Fe II] lines and the models of Takami
et al. (2006), the electron density (ne) can be estimated. Studies
have found that the 1.600 µm / 1.644 µm, 1.664 µm / 1.644 µm,
and 1.677 µm / 1.644 µm ratios are more accurate tracers of the
density than the 1.534 µm / 1.644 µm ratio. However, due to
the non-detection of the 1.600 µm, 1.664 µm and 1.677 µm lines
here we are limited to using the 1.534 µm / 1.644 µm ratio. From
this ratio and the models we estimate ne ⇠ 10,000 cm�3. This is
in line with typical jet densities (Davis et al., 2011).

The mass outflow rate (Ṁout) can be investigated by calculat-
ing the mass of both H2 and H (from the [Fe II] lines) in the jet
and combining this with the jet velocity and the length of the jet
over for which the mass was estimated. Using equations 1 and 2
of Davis et al. (2011) the column density of H2 and H are esti-
mated at NH2 = 3.6 ⇥ 1021 m�2 and NH =1.5 ⇥ 1022 m�2. The
fluxes of the H2 1-0S(1) and [Fe II] 1.644 µm lines were used
here and were corrected for the jet extinction (Av = 9 mag). For
the jet velocity the same approach as adopted in Garcia Lopez et
al. (2013) is used here. That is the line width is taken as a lower
limit to the jet velocity. The lower limits to the jet velocity are
100 km s�1 and 150 km s�1 for the H2 and [Fe II] line respec-
tively. For Ṁout it is found that Ṁout[H2] = 3.8 ⇠ 10�10 M� yr�1

and Ṁout[FeII] = 1.2 ⇥ 10�9 M� yr�1. For Ṁout[FeII] a Fe / H solar
abundance was assumed. Using the ratio of the [FeII] 1.257 µm
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速度の遅い（~ +-10km/s）red&blueシフトの広がったemission： 
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　方向は、速いコンパクトなemissionとは異なるPAを持っている。
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Fig. 2. Continuum subtracted spectro-images of the ISO-Oph
200 outflow in the H2 1-0 S(1) and [Fe II] 1.257 µm lines.
Velocities have been corrected for the systemic velocity of the
source. Top panels: Here the emission in a mainly blue-shifted
velocity range is shown to highlight the blue-shifted jet emission
only. Black contours begin at 3� and increase in multiples of 1.5.
1� = 4.5 ⇥ 10�15 erg cm�2 s�1 µm�1. The blue contours show the
continuum emission and they correspond to 50%, 75% and 95%
of the peak flux of the continuum. The black stars marks the po-
sition of the emission peaks and the emission PA is delineated
by the dashed line). Bottom panels: Here the emission in the
velocity ranges -80 km s�1 to 128 km s�1 (H2) and -96 km s�1 to
114 km s�1 ([Fe II]) is shown. This range was chosen to show si-
multaneously the extended blue and red-shifted low velocity H2
emission which it is argued traces the cavity. The chosen range
also shows that there is no red-shifted counterpart to the blue-
shifted jet emission and that the cavity emission is not seen in
[FeII]. Contours start at 3� and increase in multiples of 1.5. 1�
= 5 ⇥ 10�15 erg cm�2 s�1 µm�1. The continuum emission is plot-
ted in the same way as for the top panels.

regions shows that the H2 emission peaks at a distance of 0.007
from the source along a position angle (PA) of 230� and the [Fe
II] emission at a distance of 0.005 from the source along a position
angle (PA) of 215�. The emission in this velocity bin is compat-
ible with a small-scale jet where the jet width is not spatially
resolved in the observations. The di↵erence between the veloc-
ity of the H2 and [Fe II] jets is consistent with the fact that the
H2 tracers the outer layers of the jet where material is cooler and
slower (Davis et al., 2011).

In the bottom panels the H2 and [Fe II] emission in the ve-
locity range -96 km s�1 to 128 km s�1 is shown. The velocity
range was extended to 128 km s�1 to check for a red-shifted jet
lobe along the same PA and with a similar velocity to the blue-
shifted lobe. None is detected. However, low velocity (⇠ 10 km
s�1), fainter (also see Figure 3), red and blue-shifted spatially re-

Outflow Vsys O↵set PA
Feature (km s�1) (00) (�)
H2 Jet -35 ±2 0.007 230

Fe II Jet -51 ± 5 0.005 215
F1 4 ± 3 4.000 67
F2 10 ± 3 2.006 80
F3 -14 ± 5 5.004 248

Table 1. Outflow emission features and corresponding proper-
ties. O↵sets are with respect to the source position and along the
given PA. PAs are measured E of N. It is argued that F1, F2 and
F3 form part of a cavity around the jet.

solved H2 emission is seen at distance of 2.006 to 5.004 and along a
di↵erent PA to the faster emission. The main emission features
here are marked F1, F2 and F3 in Figure 2. The velocity, mor-
phology and PA of this emission would suggest that it is tracing
a cavity around the collimated jet. This emission is not detected
in [Fe II] and is discussed further in Section 4.

A H2 excitation diagram can be constructed by plotting the
natural log of the column densities (divided by the statistical
weight), of a number of H2 lines against the upper energy level
of the line. This can be used to derive the temperature and to
constrain the extinction of the line emitting region (Davis et al.,
2011). In a thermalised gas at a single temperature the points
will lie along a straight line, the slope of which is the tempera-
ture (Caratti o Garatti et al., 2006). The extinction is constrained
by investigating the scatter of the points about this straight line.
Correcting the line fluxes for extinction should reduce the scat-
ter of the points about a linear fit. Therefore, varying Av and
analysing the goodness of the fit leads to an estimate of Av (Todd
& Ramsay Howat, 2006). A H2 excitation diagram for the ISO-
Oph 200 jet was constructed (see Figure A.1) using the fluxes
given in Table 1. For Av = 9 mag, T = 1442 ± 255 K is mea-
sured. This result is in agreement with the temperatures reported
by Garcia Lopez et al. (2013) for the very low mass protostar
IRS54. By varying the extinction it is found that the analysis of
the excitation diagrams is in a agreement with the Av estimates
presented in Section 3.1.

Using the ratios of the [Fe II] lines and the models of Takami
et al. (2006), the electron density (ne) can be estimated. Studies
have found that the 1.600 µm / 1.644 µm, 1.664 µm / 1.644 µm,
and 1.677 µm / 1.644 µm ratios are more accurate tracers of the
density than the 1.534 µm / 1.644 µm ratio. However, due to
the non-detection of the 1.600 µm, 1.664 µm and 1.677 µm lines
here we are limited to using the 1.534 µm / 1.644 µm ratio. From
this ratio and the models we estimate ne ⇠ 10,000 cm�3. This is
in line with typical jet densities (Davis et al., 2011).

The mass outflow rate (Ṁout) can be investigated by calculat-
ing the mass of both H2 and H (from the [Fe II] lines) in the jet
and combining this with the jet velocity and the length of the jet
over for which the mass was estimated. Using equations 1 and 2
of Davis et al. (2011) the column density of H2 and H are esti-
mated at NH2 = 3.6 ⇥ 1021 m�2 and NH =1.5 ⇥ 1022 m�2. The
fluxes of the H2 1-0S(1) and [Fe II] 1.644 µm lines were used
here and were corrected for the jet extinction (Av = 9 mag). For
the jet velocity the same approach as adopted in Garcia Lopez et
al. (2013) is used here. That is the line width is taken as a lower
limit to the jet velocity. The lower limits to the jet velocity are
100 km s�1 and 150 km s�1 for the H2 and [Fe II] line respec-
tively. For Ṁout it is found that Ṁout[H2] = 3.8 ⇠ 10�10 M� yr�1

and Ṁout[FeII] = 1.2 ⇥ 10�9 M� yr�1. For Ṁout[FeII] a Fe / H solar
abundance was assumed. Using the ratio of the [FeII] 1.257 µm
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proto-BDのNIR観測は、BD質量天体のjetを調べるには良いツール。 
　広い角度のwindのようなoutflow成分の証拠を探すことができ、 
　jetの減光が調べられ、jetの効率が測定できる。 
近い将来、JWST/NIRSPECを使ったより高分解能でのjetのcollimationやstructureの観測が可能になる。

Sourceの減光量：　Av = 18 mag +- 1 mag 
Outflowの減光量：　Av = 9 mag +- 0.4 mag

H2 outflowの温度：　1422 K +- 255 K 
[Fe II]の電子密度：　~10000 cm-3

mass outflow rate：　 
　For H2,    M = 3.8 x 10-10 Msun/yr 
　For FeII,    M = 1.0 x 10-8 Msun/yr

PaβとBrγ線のLuminosity、 
星の質量（0.06 - 0.1 Msun）、 
半径（0.9 - 0.5 Rsun ）を用いて： 
　Macc ~ (3-10) x 10-8 Msun/yr

with color-color diagram (Davis+11)
Whelan, E.T. et al.: The ISO-Oph 200 NIR Outflow

Fig. 3. Colour map of the full H2 1-0 S(1) emission. The colours
are shown to highlight the di↵erence intensity between the H2
jet emission along a PA of 230� (dashed line) and the extended
emission which likely delineates a cavity. A cavity with open-
ing angle 40� is overlain here and well represents the extended
fainter emission.

and [PII] 1.188 µm lines it is found that 88% ± 14 % of the Fe is
still in dust grains in the jet (Garcia Lopez et al., 2010). Taking
this value of the dust depletion into account places Ṁout[FeII] at
⇠ 1 ⇥ 10�8 M� yr�1. Overall our results put the jet e�ciency
(Ṁout / Ṁacc) within the limits of magneto-centrifugal jet launch-
ing models (Frank et al., 2014). Also note that as the mass out-
flow rate is higher in the [Fe II] than H2 component of the jet,
our results support the argument of Garcia Lopez et al. (2013),
that most of the outflow material is transported in the component
traced by the atomic rather than molecular lines.

4. Discussion and conclusions

High angular resolution observations of jets from low mass
YSOs have provided critical constraints to jet launching mod-
els in the form of collimation, rotation, and structural studies
for example (Frank et al., 2014). The di�culty with obtaining
such high angular resolution observations, of jets at the lower
end of the mass spectrum, has meant that the question of whether
there are di↵erences in how BD jets and stellar jets are launched
has not yet been well investigated (Whelan et al., 2012; Garcia
Lopez et al., 2013). To date, discussion of BD jet launching has
focused on a comparison between the kinematical and morpho-
logical properties of BD and YSO jets (e.g. asymmetries, mul-
tiple velocity components, molecular components) and on mea-
surements of the jet e�ciency. High angular resolution is not
necessary to measure the jet e�ciency and magneto-centrifugal
jet launching models set an upper limit of 30% for Ṁout / Ṁacc
(Cabrit, 2009). Thus, studies of Ṁout / Ṁacc have been used as a
first test of jet launching at the lowest masses (Whelan, 2014a).

The detection here of a molecular hydrogen jet and cavity
adds to the list of ways in which jets at the lowest masses are
found to be analogous to stellar jets. Molecular hydrogen emis-
sion lines (MHELs) have long been associated with stellar jets
with two jet components detected. Both a molecular component
to a collimated FEL jet and a component which traces excitation
along the walls of a edge-brightened cavity are observed (Davis
et al., 2002). For the latter component, it is theorised that the jet
is surrounded by a wide-angled wind which carves out a cavity

in the ambient medium and that the shocked H2 emission is a
result of the interaction between the wind and the ambient gas
(Frank et al., 2014). Davis et al. (2002) give the wide-angled
wind opening angles of a number of Class 0/I sources. Values
range between 25� and 100� and there is a trend of the opening
angle increasing with age. In Figure 3, the H2 cavity emission
is shown in green over-plotted on the H2 jet emission (red). The
extended H2 emission from ISO-Oph 200 is fitted with a bipo-
lar cavity of opening angle of 40�, putting our source within the
range of the Class I sources of Davis et al. (2002). The fact that
the extended H2 emission has di↵erent geometry and kinematics
to the blue-shifted jet as traced by both H2 and [Fe II] supports
the argument that what we are seeing is a wind-swept cavity.
A slow wide-angled wind is a natural by-product of a magneto-
hydrodynamic (MHD) disk wind and its detection here is further
evidence that MHD jets occur at the lowest masses (Frank et al.,
2014).

Turning now to estimates of jet e�ciencies for proto-BDs, it
would be reasonable to expect Ṁout in proto-BDs to be higher
than for Class II BDs, as seen for low mass YSOs (Frank et
al., 2014), and for the jet e�ciencies to remain within the lim-
its of leading jet launching models. Riaz et al. (2017) presented
some evidence that Ṁout in proto-BDs is higher than in Class
II BDs but very few sources have been properly investigated to
date. The first studies of Ṁout / Ṁacc in BDs concentrated on
Class II sources and values were found to be > 1 which is in-
consistent with models. Improvements in data and methods led
to a better constrained estimate for one Class II BD ISO-Cha
I 217 (Whelan, 2014a). Observations of proto-BD jets have to
date been confined to optical data which has led to problems
with estimates of jet e�ciencies. Firstly, the jet and source ex-
tinction is generally not well known and secondly Ṁacc has been
under-estimated due to poor sampling of the accretion zone by
the accretion tracers. The e�ciency study presented here demon-
strates the importance of NIR observations for investigating Ṁout
/ Ṁacc in BD jets. The [Fe II] and H2 lines allow both the jet and
source extinction to be well studied, the dust depletion in the jet
to be investigated, and obscuration e↵ects are limited by the use
of the NIR HI lines. These improvements have meant that this
is the second case where e�ciency has been found to be within
accepted limits. Also note that Ṁout in ISO-Oph 200 (⇠ 10�9) is
higher than in ISO-ChaI 217 (⇠ 10�11) as would be expected.

In conclusion we argue that NIR studies of proto-BD jets
are an important tool for investigating jet launching in the BD
mass regime. Evidence of outflow components such as wide-
angled winds can be looked for, the source and jet extinction
can be investigated and measurements of the jet e�ciency made.
Furthermore, it will be possible in the near future to carry out
observations of the jet collimation and structure at high angular
resolution with JWST / NIRSPEC, which can provide additional
constraints to jet launching models.
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Alcalá, J. M., Manara, C. F., Natta, A., et al. 2017, A&A, 600, A20
Antoniucci, S., La Camera, A., Nisini, B., et al. 2014, A&A, 566, A129
Beck, T. L. 2007, AJ, 133, 1673
Bara↵e, I., Elbakyan, V. G., Vorobyov, E. I., & Chabrier, G. 2017, A&A, 597,

A19
Cabrit, S. 2009, Astrophysics and Space Science Proceedings, 13, 247
Calvet, N., Muzerolle, J., Briceño, C., et al. 2004, AJ, 128, 1294
Caratti o Garatti, A., Giannini, T., Nisini, B., & Lorenzetti, D. 2006, A&A, 449,

1077
Cardelli, J. A., Clayton, G. C., & Mathis, J. S. 1989, ApJ, 345, 245
Cutri, R. M., Skrutskie, M. F., van Dyk, S., et al. 2003, VizieR Online Data

Catalog, 2246,

4

Opening angle ~40° にfittingできる： 
　Davis+02のClass I天体の値の範囲内

広がったH2 emissionが、H2・[Fe II]の両方で見られる 
ものと違うgeometryを持っている 
　＝　我々が見ているものはwind-swept cavity
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ABSTRACT

Context. Converging networks of interstellar filaments, i.e. hubs, have been recently linked to the formation of stellar clusters and
massive stars. Understanding the relationship between the evolution of these systems and the formation of cores/stars inside them is
at the heart of current star formation research.
Aims. The goal is to study the kinematic and density structure of the SDC13 prototypical hub at high angular resolution to determine
what drives its evolution and fragmentation.
Methods. We have mapped SDC13, a ⇠1000 M� infrared dark hub, in NH3(1,1) and NH3(2,2) emission lines, with both the Jansky
Very Large Array and Green Bank Telescope. The high angular resolution achieved in the combined dataset allowed us to probe scales
down to 0.07pc. After fitting the ammonia lines, we computed the integrated intensities, centroid velocities and line widths, along
with gas temperatures and H2 column densities.
Results. The mass-per-unit-lengths of all four hub filaments are thermally super-critical, consistent with the presence of tens of
gravitationally bound cores identified along them. These cores exhibit a regular separation of ⇠ 0.37±0.16 pc suggesting gravitational
instabilities running along these super-critical filaments are responsible for their fragmentation. The observed local increase of the
dense gas velocity dispersion towards starless cores is believed to be a consequence of such fragmentation process. Using energy
conservation arguments, we estimate that the gravitational to kinetic energy conversion e�ciency in the SDC13 cores is ⇠ 35%. We
see velocity gradient peaks towards ⇠ 63% of the cores as expected during the early stages of filament fragmentation. Another clear
observational signature is the presence of the most massive cores at the filaments’ junction, where the velocity dispersion is the largest.
We interpret this as the result of the hub morphology generating the largest acceleration gradients near the hub centre.
Conclusions. We propose a scenario for the evolution of the SDC13 hub in which filaments first form as post-shock structures in a
supersonic turbulent flow. As a result of the turbulent energy dissipation in the shock, the dense gas within the filaments is initially
mostly sub-sonic. Then gravity takes over and starts shaping the evolution of the hub, both fragmenting filaments and pulling the gas
towards the centre of the gravitational well. By doing so, gravitational energy is converted into kinetic energy in both local (cores) and
global (hub centre) potential well minima. Furthermore, the generation of larger gravitational acceleration gradients at the filament
junctions promotes the formation of more massive cores.

Key words. stars:formation – stars:massive – ISM:clouds – ISM:kinematics and dynamics – ISM:structure

1. Introduction

The star formation process can be perceived as the mechanism
leading to the concentration of di↵use interstellar clouds into
compact, nuclear burning, balls of gas. While the importance of
interstellar filaments had been recognised already in the seven-
ties (Schneider & Elmegreen 1979), observations of the Galactic
interstellar medium with Herschel have revealed that they are
a key intermediate stage towards the formation of stars (André
et al. 2010; Molinari et al. 2010; Arzoumanian et al. 2011).
Indeed, the majority of prestellar and protostellar cores are em-
bedded in thermally supercritical filaments (Polychroni et al.
2013; Könyves et al. 2015; Marsh et al. 2016), i.e. filaments
whose mass-per-unit-length Mline is larger than the theoretical
upper limit for an isothermal, infinitely long cylinder to main-
tain hydrostatic equilibrium (Ostriker 1964). Understanding the
connection between filament evolution and core formation has
become one of the main goals of star formation research over
the past decade.

While a lot of e↵ort has focused on the properties of individ-
ual filaments in nearby star-forming regions (Arzoumanian et al.
2011; Peretto et al. 2012; Palmeirim et al. 2013; Panopoulou
et al. 2014; Salji et al. 2015), here we focus on hub filament
systems (HFS), i.e. a small network of spatially converging in-
terstellar filaments (Myers 2009). The converging nature of such
systems is suggestive of the role played by gravity in shaping
them. Follow-up observations have shown that hubs are likely
collapsing on parsec scales, gathering matter at their centre as a
result of the collapse (Kirk et al. 2013; Peretto et al. 2013, 2014;
Liu et al. 2013). One of the most massive protostellar cores ever
observed in the Galaxy has been found lying at the centre of such
hubs (Peretto et al. 2013), indicating that they might play a key
role in the formation of massive stars. Schneider et al. (2012)
also showed that stellar protoclusters in the Rosette molecu-
lar cloud tend to form at the junction of filamentary structures.
Understanding how hubs form and evolve can tell us what phys-
ical mechanisms are behind the fragmentation of filaments and
how their interaction influence the formation of more massive
objects. High-angular resolution observations of infrared dark
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背景：フィラメントが集中している箇所（hub）は、星団・大質量星形成と深い関わり。 
　　　ハブの進化とそこでの星形成の関係の理解は重要。

目的：SDC13の運動・密度構造を調べ、進化やfragmentationの駆動源を決める

観測：NH3(1,1) & NH3(2,2) 輝線 with Jansky Very Large Array, Green Bank Telescope (0.07 pc)

全ての hubフィラメントはsupercritical
（transonicの非熱的な速度分散を持つ）

コアの間隔：　フィラメントに沿って~0.37pc

フィラメントの年齢：a few Myer（非平衡
フィラメントの半解析的モデル（Clarke+16, 
17）を使用）
<= Peretto+14の力学的タイムスケール     
とconsistent
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Fig. 5. Left: Spitzer 8 µm flux density in units of MJy/sr, overlaid with IRAM 30m MAMBO 1.2mm dust continuum contours in
steps of 5mJy/beam, from 3mJy/beam to 88mJy/beam. Crosses denote the positions of identified 1.2mm MAMBO compact sources
(white for starless and blue for protostellar, Peretto et al. 2014) and two 1.3mm SMA continuum sources (in black crosses, McGuire
et al. 2016). Middle: H2 column density map in units of 1022 cm�2, derived from the NH3 integrated intensity. Overlaid contours are
placed in 1⇥1022 cm�2 steps, from 2⇥1022 cm�2 to 12⇥1022 cm�2. Right: Plot showing the extracted cores (black crosses, numbered
according to Table 2) and filaments (labelled coloured lines). The extraction of these structures are discussed in Section 4. Extra
cores at the outskirts of the North-East and South-East arms are in the more di↵use regions of the cloud where the spines did not
extend through. Spine colours match those in subsequent figures.

procedure used. However, because of the relatively large peak
NH3(1,1) main line opacity of 4.7, we independently performed
a Gaussian fit of the optically thinner of the hyperfine compo-
nents. By doing so, we observe the same increase of the line
width. We conclude that the line widths plotted in Figure 4 rep-
resent the true velocity dispersion of the dense gas. Furthermore,
we also notice the velocity width increases around some lo-
calised regions at the edges of filaments, most evident on the
Eastern edge of the lower portion of the North-East filament,
and the Western edge of the lower portion of the North-West
filament.

3.2. H2 column density map

Ammonia is often called the thermometer of molecular clouds
(e.g. Maret et al. 2009), as the temperature of the gas can be
directly calculated from the ratio of the intensities of the two
main lower metastable transitions, NH3(1,1) and NH3(2,2). In
turn, the ammonia column density map can be calculated us-
ing the temperature, opacity, and brightness temperature maps.
The derivations of each of these quantities can be found in
Appendix B. Using a constant abundance of ammonia with re-
spect to H2 of 3 ⇥ 10�8 (Harju et al. 1993) one can then com-
pute the H2 column density map of SDC13. This calculation is
however limited by the weaker emission of the NH3(2,2) transi-
tion, which in our case traces 42% less of the cloud area than the
NH3(1,1) transition. To overcome this, we take a median value of
the temperature across the cloud of 12.7 K (the full temperature
map and histogram are shown in Appendix B). The correspond-
ing column density map is displayed in Figure 5. Comparing

this column density map to that calculated with a non-uniform
temperature, we are satisfied that assuming a constant temper-
ature across the entire cloud does not introduce any significant
changes to the morphology of features in the map, whilst extend-
ing the coverage of the map (a result also reported by Morgan
et al. 2013). Increasing the temperature by a standard deviation
(1.8 K) decreases the column density by 12%. It is important to
note that given our non-detection of the MM1 protostellar core,
our assumption of constant abundance across the entire cloud
(whilst a fair assumption given the excellent correlation between
the NH3(1,1) integrated intensity and the 8µm Spitzer emission)
does not hold entirely for such portions of the cloud as the MM1
region. Deriving the H2 column density from the 1.2 mm dust
continuum emission (presented in Peretto et al. 2014) and com-
paring it to the NH3 column density shows that the assumed
abundance is consistent with the data, and has a dispersion of
only ⇠ 3%. Overall, we take a conservative estimate of the un-
certainty on the column density of 20%.

4. Analysis: Structure extraction

In this section, we discuss the identification of cores and fila-
ments within SDC13.

4.1. Cores

Dendrograms are a useful tool for the understanding of hierar-
chical structure, and are invaluable for understanding the frag-
mentation of molecular clouds (e.g. Rosolowsky et al. 2008).
We used the dendrogram code developed by Peretto & Fuller
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SDC13の進化シナリオ： 
　超音速乱流でのpost shock構造として、フィラメントが形成
乱流エネルギーの散逸の結果、高密度コアは亜音速に
重力が優位になり、hubの進化を促す。

それによって、重力エネルギーは運動エネルギーへと変換される
フィラメント連結部でのより大きな重力加速度勾配の発生が、大質量コア形成を促進

フィラメントの結合部に最もmassiveなコアが付随
（速度分散は最も大きい）
<= ハブ形状によって生まれる加速度勾配に起因すると考えられる

コアでの重力エネル
ギーから運動エネル
ギーへ変換効率を求
めた（ε~ 35 %） 
<= 理論値よりも大き
い
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Fig. 20. Map of gravitational acceleration in SDC13 in units of
1⇥ 10�12 km s�2. Mass was calculated from the H2 column den-
sity map in the middle panel of Figure 5. Contours are of the H2
column density in Figure 5, plotted in 1⇥1022 cm�2 steps, from
2⇥1022 cm�2 to 12⇥1022 cm�2.

constructed acceleration profiles along each filament. These are
shown in the first row of Figure 21. We observe oscillations of
the acceleration and an increase of the acceleration towards the
hub centre which are reminiscent of the velocity structure. In or-
der to check if this behaviour is due to the presence of cores or
to the hub morphology, we constructed another acceleration map
with uniform column density, e↵ectively removing the presence
of density fluctuations. The second row of Figure 21 shows such
profiles. One can see that, for the two main filaments (North-
East and North-West), the acceleration profiles remain mostly
unchanged, demonstrating that the hub morphology is the main
driver of the acceleration fluctuation we observed, and therefore
the driver of the SDC13 kinematics as a whole. Another inter-
esting point is given by the last row of Figure 21 where the gra-
dients of the acceleration is provided. We notice here that the
strongest acceleration gradient peak is associated with the most
massive core within SDC13. Gradients of acceleration represent
accumulation points and are therefore privileged locations for
the formation of massive cores. The systematic presence of mas-
sive cores near the hub centre could therefore be a direct con-
sequence of large acceleration gradients generated by the hub
morphology.

6. Summary and conclusions

We have conducted a study of the SDC13 infrared dark hub fila-
ment system using the rotation inversion transition of NH3(1,1)
and NH3(2,2). The fitting of the hyperfine structure of these
lines allowed the construction of centroid velocity, velocity dis-
persion, and H2 column density maps. These maps were used

to identify both core structures and filament spines, allowing
us to characterise their kinematics. We find that all filaments
are supercritical, with an average transonic non-thermal veloc-
ity dispersion, and that core spacing is typically regular along
them (⇠ 0.37 ± 0.16 pc). Using semi-analytical models of non-
equilibrium filaments (Clarke et al. 2016, 2017) we determine
that the filaments are a few Myrs old, consistent with the SDC13
dynamical timescale derived by Peretto et al. (2014). We find
that the large radial velocity gradients across two of the four fil-
ament cannot be due to gravity nor rotation, but most likely due
to the compression caused by a nearby Hii region. We also find
that the velocity dispersion increases towards 73% of the identi-
fied cores, which we interpret as the result of the accumulation
of matter due to the filament fragmentation process itself. We
derive an average gravitational to kinetic energy conversion ef-
ficiency within these cores of ✏ ' 35%, larger than theoretical
values published in the literature. Finally, we propose that the
presence of massive cores near the filament junction is due to
the large acceleration gradients produced by the hub morphol-
ogy.

All elements put together, we propose a scenario for the evo-
lution of the SDC13 hub-filament system in which filaments first
form as post-shock structures in a supersonic turbulent flow. As a
result of the turbulent energy dissipation in the shock, the dense
gas within the filaments is initially mostly sub-sonic. Then grav-
ity takes over and starts shaping the evolution of the hub, both
fragmenting filaments and pulling the gas towards the centre of
the gravitational well. By doing so, gravitational energy is con-
verted into kinetic energy in both local (cores) and global (hub
centre) potential well minima, generating more massive cores at
the hub centre as a result of larger acceleration gradients.
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Table 3. Summary of filament properties.

Filament Length
(pc)

Orientation
(�)

�core
(pc)

Width
(pc)

Mline
(M�/pc)

Mfil
(M�)

⌧crit
(Myr)

Ṁ
(M�/pc/Myr)

⌧age
(Myr)

|rVr |
(km/s/pc)

North (N) 1.32 -8.1 – 0.27 270 259 – – – 0.3
North-West (NW) 3.06 -25.6 0.34± 0.06 0.16 147 393 0.64 48.9 3.0 0.2
South-East (SE) 1.17 +145.2 0.41± 0.02 0.37 374 223 0.78 40.0 9.4 1.1
North-East (NE) 2.89 +18.0 0.33± 0.21 0.25 264 401 0.62 50.5 5.3 1.5

Notes. Column 1: Filament name. Col. 2: The length of the filament spine in parsec. Col. 3: The mean orientations from the minimisation of the
eigenvalues of the Hessian matrices, in degrees. The origin at 0� was defined by the North direction, and the positive values are anticlockwise. Col.
4: median core separation, excluding hub cores, quoted with their standard deviation. Given we have excluded hub centre cores, this leaves only
one core in the North filament.. Column 5: Mean filament width in parsec (from 2.35 times the standard deviation of each radial column density)
evaluated from the regions of the filament outside the hub centre only. Col. 6: Mass per unit length, evaluated from the integration of radial column
density profiles outside the cloud hub. Col. 7: the total mass of the filament, including the regions that pass through the cloud hub centre. Col. 8:
The lower limit on the age of the filament (equation 1) (in-evaluable for the North filament given its single core.). Col. 9: The accretion rate of
material onto the filament during its formation. Col. 10: the time elapsed since the filament became critical. Col. 11: mean radial velocity gradient
across the inner 0.2 pc filament width. Systematic errors from the kinematical distance to SDC13 (3.6± 0.4 kpc) and unknown filament inclination
are associated to the filament lengths and mean core separations. Inclination angle a↵ects the timescales quoted, as discussed in Section 5.2.
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Fig. 8. Profiles along the spines, where each column denotes a di↵erent filament (North-West in red, North-East in blue, North in
green and South-East in grey). The origin of each spine was centred at the hub region. The first row plots the column density of H2
calculated from the fitted NH3 integrated intensity. The second row plots the FWHM velocity width, while the third row plots the
absolute centroid line-of-sight velocity (o↵set from the cloud systemic velocity of 37 km s�1), both also from the hyperfine structure
fitting. The fourth row plots the absolute velocity gradient evaluated over the mean core size of ⇠0.1 pc. The fifth row plots the
rotational temperature derived from the NH3 emission (see Appendix B.2) which has a standard deviation of 1.8 K. The drops of
temperature below 8 K are artificial and due to missing NH3(2,2) detections at these particular locations. The vertical shaded regions
in each panel correspond to the peak N(H2) positions of the cores along the spine, and are ⇠0.1 pc wide.

note that similarities emerge in the large scale morphology of all
profiles between pairs of filaments (the North-West and North-
East filaments on one side, and the North and South-East fila-
ments on the other). Overall, such similarities are suggestive of

the common physical origin of the SDC13 filament evolution, as
discussed in detail throughout Section 5.
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locity dispersion. In the absence of significant magnetic energy
density, structures with ↵vir < 2 are thought to be gravitation-
ally bound, those with ↵vir ⇠ 1 are compatible with hydrostatic
equilibrium, those with ↵vir < 1 are likely to be gravitationally
unstable, while structures with ↵vir > 2 are unbound and either
dispersing or held together by external pressure. Figure 18 shows
the map of virial ratios for all SDC13 structures. Based on this
map, it is clear that as we go from large to small scale, the virial
ratio increases from ↵vir ⇠ 0.1 towards 1. Such low-values sug-
gests that SDC13 is gravitationally unstable on all scales, and
that the transfer of gravitational to kinetic energy could be the
process responsible for the increase of the virial ratios on small
scales.

Such an evolution of the viral ratio can be analytically de-
scribed by the following equation:

↵vir = 2
Ek,0

|Eg|
+ 2✏

 
1 � |Eg,0|
|Eg|

!
(8)

where Ek and Eg are the kinetic and gravitational energies, re-
spectively, the 0 index indicates the initial value, i.e. at the start
of the collapse/fragmentation, and ✏ is the fraction of the gravi-
tational energy which is converted into kinetic energy. Note that
as |Eg| becomes increasingly larger during the collapse, ✏ = 1
translates into ↵vir ! 2, which is expected if all the gravita-
tional energy were to be converted into kinetic energy. A mean
ae f f ,0 ⇠ 0.26 ± 0.02 km s�1 is evaluated from Figure 17 (as dis-
cussed in Section 5.1). By estimating each energy term of equa-
tion 8 for every core showing an increase of velocity dispersion
one can determine which value of ✏ is required to reproduce
the observed ↵vir value. Assuming that the cores of initial di-
ameter �core result from the fragmentation of a uniform density
transonic filament of initial velocity dispersion ae f f ,0, one can
rewrite equation 8 as:

↵vir =
3
�G

Ra2
e f f ,0

M
+ 2✏

 
1 � 2�0

�

R
�core

!
(9)

where � = 3�k⇢
5�2k⇢

is a factor depending on the power law in-
dex k⇢ of the density profile of the collapsing core, and �0 is
its initial value before the onset of collapse (see Appendix F for
a more detailed derivation). For simplicity, we assumed an ini-
tially flat density profile (i.e. �0 = 3/5), and k⇢ = 2 once col-
lapse begins (i.e. � = 1). Figure 19 plots the energy conversion
e�ciency ✏ against the virial ratio for every core for both the
combined JVLA/GBT data and JVLA–only data. On this plot,
only starless cores are included, as protostellar cores, or cores at
filament junctions are subject to extra energy sources that will
a↵ect the estimate of ✏. One can see that a conversion e�ciency
between 20–50% can explain most of the observed velocity dis-
persion increases towards starless cores. The JVLA–only data
points (orange circles), believed to be less contaminated by fore-
ground/background emission to the cores, are clustered around a
median e�ciency of 35%.

Klessen & Hennebelle (2010) proposed a theory according
to which accretion is capable of driving turbulent motions in
galaxies on all scales, finding an ✏ value of a few percent when
considering both galaxy and molecular cloud sized structures.
Clarke et al. (2017) evaluate the e�ciency required to reproduce
a given velocity dispersion due to accretion driven turbulence in
filament structures. They find an ✏ = 5 � 10 % is su�cient to
drive a �1D ⇠ 0.23 km s�1, a consistent e�ciency to that found
by Heitsch (2013). While these are theoretical estimates, our ob-
servationally derived value of ⇠ 40% is somewhat larger. This

Fig. 18. Virial ratio map of all identified dendrogram structures.
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Fig. 19. Observed virial ratio plotted against the energy conver-
sion e�ciency of gravitational energy into kinetic energy for the
combined JVLA/GBT data (in blue), and the JVLA–only data
(in orange). Only starless along the filaments are plotted, as pro-
tostellar or hub centre cores are subject to extra energy source
that will e↵ect the estimate of ✏. Errors were propagated using a
Monte Carlo error propagation method.

could point towards an even more important role of gravity-
driven turbulence than previously thought (see also Traficante
et al. 2018; Ballesteros-Paredes et al. 2017, submitted).
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