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how appropriate ISM-level values for ζCR are inside proto-
planetary disks (Cleeves et al. 2015).

Alternatively, others have considered physical sequestration
of CO in the cold ( )120 K outer disk midplane, often requiring
vertical transport with either grain growth (e.g., Kama et al.
2016; Krijt et al. 2018), or a vertically varying diffusion
coefficient (Xu et al. 2017). A natural byproduct of models that
rely on dust coagulation and transport is that in the absence of
chemical processing, the inward radial drift of icy pebbles will
increase the gas-phase CO abundance interior to the CO
snowline, in some cases by an order of magnitude (Piso et al.
2015; Stammler et al. 2017; Krijt et al. 2018).

Recently, Zhang et al. (2019) inferred radially resolved CO
depletion profiles for a handful of nearby disks (DMTau,
TWHya, HD 163296, and IM Lup), concluding that while the
radial variations in the CO abundance are similar to those
predicted by Krijt et al. (2018), the observed depletion factors
can be significantly higher than those found in the simulations,
suggesting that both ongoing chemical processing and dust
evolution and transport play a role in setting the CO
abundance. For HD163296, the only case in which the region
interior to the midplane CO snowline could be resolved,
evidence for an increased CO abundance in the inner regions
was found, and later confirmed using additional observations
(Zhang et al. 2020a).

While theoretical studies have started to combine physical
and chemical evolution (Booth et al. 2017; Bosman et al.
2018a; Booth & Ilee 2019), most of these works focused on the
effect of inward radial transport on molecular abundances in
the disk midplane, thus limiting their models to 1D without
discussing the warm molecular layer (WML).

We set out to study how processes associated with the
earliest stages of planet/planetesimal formation (i.e., the
formation of pebbles, their accumulation in the midplane, and
their subsequent inward migration) interact with ongoing
chemical processing of CO (through either gas-phase or
grain-surface reactions). Our main goal is to explore whether
these processes, acting together, can explain the extreme CO
depletion factors, as well as their radial variations, that have
been reported in the literature (e.g., Zhang et al. 2019, 2020b),
establishing a direct link between observational constraints
probing the outer disk surface layers to physical and chemical
processes taking place in the less accessible disk midplane.

2. Methods

We summarize here the various chemical and physical
processes that are considered.

2.1. Disk Structure

In this work, we focus on the region exterior to r=20 au, as
we are interested in the behavior around and outside the CO
snowline. When setting the disk gas 2D density and
temperature structure (both assumed constant in time), we
use the same approach as detailed in Krijt et al. (2018, Section
2.1), with minor changes to some of the global disk parameters.
Specifically, focusing on a disk around a Sun-like star, we have
set rc=80 au, ��M M 0.1disk , and the midplane temperature

�T 135 K1au , making the disk slightly smaller, twice as
massive, and slightly warmer than the disk in Krijt et al.
(2018). The gas density and temperature structure is illustrated
in Figure 1.

At t=0, we assume that all grains are N0.1 m in size and
are present everywhere in the disk at a dust-to-gas mass ratio of
( )S S � �10d g

2. For this setup, x �M225 of dust (excluding
ices) is located beyond r=20 au at the beginning of the
simulations.

2.2. Chemistry

Our focus is on understanding five major carbon- and
oxygen-carrying molecules: H2O, CO, CO2, CH4, and CH3OH.
These species have been chosen because together, they
represent the dominant carbon- and oxygen-bearing species
in the colder regions of the outer disk.
For these five molecules, we solve a set of (semi-) analytical

differential equations, which include the following CO
processing pathways:

1. Successive hydrogenation of CO ice, ultimately leading
to the formation of CH3OH;

2. CO reacting with OH on grain surfaces, leading to the
formation of CO2 ice;

3. Gas-phase CO reacting with He+, leading to the
formation of CH4.

These pathways, and the details of how they are approximated
here, are discussed in more detail in Bosman et al. (2018b,
Section 2.3) and in the Appendix.
The initial abundances for the five species are listed in

Table 1. These initial conditions are based on Bosman et al.
(2018b, Table B.1), and correspond to the majority of the
carbon being in CO, while the oxygen is initially split between
CO and H2O (see also the Appendix). For a discussion of the
validity of these assumptions, see Bosman et al. (2018b,
Section B.4.2).

Figure 1. Gas density and temperature structure used throughout this study (see
Section 2.1). Dashed lines indicate { }�z H 1, 2, 3, 4 .

Table 1
Properties of Molecular Species that Are Followed

Molecule Initial Abundance Ebind/K

H2O 1.2×10−4 5770
CO 1.0×10−4 855
CO2 1.0×10−5 2990
CH3OH 1.0×10−6 4930
CH4 1.0×10−9 1200

Note. Desorption energies taken from Bosman et al. (2018b). Initial
abundances in molecules per H.
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disk midplane means that pebbles arriving at times 2t 10 yr5

contain very little CO ice (see also Section 4.6 and Figure 12).
Alternatively, the balance between chemical processing and

radial drift can shift when pebble migration becomes less
efficient or is completely halted. For example, the formation of
larger bodies (i.e., planetesimals, see Section 4.6) or the
trapping of pebbles in radial pressure bumps should reduce the
radial pebble flux (e.g., Pinilla et al. 2020). In disks where
massive planets have already formed, deep gaps in the gas
surface density profiles can trap pebble-size particles outside
the planet’s orbit with a near 100% efficiency (Pinilla et al.
2012; Bae et al. 2019). Indeed, pebble accumulations observed
with ALMA (e.g., by the DSHARP survey) are regularly
located exterior to the inferred CO ice-line (Huang et al. 2018;
Long et al. 2018; Andrews 2020), clearly demonstrating the
viability of trapping pebbles and the ices they carry in the outer
regions of protoplanetary disks.

We illustrate the impact of these processes in the right-hand
panels of Figure 8, where we compare the fiducial model to a case
where the drift efficiency is reduced by 90% (FULL-DR90), and
99% (FULL-DR99), respectively. It is evident that the CO
depletion pattern in the outer disk WML is identical, as this is set
mainly by vertical transport. The decreasing importance of radial
motions for pebbles has a clear impact on the CO peak interior to
the snowline. For the FULL-DR90 model, a small peak still
develops, but it takes several million yers to do so. In the FULL-
DR99 model, where pebble drift is essentially stopped (as would
be the case when pebbles are very efficiently converted into
planetesimals at all radial locations), even the region interior to the
CO snowline becomes depleted in CO.

4.2. Comparison to Zhang et al. (2019, 2020b)

Recently, Zhang et al. (2019) derived radial profiles of the (gas-
phase) CO depletion factor9 by combining spatially resolved CO
isotopolog emission with spectral energy distribution (SED)

modeling and thermo-chemical modeling for a handful of
nearby disks (specifically, DM Tau, TWHya, HD 163296, and
IM Lup). While these disks vary in age, size, and temperature
structure, we can qualitatively compare the findings of Zhang
and collaborators to the results of our models.
Focusing on the WML region (solid curves) that is located

beyond the CO ice-line, Figure 6 indicates that depletion
factors between ∼10–100, as inferred for IM Lup and TWHya,
are exclusively reached in the FULL model, which combined
chemical processing with turbulent mixing and the sequestra-
tion of CO ice in the disk midplane. Even with these processes
combined, however, several million years of evolution were
needed to reach such severe CO depletion, while IM Lup is
believed to be younger,_1 Myr (Zhang et al. 2020a). Possible
reasons for more rapid CO removal could include a higher
ionization rate (Figure 8), higher turbulence in the disk surface
layers (Xu et al. 2017; Krijt et al. 2018), or a colder disk in
which the CO surface snowline lies farther away from the
midplane (Zhang et al. 2019, Figure 4).
For HD 163296, the radial profile derived by Zhang et al.

(2019) included the region just interior to the CO snowline,
suggesting the presence of a plume of CO vapor, as predicted
in our models that included pebble drift (Sections 3.3 and 3.4)
and earlier works by Stammler et al. (2017) and Krijt et al.
(2018). This local CO plume was further confirmed by the
modeling of the 13C18O (2–1) line spectrum of HD 163296 by
Zhang et al. (2020b), who found that a radial pebble flux of
∼15–60M⊕ Myr−1 is needed to reproduce the elevated C/H
ratio interior to the CO snowline. Comparable fluxes10 are seen
in our models that include pebble evolution (see Section 3.3).
The observed substructure in the dust continuum emission of
HD 163296 (e.g., Isella et al. 2018) might suggest efficient
trapping of pebbles; however, Rosotti et al. (2020) argue that
even the largest grains currently present in the disk are
relatively well coupled to the gas, finding ( )B _St 20 for the

Figure 5. Snapshots of the most complete model presented here, which includes chemical reactions, dust coagulation, and material transport (FULL, see Section 3.4
and Table 2).

9 The definition of the depletion factor is slightly different in this work, but in
practice, the factors are identical.

10 Note, however, that the number obtained in Zhang et al. (2020b)
corresponds to the flux measured at 70 au.
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Ø 最近の観測からCOは1-3 Myrで10-100倍消失。惑星組成にも影響。
Ø 化学反応、z+r⽅向の輸送、宇宙線によるイオン化を調べる。

Ø 円盤モデル：rc=80 au, Mdisk/M*=0.1, T1au=135 K, g/d=100, a=0.1 µm。
Ø 化学：CO iceからCH3OH, 表⾯でCO + OH à CO2, ガスCO + He+ à CH4
Ø 温度でガス相へ。初期雪線は34 au, 23 K。α=10-4の乱流で拡散係数Dg=αcsH。

The timescales on which the chemical reactions take place is
set by the cosmic-ray ionization rate, which we set to
[ � � �10 sCR

17 1 for our standard model. The surface densities
we are interested in do not exceed �100 g cm 2, justifying the
use of a constant ζCR (Umebayashi & Nakano 1981; Padovani
et al. 2018). We do not include X-rays as a source of ionization,
the presence of which could potentially speed up CO
destruction in very low-mass ( :- M0.003 ) disks (Schwarz
et al. 2018).

2.3. Freeze-out and Desorption

Desorption energies for the five major species are listed in
Table 1. The balance between freeze-out and desorption on
small dust grains is assumed to reach steady state for all five
major molecular species during each timestep (as in Bosman
et al. 2018b). This is a valid assumption in most regions of the
disk, but can potentially lead to the models underpredicting the
amount of gas-phase CO in the cold outer disk regions,
especially when these become depleted in dust (Semenov et al.
2006; Krijt et al. 2018). However, for the relatively weak
turbulence strength used in this work, these effects will be
minor. For pebble-size particles that drift through the midplane
snowline, time-dependent sublimation is included, which will
result in pebbles releasing CO molecules over an extended
radial region (see also Piso et al. 2015).

For the initial abundances, the midplane CO snowline
(defined as the location where 50% of the present CO is frozen
out) is located at r≈34 au, where the midplane temperature
equals T(r)≈23 K.

2.4. Transport via Turbulent Diffusion

The evolution of solids is handled in a way that is very
similar to the approach described in Krijt et al. (2018), with
small grains being treated as a fluid on a grid, while the
dynamics of pebble-size particles are followed using a swarm
of representative tracer particles.

For the small grains, the ices present on small grains, as well
as trace gas-phase vapor species, diffusive transport is included
using the approach of Krijt et al. (2018; see also Ciesla 2009).
The strength of the turbulence is controlled via the dimension-
less α-viscosity parameter (Shakura & Sunyaev 1973), which is
assumed to be connected to the gas diffusivity via B�D c Hsg .
Motivated by Flaherty et al. (2015) and Teague et al. (2016),
we set α=10−4, an order of magnitude lower than in the
fiducial runs of Krijt et al. (2018).

2.5. Pebble Formation and Evolution

The formation and evolution of pebble-size particles is
handled in a way that is very similar to the approach described
in Krijt et al. (2018). For increased flexibility and more control
over the pebble behavior, however, we simplify the approach
of Krijt et al. (2018, Section 3) in two ways:

1. We assume that all pebbles that form in a single
simulation have the same size sp, independent of their
formation location.

2. We approximate the dust-to-pebble conversion timescale as

⎛
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with Ω the local Keplerian frequency, and a1 a constant.

When pebbles form, they inherit the ice composition of the
small grains present in that particular grid cell. The local
abundance of small grains is lowered accordingly, and the
effect of the decreasing small-dust-to-gas ratio is included in
the chemical network.
Vertical settling, radial drift, and turbulent transport are

included following Krijt et al. (2018). We include the
sublimation of volatile species present on pebble-size particles
if and when they move to disk regions with a higher
temperature (i.e., as they drift inward), but otherwise, pebbles
are assumed to be chemically inert because of their low
surface-to-mass ratio. In practice, this means that small dust
and pebbles can have quite different ice compositions, even
when they are present at the same location.
In the fiducial model, we set sp=1 mm throughout the disk,

and as in Krijt et al. (2018), we imagine that further growth is
frustrated by a combination of bouncing and radial drift that
removes particles before they can gain more mass. We ignore
collisional fragmentation, which is reasonable for the outer disk
regions and the fairly low value of α=10−4 (Birnstiel et al.
2012; Misener et al. 2019). In more complex models, the exact
maximum particle size is a function of location, local dust-to-
gas ratio (for the drift limit), and particle composition, but a
constant sp=1 mm suffices for our purposes and reproduces
the typical pebble size outside ∼20 au in more complete
models to within a factor of a few (e.g., Stammler et al. 2017;
Krijt et al. 2018). For our disk model, pebbles of this size have
Stokes numbers of � q �St 4 10 3, 0.02, and 0.05 in the
midplane at r=20, 50, and 100 au, respectively.

2.6. Integration

Starting with all the dust present as submicron grains and the
initial abundances listed in Table 1, the five molecular tracers
(in either vapor and/or ice form), the small dust, and pebble
tracers are evolved forward in time. During every iteration,

1. Gas-phase and grain-surface chemistry is advanced in
each cell using the simplified scheme outlined in the
Appendix.

2. The new sublimation and freeze-out balance is calculated,
and the partitioning of volatile species between ice and
vapor is updated in each cell.

3. The exchange of small dust grains (carrying ices) and gas-
phase species between neighboring cells is calculated.

4. The positions of the pebble tracer particles are updated,
taking into account vertical settling, radial drift, and
turbulent diffusion.

5. The sublimation of ices carried by pebbles that have
moved to warmer disk regions is calculated.

6. In each cell, a fraction of the locally available dust mass
is stochastically converted into pebble particles. The ice
on newly formed pebbles has the same composition as the
dust in that cell.

3

The Astrophysical Journal, 899:134 (16pp), 2020 August 20 Krijt et al.

全部⼊りモデル
網はアイス

Ø Warm molecular layerは化学だ
けではXCO変化なし。

Ø 拡散を⼊れると上層à⾚道⾯
àCH3OHでXCOが数倍減少。

Ø 化学反応＋雪線以内へ落下でよ
うやくXCOが100倍減少。

two rings firmly outside the CO snowline.11 Such observational
constraints on the radial pebble flux are very valuable because
this quantity plays a key role in shaping the final masses and
orbital architectures of both gas giant and more terrestrial
planets (e.g., Johansen & Lambrechts 2017; Lambrechts et al.
2019). Last, the limited CO depletion in the outer disk for the
relatively old HD 163296 is likely a result of the disk being
fairly warm (Zhang et al. 2019; Dullemond et al. 2020),
rendering CO processing less efficient (Bosman et al. 2018b;
Schwarz et al. 2018).

For TWHya, CO isotopolog emission reveals a significant
amount of gas-phase CO between 5 and 20 au, with
abundances significantly higher than in the outer WML, but
still depleted relative to ISM levels (Schwarz et al. 2016; Zhang
et al. 2017, 2019). Recent studies by Bosman & Banzatti
(2019) and McClure et al. (2019) also argue that CO release
inside 20 au is minimal, suggesting that carbon is either

transported inward in a different form, or that pebble migration
has ceased altogether (see Section 4.1). However, as discussed
in Kama et al. (2016, Section 6.3), the C/Si ratio of gas
accreting onto TWHya is an order of magnitude above that of
typical T Tauri stars, suggesting that some carbon makes it to
the inner disk even as refractory elements like Si are locked up
in planetesimals or even larger bodies.
We note that while the disk used in this work was quite

massive (see Section 2.1), we expect CO depletion to proceed
similarly in lower mass disks as the relevant timescales do not
depend on disk gas mass directly, but rather on the dust-to-gas
ratio (for pebble formation) and the turbulence strength (for
vertical mixing). Nonetheless, the detailed temperature struc-
ture and ionization environment will set the timescale for
chemical processing as well as the locations of snowlines. As
such, in depth comparisons to observed protoplanetary disks
warrant dedicated models for each individual object (e.g.,
Zhang et al. 2019).

4.3. Implications for Disk Mass Estimates

In the absence of a direct gas mass tracer, gas-phase CO
(isotopolog) line fluxes and dust continuum emission originat-
ing from the outer disk are frequently used to estimate disk gas
masses. A common approach is then to assume ISM-like values
for CO/H2≈10−4 and/or x �M M 10dust gas

2 (e.g., Williams
& Best 2014; Ansdell et al. 2016; Miotello et al. 2016; Pascucci
et al. 2016, and many others). Uncertainties in these indirect
approaches have recently been discussed in, e.g., Bergin &
Williams (2017) and Kama et al. (2020). Indeed, using an
alternative method of looking at disk dusk lines for several
bright protoplanetary disks, Powell et al. (2019) obtain typical
dust-to-gas ratios of _ �10 3 in the outer disk regions, and total
gas disk masses between ∼3–100× higher than those derived
from CO.
In our simulations, the amounts of warm CO, dust, and

pebbles vary significantly with time as a result of chemical
processing and dust evolution. We illustrate the effects that
these processes can have on disk mass estimates in Figure 9,
which shows the time evolution of the mass-weighted CO/H2
and solids-to-gas conversion factors for the various models

Figure 6. Radial profiles of the gas-phase CO abundance for the models
presented in Figures 2–5 as measured in the midplane (dashed curves) and the
surface layer where �T 21 K (solid). The depletion factor fdep indicates the
fractional change in the gas-phase CO abundance relative to the initial value of
10−4, and is most meaningful for the surface layer curves and the midplane
region interior to the CO ice-line. The horizontal gray band shows values
within a factor of 2 of the initial CO abundance.

Figure 7. Total mass of pebbles formed in the PEBB and FULL models
(Figures 4 and 5) that are still present in the simulation domain (solid black),
are currently located between 42 and 47 au (dashed green), or have drifted
interior to r=20 au region (solid red). The thin dashed red line shows the
initial solid content of the region >20 au.

11 For comparison, the pebbles in the PEBB and FULL models have
( )B _St 200 at r=100 au.
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Abstract

The gas-phase CO abundance (relative to hydrogen) in protoplanetary disks decreases by up to two orders of
magnitude from its interstellar medium value of ∼10−4, even after accounting for freeze-out and photodissociation.
Previous studies have shown that while local chemical processing of CO and the sequestration of CO ice on solids
in the midplane can both contribute, neither of these processes appears capable of consistently reaching the
observed depletion factors on the relevant timescale of 1–3Myr. In this study, we model these processes
simultaneously by including a compact chemical network (centered on carbon and oxygen) to 2D (r+ z)
simulations of the outer (r>20 au) disk regions that include turbulent diffusion, pebble formation, and pebble
dynamics. In general, we find that the CO/H2 abundance is a complex function of time and location. Focusing on
CO in the warm molecular layer, we find that only the most complete model (with chemistry and pebble evolution
included) can reach depletion factors consistent with observations. In the absence of pressure traps, highly efficient
planetesimal formation, or high cosmic-ray ionization rates, this model also predicts a resurgence of CO vapor
interior to the CO ice-line. We show the impact of physical and chemical processes on the elemental (C/O) and
(C/H) ratios (in the gas and ice phases), discuss the use of CO as a disk mass tracer, and, finally, connect our
predicted pebble ice compositions to those of pristine planetesimals as found in the Cold Classical Kuiper Belt and
debris disks.

Unified Astronomy Thesaurus concepts: Protoplanetary disks (1300); Astrochemistry (75); Circumstellar matter
(241); Computational methods (1965)

The carbon-monoxide (CO) molecule has played an
important role in our understanding of protoplanetary disks.
Being abundant, volatile, and having rotational transitions
readily observable at millimeter wavelenghts, emission from
gas-phase CO and its isotopologs has been used to study,
among other things, disk sizes (Andrews et al. 2012; Ansdell
et al. 2018; Trapman et al. 2019; Boyden & Eisner 2020), gas
masses (Ansdell et al. 2016; Miotello et al. 2016), temperature
profiles (Dutrey et al. 2017; Zhang et al. 2017; Dullemond
et al. 2020), and detailed gas kinematics and their relation to
turbulence (Flaherty et al. 2015; Teague et al. 2016) and the
presence of planets (e.g., Teague et al. 2018; Pinte et al. 2019).

While the abundance of CO (relative to hydrogen) is generally
∼10−4 in the interstellar medium (ISM) and molecular clouds, a
picture is beginning to emerge in which CO becomes
increasingly depleted in the warm ( 2T 20 K) molecular layers
of protoplanetary disks (Bergin & Williams 2017); regions in
which CO should be unaffected by freeze-out or photodissocia-
tion (Williams & Best 2014).

First, many disks are surprisingly faint in CO emission
(Eisner et al. 2016), which results in low estimates for disk gas
masses (Ansdell et al. 2016; Long et al. 2017; Miotello et al.
2017). Furthermore, in sources for which an independent
measure of the hydrogen gas mass exists in the form of HD,

CO abundances as low as 10−6 have been reported (Bergin
et al. 2013; Favre et al. 2013; McClure et al. 2016). Recently,
Zhang et al. (2020b), by contrasting observations of multiple
class 0/I and class II disks, found that CO depletion factors of
10–100 are common, and appear to be established on
timescales of ∼1–3Myr (see also Bergner et al. 2020).
Understanding the mechanism(s) behind the removal of CO

is important for several reasons. First, the accuracy of using CO
emission as a gas mass tracer relies on a firm understanding of
what CO/H2 should be. Second, CO is an important carrier of
carbon and oxygen, so if the underlying mechanism (whatever
it is) will change the molecular and/or elemental abundances in
the disk, it will affect the compositions of (giant) planets that
form there (e.g., Öberg et al. 2011; Öberg & Bergin 2016;
Booth et al. 2017; Eistrup et al. 2018; Cridland et al.
2019, 2020).
Several authors have studied chemical CO processing as the

source for the inferred depletion (e.g., Aikawa et al. 1996;
Bergin et al. 2014; Reboussin et al. 2015; Bosman et al. 2018b;
Dodson-Robinson et al. 2018; Schwarz et al. 2018, 2019).
Using passive model disks (i.e., ignoring material transport),
these authors generally find that chemical processing alone is
inefficient on timescales of some million years in regions of the
disk where CO is not frozen out. Models with cosmic-ray
ionization rates [ � �2 10 sCR

17 1 can produce significant
depletion factors in some cases (Bosman et al. 2018b), but
become inefficient in warmer disk regions, in disks with a
significant mass in pebble-size particles, and for low oxygen
abundances (Schwarz et al. 2018). Furthermore, it is unclear
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Ø τdàpでダストから1 mmのペブルへ（a1=10）。
Ø ペブルが動いてCOを放出。ペブル上化学反応なし。

衝突破壊なし。3 Myrまで。

100倍
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(241); Computational methods (1965)

The carbon-monoxide (CO) molecule has played an
important role in our understanding of protoplanetary disks.
Being abundant, volatile, and having rotational transitions
readily observable at millimeter wavelenghts, emission from
gas-phase CO and its isotopologs has been used to study,
among other things, disk sizes (Andrews et al. 2012; Ansdell
et al. 2018; Trapman et al. 2019; Boyden & Eisner 2020), gas
masses (Ansdell et al. 2016; Miotello et al. 2016), temperature
profiles (Dutrey et al. 2017; Zhang et al. 2017; Dullemond
et al. 2020), and detailed gas kinematics and their relation to
turbulence (Flaherty et al. 2015; Teague et al. 2016) and the
presence of planets (e.g., Teague et al. 2018; Pinte et al. 2019).

While the abundance of CO (relative to hydrogen) is generally
∼10−4 in the interstellar medium (ISM) and molecular clouds, a
picture is beginning to emerge in which CO becomes
increasingly depleted in the warm ( 2T 20 K) molecular layers
of protoplanetary disks (Bergin & Williams 2017); regions in
which CO should be unaffected by freeze-out or photodissocia-
tion (Williams & Best 2014).

First, many disks are surprisingly faint in CO emission
(Eisner et al. 2016), which results in low estimates for disk gas
masses (Ansdell et al. 2016; Long et al. 2017; Miotello et al.
2017). Furthermore, in sources for which an independent
measure of the hydrogen gas mass exists in the form of HD,

CO abundances as low as 10−6 have been reported (Bergin
et al. 2013; Favre et al. 2013; McClure et al. 2016). Recently,
Zhang et al. (2020b), by contrasting observations of multiple
class 0/I and class II disks, found that CO depletion factors of
10–100 are common, and appear to be established on
timescales of ∼1–3Myr (see also Bergner et al. 2020).
Understanding the mechanism(s) behind the removal of CO

is important for several reasons. First, the accuracy of using CO
emission as a gas mass tracer relies on a firm understanding of
what CO/H2 should be. Second, CO is an important carrier of
carbon and oxygen, so if the underlying mechanism (whatever
it is) will change the molecular and/or elemental abundances in
the disk, it will affect the compositions of (giant) planets that
form there (e.g., Öberg et al. 2011; Öberg & Bergin 2016;
Booth et al. 2017; Eistrup et al. 2018; Cridland et al.
2019, 2020).
Several authors have studied chemical CO processing as the

source for the inferred depletion (e.g., Aikawa et al. 1996;
Bergin et al. 2014; Reboussin et al. 2015; Bosman et al. 2018b;
Dodson-Robinson et al. 2018; Schwarz et al. 2018, 2019).
Using passive model disks (i.e., ignoring material transport),
these authors generally find that chemical processing alone is
inefficient on timescales of some million years in regions of the
disk where CO is not frozen out. Models with cosmic-ray
ionization rates [ � �2 10 sCR

17 1 can produce significant
depletion factors in some cases (Bosman et al. 2018b), but
become inefficient in warmer disk regions, in disks with a
significant mass in pebble-size particles, and for low oxygen
abundances (Schwarz et al. 2018). Furthermore, it is unclear
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の続き

(C/O)gas>1 as the more oxygen-rich products (e.g., H2O,
CO2) readily freeze out. This effect is similar to the one
described in Schwarz et al. (2019, Section 4.3.3), who reported
(C/O)gas as high as _108 in the midplane at r=12 au after
6 Myr, when virtually all CO had been processed.

In our simulations, the magnitude of the increase in (C/O)gas
and the extent of the region where it is seen depend on the
transport processes that are included. In the static CHEM model
(left panels of Figure 10), only a relatively small region shows
(C/O)gas>1 because a significant fraction of the initial CO is
still present after 3 Myr (see Figure 2).

For the DIFF model, the combination of more efficient CO
removal combined with the upward transport of CH4 formed
closer to the midplane results in a large portion of the WML
having (C/O)gas∼10–30. There is a small region in the upper
inner part of the disk that has (C/O)gas<1, due to sublimation
of CO2 that formed at lower temperatures and was subse-
quently transported there.

The FULL model also results in carbon-rich gas in the WML,
but the increase is not as extreme as for the DIFF model
without pebble formation and evolution. There are two reasons
for this. First, in the inner disk, the enhancement in CO vapor
interior to the CO snowline (see Section 3.4) dominates all
other effects, forcing (C/O)gas≈1. Thus, if radial drift is
taking place, we would not expect to see the extremely high
(C/O) ratios in the inner disk midplane gas as found by
Schwarz et al. (2019). Farther out, e.g., in the WML between
r∼50–100 au, the sequestration of a substantial amount of
CH4 ice on settled pebbles likely plays a role in the (C/O)gas

ratio being slightly lower than in the DIFF model, but still
significantly ∼3–10.
Designed to be focused on the processing of CO, the reduced

chemical network we have used here does not consider further
processing of CH4 and the formation of other, generally less
volatile, hydrocarbons. As such, the abundance of CH4 at the
end of our calculations, and the increase of (C/O)gas associated
with its appearance, should be treated as an upper limit.

4.4.2. Total Volatile C/H and C/O

In models without dust coagulation and pebble dynamics,
the total volatile (i.e., gas + ice) C/O ratio does not change
with time, since there is either no transport between
neighboring cells (for the static CHEM model) or because the
dynamics of gas-phase species and small ice-carrying grains are
essentially identical (for the DIFF calculation). For these
models, the initial concentrations described in Table 1 result in
( ) x�C O 0.5gas ice and ( ) x�

�C H 10gas ice
4 everywhere in

the disk.
When dust evolution is included, however, the dynamics of

carbon and oxygen can differ depending on how they are
partitioned between gas and ice, leading to spatial and temporal
variations in the total elemental ratios (e.g., Öberg &
Bergin 2016; Booth & Ilee 2019). Figure 11 shows the total12

volatile C/H and C/O ratios for the FULL-CR18, FULL, and
FULL-CR16 models (described earlier in Section 4.1).

Figure 9. Evolution of the (mass-weighted) CO/H2 in the gas inside the midplane CO snowline (left) and in the WML outside the CO midplane snowline (right),
compared to the total mass of solids (dust + pebbles) present exterior to r=20 au (both panels). Background colors represent factors of q3 reductions in the CO
abundance (blue) or solids-to-gas ratio (red).

12 Excluding contributions from pebbles because these are found only very
close to the midplane.
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shown in Figure 8. The left panel shows warm CO interior to
the midplane CO snowline, while the panel on the right
illustrates the warm molecular layer in the outer disk. In both
panels, the horizontal axis represents the total (i.e., dust
+pebble) solid-to-gas mass ratio integrated over the entire disk.
The background colors represent factors of q3 reductions in the
CO abundance (blue) or solids-to-gas ratio (red).

The trajectories depicted in Figure 9 illustrate that the
accuracy of using either CO emission (while assuming an ISM-
like abundance) or dust emission (while assuming an ISM-like
dust-to-gas ratio) as a total disk mass tracer depends sensitively
on the details of the ongoing chemical and dust evolution. For
example, in the FULL-DR90 and FULL-DR99 models, the
reduced drift efficiency means that the the solid mass hardly
changes, while the warm CO in the outer disk drops by a factor
_102 over the modeled 3Myr. In disks evolving in this
fashion, the dust mass would be a more reliable gas mass
tracer, as found to be the case in the Lupus star-forming region
by Manara et al. (2016). Conversely, in the FULL-CR18
model (see Section 4.1), slow processing of CO and fairly rapid
dust drift result in CO emission from the outer regions being a
more reliable gas mass tracer (especially at times 1Myr), even
if the CO/H2 conversion factor has to be adjusted by a factor of
a few. For the canonical FULL model, both the total solid and
warm CO mass in the outer disk are reduced by over an order
of magnitude in 3Myr.

Generally, however, both the warm CO (at least in the outer
disk) and total solid masses are decreasing functions of time,
implying that studies looking for evolutionary trends in gas

disk masses by comparing star-forming regions of different
ages have to be careful when using CO/H2 or dust-to-gas
conversion factors that are constant in time, especially if a
significant fraction of the disk mass is located beyond the CO
snowline.

4.4. Elemental Ratios and Hydrocarbon Production

The processes described described in Section 3 will alter key
elemental ratios in different ways. Recognizing that the effect
of radial drift on gas and solid elemental abundances in the
midplane has been discussed in detail by multiple authors (e.g.,
Cuzzi & Zahnle 2004; Ciesla & Cuzzi 2006; Estrada et al.
2016; Öberg & Bergin 2016; Booth et al. 2017; Booth &
Ilee 2019), we focus here primarily on the warm molecular
layer.

4.4.1. Gas-phase C/H and C/O

Figure 10 shows the gas-phase (C/H) and (C/O) ratios after
3 Myr for CHEM, DIFF, and FULL simulations. The behavior
seen for (C/H)gas largely follows the CO depletion pattern, as
described for each simulation in Section 3 in more detail.
The story for (C/O)gas is somewhat more involved. Initially,

CO dominates the carbon and oxygen reservoirs in the gas,
resulting in (C/O)gas≈1 at t= 0. As a result of chemical
processing, this ratio tends to increase with time for the
pressures and temperatures we are considering. The reason is
that of the chemical products considered here, CH4 is the most
volatile (after CO, see Table 1), its gas abundance pushing

Figure 8. Impact on radial CO depletion profiles for varying cosmic-ray ionization rates ζCR (left) and pebble drift efficiencies (right). These models are discussed in
Section 4.
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ß ζ=10-16だと外で
CO2になって雪線以
内も減る。
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implying that studies looking for evolutionary trends in gas
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conversion factors that are constant in time, especially if a
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midplane has been discussed in detail by multiple authors (e.g.,
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2016; Öberg & Bergin 2016; Booth et al. 2017; Booth &
Ilee 2019), we focus here primarily on the warm molecular
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Figure 10 shows the gas-phase (C/H) and (C/O) ratios after
3 Myr for CHEM, DIFF, and FULL simulations. The behavior
seen for (C/H)gas largely follows the CO depletion pattern, as
described for each simulation in Section 3 in more detail.
The story for (C/O)gas is somewhat more involved. Initially,

CO dominates the carbon and oxygen reservoirs in the gas,
resulting in (C/O)gas≈1 at t= 0. As a result of chemical
processing, this ratio tends to increase with time for the
pressures and temperatures we are considering. The reason is
that of the chemical products considered here, CH4 is the most
volatile (after CO, see Table 1), its gas abundance pushing

Figure 8. Impact on radial CO depletion profiles for varying cosmic-ray ionization rates ζCR (left) and pebble drift efficiencies (right). These models are discussed in
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à ドリフトを
1％にしても雪
線以内で減る。

Ø ドリフトが弱い（DR99）ならMdustがOK。
Ø ζが⼩さい（CR16）ならMCOがOK。
Ø 特にMdiskの進化の議論はg/d, XCOの進化を除

く必要あり。

and leave this region, the remaining ice dominates the carbon and
oxygen budget, leaving (C/O)gas+ice relatively unaffected. In the
surface layers, and inside and around the CO snowline, the
picture is different. Here, a significant amount of C and O is
initially found in the gas, and the ice is generally more oxygen-
rich than the gas, with the more volatile species (CO and CH4)
having C/O>1. As the oxygen-rich ice is removed over time,
(C/O)gas+ice slowly increases, and even becomes >1 as the
abundance of CH4 becomes comparable to that of CO. This
occurs faster in models with a higher ζCR, explaining the
increasing (C/O)gas+ice values going from FULL-CR18, to
FULL, and FULL-CR16.

Elevated values (C/O)gas+ice have been inferred from
observation of multiple disks, with (C/O)gas+ice ranging
between 0.8 and 2.0 (Bergin et al. 2016; Cleeves et al. 2018;
Bergner et al. 2019; le Gal et al. 2019; Miotello et al. 2019).
This is comparable to the range of values found in the FULL-
CR18, FULL, and FULL-CR16 models. The models predict a
strong correlation between CO abundance and (C/O)gas+ice
ratio in the surface layers, however, which so far has not been
observed (Miotello et al. 2019). Again, the lack of further
processing of CH4 could lead us to overpredict the (C/O)gas+ice
in the top layers of the disk. Even so, the dynamical and
chemical processes studied here are at least in part responsible
for the elevated (C/O)gas+ice inferred from observations.

4.5. Implications for Giant Planet Compositions

Following the seminal work of Öberg et al. (2011), many
studies have sought to connect chemical abundances in the gas
and solids, as found in the disk midplane, to the compositions
of giant planet atmospheres (e.g., Öberg & Bergin 2016; Booth
et al. 2017; Booth & Ilee 2019; Cridland et al. 2019). Recently,
motivated by the theoretical and observational evidence that
massive planets accrete gas primarily from the disk surface
layers (Morbidelli et al. 2014; Szulágyi et al. 2014; Teague
et al. 2019), Cridland et al. (2020) explored how gas accretion
from reservoirs farther up in the disk can alter the giant planet
atmospheric composition, generally finding that the final C/O
ratio was lower as the result of the accretion of oxygen-rich ices
from between 1 and 3 scale-heights. The vertical profiles of the
molecular abundances at the basis of the accretion model of
Cridland et al. (2020) were based on otherwise static disk
model. It would then be interesting to explore how the changes

predicted here (e.g., Figure 11) would impact the make-up of
giant planets forming in the outer disk. However, only a
relatively small fraction of the planet’s final mass was accreted
from the disk surface layers, especially for planets that (start)
forming outside ∼30 au (Cridland et al. 2020, Figure 10). A
more significant change in giant planet C/O ratios could come
from the accretion of ice-rich pebbles in the disk midplane
(e.g., Johansen & Lambrechts 2017). Understanding the
balance between radial drift and chemical processing time-
scales (e.g., Section 4.1) is then key, as pebbles that carry
processed carbon in the form of CH3OH or CO2 can hold on to
their carbon for much longer than pebbles that are covered in
more volatile CO ice.

4.6. Connection to CC-KBOs, (Exo-) Comets, and Interstellar
Interlopers

A more direct comparison can be made between the ice
mantles in our simulations and the compositions of left-over
planetesimals in the solar system and beyond. For example,
Eistrup et al. (2019) recently compared constraints on cometary
compositions to the time and location dependent ice abun-
dances in their static chemical model, finding that the majority
of cometary properties can be explained by a formation
location in the vicinity of the CO ice-line.
The most direct connection is arguably possible for small

bodies in the Cold Classical Kuiper Belt (CC-KB). This
population of planetesimals, orbiting the Sun between ∼42 and
47 au on low-inclination, low-eccentricity orbits, is unique in
that it contains some of the most pristine bodies in the solar
system (Prialnik et al. 2020). Moreover, the orbits of these
bodies are mostly undisturbed by the outward migration of
Neptune (Nesvorný 2015), suggesting that their current
location is very close to their formation location. Finally, there
is compelling evidence that these bodies formed through the
gentle collapse of a cloud of pebble-size particles concentrated
via the streaming instability (e.g., Nesvorný et al. 2019;
McKinnon et al. 2020), implying that their bulk composition at
the time of formation closely resembles that of the pebble
precursors.
The best constraints on CC-KB object compositions come

form the NASA New Horizons fly-by Arrokoth13 early in 2019

Figure 12. Normalized mass-weighted compositions of pebbles located between r = 42 and 47 au as a function of time for the FULL-CR18, FULL, and FULL-CR16
models.

13 Formerly known as (486958) 2014 MU69.
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Ø Cold Classical Kuiper Beltの半径~45 au。
Ø CO rich iceの彗星の起源は雪線の外だけで

なく、化学反応が進む前でも可能。
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ABSTRACT

Context. Star formation takes place in giant molecular clouds, resulting in mass-segregated young stellar clusters composed of Sun-
like stars, brown dwarfs, and massive O-type(50-100M� ) stars.
Aims. We aim to identify candidate hub-filament systems (HFSs) in the Milky Way and examine their role in the formation of the
highest mass stars and star clusters.
Methods. The Herschel survey HiGAL has catalogued about 105 clumps. Of these, approximately 35000 targets are detected at the
3� level in a minimum of four bands. Using the DisPerSE algorithm we detect filamentary skeletons on 100 ⇥ 100 cut-outs of the
SPIRE 250µm images (1800 beam width) of the targets. Any filament with a total length of at least 5500(3 ⇥ 1800) and at least 1800
inside the clump was considered to form a junction at the clump. A hub is defined as a junction of three or more filaments. Column
density maps were masked by the filament skeletons and averaged for HFS and non-HFS samples to compute the radial profile along
the filaments into the clumps.
Results. Approximately 3700 (11%) are candidate HFSs, of which about 2150 (60%) are pre-stellar and 1400 (40%) are proto-stellar.
The filaments constituting the HFSs have a mean length of ⇠10-20 pc, a mass of ⇠5⇥104 M� , and line masses (M/L) of ⇠2⇥103

M� pc�1. All clumps with L>104L� and L>105L� at distances within 2kpc and 5kpc respectively are located in the hubs of HFSs. The
column densities of hubs are found to be enhanced by a factor of approximately two (pre-stellar sources) up to about ten (proto-stellar
sources).
Conclusions. All high-mass stars preferentially form in the density-enhanced hubs of HFSs. This amplification can drive the ob-
served longitudinal flows along filaments providing further mass accretion. Radiation pressure and feedback can escape into the
inter-filamentary voids. We propose a ‘filaments to clusters’ unified paradigm for star formation, with the following salient features:
(a) low-intermediate-mass stars form slowly (106yr) in the filaments and massive stars form quickly (105yr) in the hub, (b) the initial
mass function is the sum of stars continuously created in the HFS with all massive stars formed in the hub, (c) feedback dissipation
and mass segregation arise naturally due to HFS properties, and explain the (d) age spreads within bound clusters and the formation
of isolated OB associations.

Key words. interstellar medium – star formation – embedded clusters – massive stars hub-filament systems

1. Introduction

Star formation in giant molecular clouds produces mass-
segregated clusters, with the most massive stars located at the
centre (Lada & Lada 2003; Portegies Zwart et al. 2010). The
mass function of the resulting stars is similar to the Salpeter mass
function. Once formed, massive stars are thought to drive signif-
icant feedback and produce ionised (HII) regions (Deharveng
et al. 2010; Samal et al. 2018) eventually clearing the natal
molecular cloud in ⇠3-5 Myr (Lada & Lada 2003). Typical
formation timescales for high- and low-mass stars are ⇠105yr
(Behrend & Maeder 2001) and 106yr respectively; if massive
stars form first, the feedback can inhibit the formation of the
low-mass stars or even halt it by blowing away the natal cloud.
If low-mass stars form prior to high-mass stars (Kumar et al.
2006), this e↵ect can be negated and some properties of nearby
star forming regions such as the Orion or the Carina nebulae can
be explained.

Not all star formation results in dense clusters with OB stars,
and not all clusters remain bound following gas dispersal (Lada
& Lada 2003; Portegies Zwart et al. 2010; Krumholz et al.
2019). Star formation in nearby regions such as Taurus, Perseus,
Chameleon, and Ophiucus lack the O-stars that can be seen in re-
gions such as Orion, Rosette, M8, W40, and Carina. An intrigu-
ing observational property of dense clusters such as the Orion
Nebula Cluster (ONC) is the finding by Palla et al. (2007) that
old stars are found in the midst of young clusters. The ONC is
generally considered to have an age of ⇠1 Myr (Lada & Lada
2003). However, evidence of an extended star formation history
(1.5–3.5 Myr) displaying some dependence on the spatial distri-
bution of stars has also been found (Reggiani et al. 2011).

While lower mass star formation that may lead to dispersed
populations in the Milky-Way is reasonably well understood
(McKee & Ostriker 2007; Kennicutt & Evans 2012), the chal-
lenge so far is in arriving at a universal scenario of star formation
that can reconcile the observational properties of a well-studied
cluster such as the Carina Nebula (Smith 2006), explaining (a)
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Ø ⼤質量星はGMCの中⼼。⼩質量星形成は⼤質量形成に⽌められる前。Salpeter IMF。105 yrで100 M⨀。
Ø これらを統⼀的に理解するためにHub-filament systemを観測する。
Ø Herschel Infrared Galactic plane survey 250 µmでフィラメント、160, 250, 350, 500 µmで柱密度と温度。
Ø robustなクランプを抽出。DisPerSEでフィラメントのスケルトン。8 µmでフィラメント以外を除去。M. S. N. Kumar, P. Palmeirim, D. Arzoumanian, and S. I. Inutsuka: Young clusters, high mass stars and hubs

Fig. 2. Hub-filament systems selection criteria

250µm image (100⇥100cut-outs) varies between 10 and ⇠18000,
with a standard deviation of ⇠800, all in units of MJy/Sr. This
corresponds to column density variations between 9⇥1019cm�2

and 1.5⇥1023cm�2 on the cut-outs. These numbers demonstrate
that in some cases the cut-out image is filled mostly by the emis-
sion from the dense clump and in some cases by the emission
surrounding the target clump. Additionally, depending on the in-
tensity of the source, the background-to-source ratio plays an
important role in detecting significant filamentary features. We
experimented in running DisPerSE on 250µm images and an un-
sharp masked version where the background was subtracted by
a smoothing equal to 1.5 times the beam width. Comparing the
results, it was found that DisPerSE can e�ciently detect features
even in a noisy image without background subtraction, provided
a correct background is determined. In Fig.1 we display the pixel
distribution histograms of two images, demonstrating the nature
of pixel distribution in the image that is dominated by back-
ground emission and another where the dense clump is bright
compared to the background. By definition, mode is the peak
of the pixel distribution histogram, which represents the ‘back-
ground’ or ‘most common’ value, shown by a red line. Another
useful quantity is the ‘midpoint’ which is estimated by integrat-
ing the histogram and computing by interpolation of the data
value at which exactly half the pixels are below that data value
and half are above it. In IRAF, both mode and midpoint are com-
puted in two passes, unlike statistics such as the mean, standard
deviation, and so on. In the first pass the standard deviation of
the pixels is computed and used with the bin-width parameter
to compute the resolution of the data histogram. In the second
pass, the mode is computed by locating the maxima of the data
histogram and fitting the peak by parabolic interpolation. The
midpoint is typically larger than the mode, as shown by the red
and green lines in Fig.1.

We define the persistence level for each source as five times
the standard deviation of the pixels below the midpoint value.
We note that the midpoint is fairly close to the mode or the back-
ground, while ensuring that half the pixels in the distribution
histogram are considered. This is a conservative choice, made
after experimenting by setting the persistence level as the stan-
dard deviation of the pixels below the mode and midpoint. All

detected skeletons are therefore above the 5� level of the back-
ground variations in each target. Many of the Hi-GAL clumps
are located in the midst of giant molecular clouds or HII regions,
where the estimated background represents the ambient column
density of the cloud or nebulosity. In that case the chosen persis-
tence level is set to pick up skeletons well above the inter-cloud
column density fluctuations.

The DisPerSE algorithm is executed on the 250µm cut-out
image of each target using the respective persistence level. This
is accomplished by running the main task mse within the al-
gorithm. In the next step, DisPerSE builds ‘skeletons’ of crests
traced by the arcs above the given persistence level. Aligned arcs
are assembled into individual skeletons, with the alignment de-
fined by a critical angle between two consecutive arcs. We set
this angle at 55� , similar to previous methods of filament de-
tection (e.g. Arzoumanian+2019). Each skeleton assembled is
tagged by a number that is based on the order in which it was
detected: the skeleton picked up first by the algorithm will be
assigned the value 1, and so on. This skeleton tag is a useful
indicator of the prominence of the detected features. This step
is accomplished by running the task skelconv. The result of the
above two steps is a fits file with all identified skeletons above a
certain persistence level, tagged with respective numbers.

3.2. Selecting the hub-filament systems

The working definition of a filament is that it should have an
aspect ratio of at least three, Lf il/Wf il � 3, as defined by previ-
ous exercises (Arzoumanian et al. 2019; Konyves et al. 2019).
Given that the width of the filament Wf il is unresolved in al-
most all the cases for the very distant targets in this study, the
width is defined by the beam size at 250µm (18.200); therefore,
a skeleton should have a length Lf il � 5500 to be considered as
a filament. The definition of a HFS is sketched in Fig. 2. At the
outset, a hub is defined as a junction of three or more skeletons
at the source centre. The source size varies as the full width at
half maximum (FWHM) of the detected clump. Any filament
is considered to meet at the source if at least one beam width,
represented by three native pixels (600⇥3=1800) of the skeleton,
falls within the source FWHM. We note that DisPerSE is highly
e↵ective in picking up every filamentary structure, not all of
which can be considered prominent by a visual inspection, espe-
cially when dealing with weak clumps or targets located at large
distances. Also, sometimes, the algorithm selects linear struc-
tures at the edges of the images that should be clipped away.
Therefore, we imposed two additional criteria; (a) that every
pixel of the skeleton should have a minimum intensity of 3� (�
of pixels below the midpoint value, see Sect.3.1) in order to be
included in the HFS criteria, and (b) only the first half of detected
skeletons (identified by the number tagged by DisPerSE to the
skeleton) are considered. The second constraint is e↵ective in
clipping away unwanted edge-of-the-image structures and very
small skeleton branches of low intensity. All targets that satis-
fied the above two criteria along with that defined in Fig. 2. were
selected as candidate HFSs.

The above criterion was not applied to saturated sources
because the intensities in the central regions are modelled by
Gaussian fitting and the saturated sources generally fill a large
fraction of the 100⇥100 cut-outs, strongly influencing the back-
ground value by the large-scale nebular emission. Instead, the
only constraint imposed was that a filament should have non-
zero length within the FWHM of the clump in order to be con-
sidered as a hub. The FWHMs of the saturated sources are also
larger than those of the non-saturated clumps. Visual exami-
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Fig. 3. Example of an HFS candidate: skeletons passing the HFS criteria (left panel) and all skeletons selected by DisPerSE (right
panel) are overlaid on a 250µm image.

nation shows dense networks of filaments in every source (see
Fig. 13).

A catalogue was assembled listing the indicative properties
of the filaments and the associated clump properties. The total
filament lengths were separated into length inside and outside
the clump. An indicative column density of the respective parts
of the skeleton was computed by reading out the values of each
skeleton pixel from the Hi-GAL column density maps. Also, the
total column density within a circle of radius equal to the source
FWHM was computed. For each target, the mode from the col-
umn density maps of 100⇥100(similar to the 250µm maps) was
used as a background value that was subtracted from the column
densities read out for each skeleton pixel. A sample of the HFS
catalogue is shown in Table 1 and the full list is made available
via CDS and Vizier platforms.

The filament mass was computed using the measured column
density NHout

2 and using the formula MFIL = NHout

2 ⇥ areaFil

⇥ µH2 ⇥ mH where µH2 is the mean molecular weight per H2
taken as 2.33 and mH is the atomic weight of hydrogen. The
filament length is multiplied by one pixel width (600) to obtain the
areaFil. Additionally, we also provide overlays of HFS skeletons
on the 250µm images for visualisation of the candidate systems
as shown in Fig. 3a.

3.3. Column density profile of hub-filament systems

The DisPerSE output skeletons were used as a mask on the cor-
responding column density map cut-outs of each target, allowing
us to measure it along the filaments and clumps located on the
filaments. The result is shown in the left panel of Fig. 5. These
masked column density maps of all HFS and non-HFS targets
were averaged to produce the middle and right panel images in
Fig. 5. In this averaged image, the central pixel corresponds to
the clump centre. Next, we computed the average column den-
sity value in concentric circles of one pixel width with respect to
this centre, to produce circularly averaged radial profiles shown

in Fig. 11. The standard deviation of this circular average is used
as the corresponding error in the figure. Such profiles were com-
puted for pre-stellar and proto-stellar sources separately in the
HFS and non-HFS groups.

4. Results

In searching the 34,575 Hi-GAL clumps with the methods de-
scribed above, we found 3704 HFSs. Of these, 144 are saturated
sources, all of which are identified as HFSs. This implies that
⇠10.7% of the Hi-GAL clumps are located at the line-of-sight
junction of filamentary structures. Other clumps which are lo-
cated on a single filament or at the junction of two filaments
are called non-hubs in the following. There are 26135 non-hub
clumps, of which 10380 are located at the junction of two fila-
ment skeletons and 15755 form the tip of a single filament. Many
of these latter 10380 non-hub clumps may simply represent a
clump that is actually located somewhere along a single filament.
There are also 4736 clumps that are not associated with any fil-
aments (0 skeletons) and are not included in further analyses.
Using the evolutionary state classification in the Hi-GAL cata-
logue, we find that 156 (4%), 2010 (54%), and 1537 (41%) of
the 3704 HFSs are respectively classified as starless, pre-stellar,
and proto-stellar in nature. All 144 clumps that are saturated in
one or more of the Herschel bands are proto-stellar in nature and
they are among the most active sites of star formation.

Inspection of the skeleton overlays on the images reveals that
the filamentary structures detected here can represent either (a)
cold dense filaments such as infrared-dark clouds that are con-
ducive to star formation, or (b) emission nebulae and similar
structures (ex: edge of a dusty shell or bubble illuminated by
a massive star) with significant dust column density located in
an already active star forming region. The distinction between
such targets will require multi-wavelength examination. For ex-
ample, in Fig. 4 we display Spitzer IRAC 8µm images of two

5

M. S. N. Kumar, P. Palmeirim, D. Arzoumanian, and S. I. Inutsuka: Young clusters, high mass stars and hubs

Fig. 5. Computing the column density profile for HFSs: The column density map of each target is masked by the skeleton (left panel)
and then averaged for all target hubs (middle panel) and non-hubs (right panel). The radial profile shown in Fig. 11 is computed
using these average images for di↵erent evolutionary groups. The example shown here is for the group of proto-stellar hubs and
non-hubs, and the units of the colour bar are cm�2.

Fig. 6. Histograms (normalised by maximum y-value) of dis-
tances of all clumps compared with those of HFSs, demonstrat-
ing that HFSs are uniformly distributed over the range covered
by all clumps.

Fig. 7. Histogram (normalised by maximum y-value) of filament
lengths for HFS and non-HFS samples, showing that HFSs are
composed of longer filaments.

Fig. 8. Histogram (normalised by maximum y-value) of filament
masses in HFS and non-HFS samples, showing the e↵ect of mas-
sive filaments in HFSs. The vertical lines represent the mean
values.

there is no measurement to distinguish those e↵ects. The 18.200
beam resolution of the 250µm images corresponds to the pro-
jected scales of 0.26pc and 0.7pc at distances of 3kpc and 8kpc,
respectively. The filament widths are clearly unresolved in the
HFS sample; indeed the HFS detected filaments are either high-
line-mass filaments or elongated clouds, and are not comparable
to the filaments described by studies of nearby star forming re-
gions in the Gould belt (Arzoumanian et al. 2019). In Fig. 7, we
plot the normalised histogram of filament lengths; this is taken
as lengthout

f il
(in pc) instead of total filament length to ensure that

the fraction of the filament within the target clump FWHM is ex-
cluded from consideration. We note that, ‘individual filaments’
in the following figures refers to the constituent filaments of non-
hub clumps. Figure 7 shows that the hub systems are dominated
by longer filaments (mean length ⇠18 pc) compared to the non-
hub clump (mean length ⇠8 pc) average. Figure 8 displays the
normalised histogram of filament masses, where one can see the
immediate e↵ect of longer filaments influencing the mass. The
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Fig. 9. Mass–length relation of the filaments around clumps.

Fig. 10. Histograms (normalised by maximum y-value) of fila-
ment line mass.

mean mass of the HFS filaments (1.4 ⇥105 M� ) is higher than
that of the non-hub clumps (⇠6.3⇥104M� ). However, this may
not be significant given the broad distribution of the masses. For
a given sensitivity of the Hi-GAL maps, one of the most pro-
found e↵ects of the limited angular resolution is that at larger
distances, only longer filaments can be detected. This is reflected
in Figs. 7 and 8. The relation between filament length and mass
can be visualised in Fig. 9; at lower masses and shorter lengths,
this plot displays a larger scatter when compared to similar plots
from studies of filament catalogues (Li et al. 2016; Schisano
et al. 2020). This may be the result of detecting filaments on
the 250µm images which has a higher spatial resolution than the
column density maps used in the other studies. The striking fea-
ture of Figs. 7, 8, and 9 is that even though the candidate HFSs
are uniformly distributed over the distance range traced by the
full target sample, HFSs appear to be composed of longer and
more massive filaments. It can also be viewed as lower detection
of weaker or less massive clumps at large distances. Figure10
shows the normalised histogram of the filament line mass, indi-
cating a similar distribution for filaments constituting both hub
and non-hub systems.

Fig. 11. Circularly averaged radial column density profiles cen-
tred on the studied clumps. The column density is plotted as a
function of pixel (each pixel is an azimuthal average) distance
from the centre. The error bars display the standard deviation
on the azimuthal average at each pixel. Saturated proto-stellar
clumps are plotted separately because the fluxes are modelled
and recovered from Gaussian fitting.

4.2. Density enhancement and massive star formation in

hubs

Circularly averaged radial profiles of column density centred on
the clumps located in hubs and non-hubs are shown in Fig. 11.
These profiles are also separated for pre-stellar and proto-stellar
objects. Targets with saturated pixels are all proto-stellar but
they are shown separately to distinguish modelled fluxes using
Gaussian fitting from the rest. Moving along the filaments to
the clump centre, the column densities of the clumps represent-
ing hubs display enhancements when compared to those located
in non-hub systems; i.e. clumps located on individual filaments.
The ratio of the peak column density at the centre of the clump
between the hub and non-hub systems is taken as the enhance-
ment factor which is 1.9 for pre-stellar clumps, 2.1 for proto-
stellar sources, and ⇠10 in saturated sources. It should be noted
that most nearby regions of intense star formation, producing the
high-luminosity sources, are all saturated in one or more bands.

The distribution of hub and non-hub systems on a luminos-
ity vs. distance plot is shown in Fig. 12. Saturated sources are
plotted separately and are all proto-stellar in nature. The two
horizontal lines mark the luminosity cuts at 104L� and 105L� .
All clumps with L>105L� located at a distance of 5 kpc are
hubs, as are the clumps with L>104L� at 2 kpc. At farther dis-
tances, identifying the HFSs by resolving individual filaments
is limited by the 1800 resolution of the 250µm images. Stars of
masses greater than 8M� are considered massive; however, only
in stars with a luminosity L>104L� do the radiation and gravi-
tational pressures become roughly equal. Given that essentially
all luminous targets at nearby distances are hubs, this means that
all massive stars form in hubs, especially those where radiation
pressure is considered significant, defined by the Eddington ratio
of one.

The results shown in Figs. 11 and 12 lead us to the following
corollary; the most natural conditions to form the massive stars
arise only when multiple filaments join to form a hub, because
this is when the characteristic densities (and mass) of the in-
dividual filaments can be instantaneously summed, creating the
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Fig. 12. All massive stars form in hubs: All sources with a lumi-
nosity L�105L� in the inner Milky Way and located at a distance
of <5 kpc are found to be HFSs. All hubs are marked by green
circles. Clumps (with L�105L� ) that are not found to be hubs
(blue triangles) are located farther than 5 kpc because the 1800
beam resolution of the data is insu�cient to resolve these struc-
tures. The yellow line at L = 104L� indicates the Eddington ratio
at which radiation and gravitational pressures become roughly
equal; at <2 kpc, all objects above this luminosity are hubs,
demonstrating that massive stars preferentially form in hubs.

highest density and most massive pockets of gas and dust. The
coalescence scenario by Bonnell et al. (1998) proposed that low-
mass stars merge and/or coalesce to form high-mass stars in a
high-density environment. In its essence, the corollary above is
the coalescence scenario, except that the merging is not of the
stars, but of the gas and dust in the fertile (Hacar et al. 2018)
filaments.

For majority of the clumps studied (unsaturated in the
Herschel bands), the number of skeletons joining at the hub is in
the range of 3-7. On the contrary, the saturated sources display
large networks of filaments around them, typically 6-12 main
filaments. A comparison of the skeleton numbers between satu-
rated and unsaturated clumps is not appropriate because we do
not clip the filaments in saturated sources using column density
cuts (see Sect. 3.2). Also, filament detection must be improved
using 160µm and 70µm data along with that of 250µm in or-
der to enhance spatial resolution. However, it should be men-
tioned that in the saturated sources, which represent the most
luminous and nearby regions and are bright sources, the column
density is high throughout the field. In Fig. 13, we show samples
of saturated sources along with the skeletons. These mostly rep-
resent major nodes of clustered star formation in giant molecular
clouds, such as the ONC. The result shown in Fig. 11 is evidence
that HFSs with the largest density increase at the hub (saturated
sources) are the result of larger networks of criss-crossing fila-
ments.

5. Filaments to clusters: A paradigm for star
formation

These new findings from Sect. 4.2 lead us to build a scenario of
star formation in the HFS paradigm as presented in Fig. 14. This

scenario is represented by four stages that can be roughly com-
pared with evolutionary snapshots of star formation in molecular
clouds. Stages I, II, III, and IV respectively represent low-mass-
star formation in filaments without hubs, pre-stellar HFSs sur-
rounded by young clusters of low-mass stars, HFSs with high-
mass protostars surrounded by young cluster of low-mass stars,
and a full-blown HII region with embedded clusters such as the
Orion Nebular Cluster (ONC).

Low- to intermediate-mass star formation alone can take
place in individual filaments, whereas high-mass stars form pref-
erentially in hubs. In the following, we elaborate on this scenario
using the simplest case of two filaments coming together at a
junction and thus forming a hub.

5.1. Stage I: Initial conditions

Flow-driven filaments, either due to intra-molecular cloud ve-
locity dispersions (⇠1 km s�1) or externally driven by expanding
shells (⇠10 km s�1) join to form a hub. Observations of collid-
ing filaments in the Mon OB1 star-forming region show a pair
of filaments approaching each other with relative velocities of
2-4 km s�1 (Montillaud et al. 2019). A variety of external trig-
gers can also drive such motions, of which stellar wind bub-
bles and HII region shells are observationally prominent (see
Myers 2009, for a discussion); but late phases of supernova rem-
nants are also important. Such filaments should be similar to the
filaments in Taurus (Palmeirim et al. 2013) and are often fer-
tile (Hacar et al. 2018), with ongoing low-mass star formation.
This is because large populations of young low-mass stars have
been found around high-mass protostars (Kumar et al. 2006) and
around HFSs (Dewangan et al. 2017; Baug et al. 2018).

The filaments that set up the initial conditions for the for-
mation of the hub need not necessarily form by gravity and tur-
bulence. Instead, they can form via mechanisms such as cloud–
cloud collision where the most basic e↵ect of compression will
lead to filament formation. Numerical simulations by Inoue &
Fukui (2013) describe the formation of such filaments and also
show that they are magnetised (see also Inoue et al. 2018), which
is an important aspect in the formation of massive stars as is
seen at Stage III. Numerous observational studies (e.g. Fukui
et al. 2014; Torii et al. 2015; Sano et al. 2018) are in support of
this mechanism. Indeed this may be the prominent mechanism
through which hubs with large networks of filaments can form
in the most massive clouds, leading to cluster formation. In sum-
mary, dense fertile filaments moving towards each other set up
the initial conditions of the HFS paradigm.

5.2. Stage II: Hub formation – spin and geometry

The filaments can overlap with any relative orientation (0-90�),
in such a way that a pre-existing dense core, intra-filamentary
material, or a combination of both can form the junction. At
small inclination angles, multiple filaments are compressed es-
sentially along the longitudinal axis; this may be the mechanism
responsible for the formation of high line-mass (Kainulainen
et al. 2017), and a large network of connected filaments (Hacar
et al. 2018) such as the Orion integral shaped filament. This
would not constitute a hub, even though high-line-mass fila-
ments may form on an average higher-mass cores than their
lower mass counterparts (Shimajiri et al. 2019; Konyves et al.
2019). A hub is a relatively low-aspect-ratio object (Myers 2009)
and together with its density amplification property (Sect. 4.2) it
will always provide enhanced star formation conditions with re-
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ABSTRACT

Context. Star formation takes place in giant molecular clouds, resulting in mass-segregated young stellar clusters composed of Sun-
like stars, brown dwarfs, and massive O-type(50-100M� ) stars.
Aims. We aim to identify candidate hub-filament systems (HFSs) in the Milky Way and examine their role in the formation of the
highest mass stars and star clusters.
Methods. The Herschel survey HiGAL has catalogued about 105 clumps. Of these, approximately 35000 targets are detected at the
3� level in a minimum of four bands. Using the DisPerSE algorithm we detect filamentary skeletons on 100 ⇥ 100 cut-outs of the
SPIRE 250µm images (1800 beam width) of the targets. Any filament with a total length of at least 5500(3 ⇥ 1800) and at least 1800
inside the clump was considered to form a junction at the clump. A hub is defined as a junction of three or more filaments. Column
density maps were masked by the filament skeletons and averaged for HFS and non-HFS samples to compute the radial profile along
the filaments into the clumps.
Results. Approximately 3700 (11%) are candidate HFSs, of which about 2150 (60%) are pre-stellar and 1400 (40%) are proto-stellar.
The filaments constituting the HFSs have a mean length of ⇠10-20 pc, a mass of ⇠5⇥104 M� , and line masses (M/L) of ⇠2⇥103

M� pc�1. All clumps with L>104L� and L>105L� at distances within 2kpc and 5kpc respectively are located in the hubs of HFSs. The
column densities of hubs are found to be enhanced by a factor of approximately two (pre-stellar sources) up to about ten (proto-stellar
sources).
Conclusions. All high-mass stars preferentially form in the density-enhanced hubs of HFSs. This amplification can drive the ob-
served longitudinal flows along filaments providing further mass accretion. Radiation pressure and feedback can escape into the
inter-filamentary voids. We propose a ‘filaments to clusters’ unified paradigm for star formation, with the following salient features:
(a) low-intermediate-mass stars form slowly (106yr) in the filaments and massive stars form quickly (105yr) in the hub, (b) the initial
mass function is the sum of stars continuously created in the HFS with all massive stars formed in the hub, (c) feedback dissipation
and mass segregation arise naturally due to HFS properties, and explain the (d) age spreads within bound clusters and the formation
of isolated OB associations.

Key words. interstellar medium – star formation – embedded clusters – massive stars hub-filament systems

1. Introduction

Star formation in giant molecular clouds produces mass-
segregated clusters, with the most massive stars located at the
centre (Lada & Lada 2003; Portegies Zwart et al. 2010). The
mass function of the resulting stars is similar to the Salpeter mass
function. Once formed, massive stars are thought to drive signif-
icant feedback and produce ionised (HII) regions (Deharveng
et al. 2010; Samal et al. 2018) eventually clearing the natal
molecular cloud in ⇠3-5 Myr (Lada & Lada 2003). Typical
formation timescales for high- and low-mass stars are ⇠105yr
(Behrend & Maeder 2001) and 106yr respectively; if massive
stars form first, the feedback can inhibit the formation of the
low-mass stars or even halt it by blowing away the natal cloud.
If low-mass stars form prior to high-mass stars (Kumar et al.
2006), this e↵ect can be negated and some properties of nearby
star forming regions such as the Orion or the Carina nebulae can
be explained.

Not all star formation results in dense clusters with OB stars,
and not all clusters remain bound following gas dispersal (Lada
& Lada 2003; Portegies Zwart et al. 2010; Krumholz et al.
2019). Star formation in nearby regions such as Taurus, Perseus,
Chameleon, and Ophiucus lack the O-stars that can be seen in re-
gions such as Orion, Rosette, M8, W40, and Carina. An intrigu-
ing observational property of dense clusters such as the Orion
Nebula Cluster (ONC) is the finding by Palla et al. (2007) that
old stars are found in the midst of young clusters. The ONC is
generally considered to have an age of ⇠1 Myr (Lada & Lada
2003). However, evidence of an extended star formation history
(1.5–3.5 Myr) displaying some dependence on the spatial distri-
bution of stars has also been found (Reggiani et al. 2011).

While lower mass star formation that may lead to dispersed
populations in the Milky-Way is reasonably well understood
(McKee & Ostriker 2007; Kennicutt & Evans 2012), the chal-
lenge so far is in arriving at a universal scenario of star formation
that can reconcile the observational properties of a well-studied
cluster such as the Carina Nebula (Smith 2006), explaining (a)
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Fig. 14. Filaments-to-clusters paradigm for star formation. Flow-driven filaments overlap to form a junction that is called a hub.
The hub gains a twist as the overlap point is di↵erent from the centre of mass, and the density is enhanced due to the addition of
filament densities. Low-mass stars can be ongoing before and during hub formation. The hub gravitational potential triggers and
drives longitudinal flows bringing additional matter and further enhancing the density. Hub fragmentation results in a small cluster
of stars; however, a pancake or sheet morphology often leads to near-equal mass fragmentation, especially under the influence of
magnetic fields and radiative heating. Radiation pressure and ionisation feedback escapes through the inter-filamentary cavities by
punching holes in the flattened hub. Finally, the expanding radiation bubbles can create bipolar shaped HII regions, burning out
the composing filaments to produce tips that may be similar to the structures called pillars. The net result is a mass-segregated
embedded cluster, with a mass function that is the sum of stars continuously created in the filaments and the massive stars formed
in the hub.

of an elliptical shaped cluster is more evolved than the other
(Schmeja et al. 2008). Therefore, we suggest that hubs with their
oblate spheroidal geometry tend to form two near-equal massive
objects or groups of objects, with a relative di↵erence in evolu-
tionary state. Interestingly, non-axisymmetric numerical simula-
tions of high-mass star formation presented by Krumholz et al.
(2009) produce a near equal-mass pair of high-mass stars with a
time di↵erence.

The column density amplification in the hub produces a grav-
itational potential di↵erence between the hub and the filament,
which can trigger and drive a longitudinal flow within the fila-
ment (analogous to electric current in a wire) directed toward the
hub. Such flows were observed in the SDC13 massive star form-
ing HFS (Peretto et al. 2013, 2014; Williams et al. 2018) and
recently in the M17SWex region (Chen et al. 2019). The mass

flow rates of 10�4-10�3M� yr�1 reported by Chen et al. (2019)
are by themselves su�cient to form massive stars. We suggest
that in this way, the filaments act as the secondary reservoir feed-
ing the hub (primary reservoir) to sustain its density conditions,
so that the central region of the hub does not run out of gas; this
is necessary because if it does, the massive protostar will stop
burning hydrogen and begin to accumulate helium ash, moving
away from the main sequence.

While the hubs may be responsible for the initiation of a
longitudinal flow, the flow in turn can trigger gravitational col-
lapse in a stable hub. The enhanced density conditions in the
hub may be comparable to that of monolithic dense cores re-
quired by the core accretion models (McKee & Tan 2003), but
fragmentation is the key issue that sets constraints on the for-
mation of the highest mass stars (Peters et al. 2010; Krumholz
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それぞれの重⼼２つ。

フィードバックは抜ける。 輻射バブル

重い重⼼が先にOB形成。 輻射でピラー

Ø 中⼼で⼤質量。
Ø ⼩質量はハブ形成前から。
Ø 全部合わせるとSalpeter IMF。
Ø フィラメントごとの形成時期が年齢の幅に。
Ø 個々のフィラメントが肥えていないとハブ

でOB associationに。
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in swirling spiral arm patterns as evidenced in the MonR2 re-
gion (Treviño-Morales et al. 2019). Examples of very high mass
HFSs are star forming regions such as W51, W43, and so on.
Recently, there was an interesting claim of a top-heavy CMF
in W43 (Motte et al. 2018b), where the region traced may rep-
resent the main hub of that target. Other observations of HFSs
with ALMA (Henshaw et al. 2017) indicate that hubs can form
a spectrum of low- and high-mass objects. However, from our
arguments for Stage III and IV, such a spectrum of objects may
simply represent the seeds that can grow further by mass accre-
tion through longitudinal flows. The result will be an association
of OB stars, especially when the lower mass stars grow to be-
come intermediate-mass stars.
Age spreads in bound clusters: When a hub is composed of
a large network of filaments, the individual filaments may be
drawn from a sample of fertile filaments that represent a wide
range of evolutionary timescales and star formation histories.
Based on an estimate of core life times that reside within fila-
ments, André et al. (2014) suggest a minimum of 106yr as the
lifetime of filaments. In the absence of massive star formation,
which will clear o↵ the molecular gas in about ⇠3-5 Myr, molec-
ular cloud lifetimes can be as long as 10 Myr or more (Inutsuka
et al. 2015), during which time filament formation and destruc-
tion may happen. Lada et al. (2010) suggest that, at least in the
star forming regions such as Ophiuchus, Pipe, Taurus, Perseus,
and Lupus, the star formation timescale is ⇠2Myr and has not
led to modification of the total mass of the high-extinction mate-
rial within the clouds. This implies that low-mass-star formation
can take place inside dense fertile filaments without destroying
them. Therefore, if star formation began in the individual fila-
ments at di↵erent times before joining to form the hub, it can
result in age spreads of a few million years for low-mass stars.
Once the hub forms, it can accrete several smaller infertile fila-
ments. The overall age spread of stars in a cluster can therefore
result from the oldest fertile filament to the last star forming core
in the hub. An interesting alternative explanation for age spreads
can be found in Kroupa et al. (2018).
OB associations: The star formation scenario in HFSs can also
explain the formation of isolated OB associations. Ward et al.
(2019) used Gaia-DR2 data to argue that the kinematic prop-
erties of at least some OB associations strongly suggest in-situ
formation, and not the remnant of a dissolved cluster. Here we
propose that such associations can be the product of star forma-
tion in the hubs, where the hub-composing filaments were not
fertile enough to initiate significant low-mass star formation in
the individual filaments, and that the mass in the individual fila-
ments was fed to the hub via longitudinal flows to form a group
of higher-mass stars resulting in the OB associations. Therefore,
we suggest that hubs that become gravitationally unstable be-
fore the individual filaments can form a significant population of
low-mass stars that can lead to the formation of OB associations
without associated low-mass clusters.

6. Comparison of the HFS paradigm with NGC2264
and W40

The ideas and arguments presented in the previous section are
best described by two well-studied star forming regions located
within 1 kpc of the Sun. NGC2264 in the Monocerous region
and W40 in the Aquila rift represent StageIII and StageIV of
the HFS paradigm, respectively. A large number of previous ob-
servations and publications exist for these targets, especially the
NGC2264 region. In the following, we revisit some of the lit-
erature and demonstrate how the published data reflect, and are

Fig. 15. NGC2264 as an example of StageIII: This is a HFS
spanning ⇠10pc, where IRS 1 (above cone nebula) and IRS 2
(centre of spokes cluster) represent the two eyes of the hub
shown by the green ellipse.

sometimes better explained when viewed in, the HFS paradigm.
We caution that the arguments made below do not necessarily
reflect the interpretations of the original literature.

6.1. NGC2264: Stage III

Located in the constellation of Monoceros, the star S Mon
(roughly east of Betelgeuse) is often associated with the Cone
nebula or the Christmas-Tree nebula. It was first discovered as a
cluster of young stars, NGC2264 (Herbig 1954; Walker 1956),
and was later found to be a part of the giant molecular cloud
complex Mon OB1 (e.g. Montillaud et al. 2019). Located at a
distance of 719±16 pc (Maı́z Apellániz 2019), it is only a little
farther away than the Orion Nebula. In the following, we show
that NGC2264, comprised of the two IR sources, IRS1 and IRS2,
the Cone Nebula, and the Spokes cluster represents the hub of an
HFS that spans roughly 10 pc is size. In Fig. 15, we display the
Herschel view of this HFS region, at the centre of which lies the
hub represented by NGC2264, enclosing two prominent sites of
intermediate-mass star formation IRS1 and IRS2 (part of Spokes
Cluster). The young star S Mon is to the north of this hub, and
the bluish nebula below S Mon represents the Fox-fur nebula.
Both these objects are due to a previous event of star formation
(Teixeira 2008) to the one that is ongoing in the NGC2264 HFS.
A wider view in the context of Mon OB1 region is discussed
by Montillaud et al. (2019). The main filamentary structures F1
to F6, joining at the NGC2264 hub, are pencil-sketched in the
figure; a thorough identification of the filaments is beyond the
scope of this article. Wide-field imaging in the 12CO 3–2 and H2
1-0 S(1) of this region presented by Buckle et al. (2012) shows
that the filaments joining at the hub are fertile and contain young
proto-stellar objects that are driving collimated outflows, espe-
cially aligned along filaments F1 and F5 (compare with Fig. 3 of
Buckle et al. 2012). Even though longitudinal flows along these
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Fig. 17. W40 in the Aquila Rift as an example of StageIV: The formation of the W40 cluster in a hub has blown out the bipolar
HII region (seen in blue-green; see Mallick et al. 2013, for details). The e↵ects of radiation from OB stars ‘burning out’ the hub-
composing filaments can be seen as pillars. The ionising gas shock front sweeping up some filaments as it moves past it can also
be seen. The colour composite uses Herschel SPIRE 500µm image (tracing the filaments) as red, PACS 70µm as green, and Spitzer

MIPS 24µm as blue.

cause the ‘two nodes of activity with an evolutionary skew-
ness’ within hubs is very frequently observed for which we
do not have an explanation. These nodes are well represented
by the BN/KL and Trapezium pair in Orion, and the IRS1
and IRS2 pair in NGC2264 described in the previous section.
Such pairs are good representations of the GHC scenario.
The CB model predicts that the density of the hub remains
roughly constant over many free-fall times, and any accelera-
tion of star formation is the result of an increasing mass and
not density. This is in contradiction to the result shown in
Fig. 11, where the density increases in the hub from the pre-
stellar to proto-stellar stages. The HFS scenario is primarily
based on the density amplification of hubs and therefore dif-
fers from CB in that respect.

– According to GHC, all massive clumps lead to massive star
formation, whereas in the HFS paradigm, only those mas-
sive clumps that form junctions of large networks of fila-
ments are conducive to the formation of massive stars. In
the HFS, density amplification (with its associated mass in-
crease) is responsible for massive star formation and not the

sheer mass of the clump. Instead, we predict that the mass of
the most massive star formed will be correlated with the net-
work factor fnet =

P
n

f il=1 N
Mline

f il
⇥M

f il

line
where NMline

f il
represent

the number of filaments with a certain line mass M f il

line
. On

the contrary, GHC suggests a correlation between the most
massive star and the clump mass which Vázquez-Semadeni
et al. (2019) claim to be represented by the known correla-
tion of the most massive star with the cluster mass where it
resides.

– Longitudinal flows within filaments are representations of
global infall in GHC moving towards a massive clump where
high-mass stars form. In the CB model, they serve the pur-
pose of mass transport which is similar to HFS. Vázquez-
Semadeni et al. (2019) use the analogy of rivers from high al-
titudes to lakes to describe longitudinal flow. On the contrary,
we have used the analogy of an electric current driven by a
potential di↵erence. In the HFS, longitudinal flows are best
viewed as the current in a parallel electric circuit, where the
currents in individual circuit paths add up at the source which
is represented by the hub. According to HFS, detectable lon-
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年齢が違うOB バブルでピラー

Ø ハブは円盤より低密度なので磁場で安定化。
⼩質量星に分裂せずトーラス状に。
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ABSTRACT
We report studies of the relationships between the total bolometric luminosity (Lbol or LTIR) and
the molecular line luminosities of J = 1 − 0 transitions of H13CN, H13CO+, HCN, and HCO+

with data obtained from ACA observations in the ‘ATOMS’ survey of 146 active Galactic star-
forming regions. The correlations between Lbol and molecular line luminosities L′

mol of the
four transitions all appear to be approximately linear. Line emission of isotopologues shows as
large scatters in Lbol–L′

mol relations as their main line emission. The log(Lbol/L′
mol) for different

molecular line tracers have similar distributions. The Lbol-to-L′
mol ratios do not change with

galactocentric distances (RGC) and clump masses (Mclump). The molecular line luminosity ratios
(HCN-to-HCO+, H13CN-to-H13CO+, HCN-to-H13CN, and HCO+-to-H13CO+) all appear
constant against Lbol, dust temperature (Td), Mclump, and RGC. Our studies suggest that both the
main lines and isotopologue lines are good tracers of the total masses of dense gas in Galactic
molecular clumps. The large optical depths of main lines do not affect the interpretation of
the slopes in star formation relations. We find that the mean star formation efficiency (SFE) of
massive Galactic clumps in the ‘ATOMS’ survey is reasonably consistent with other measures
of the SFE for dense gas, even those using very different tracers or examining very different
spatial scales.

Key words: stars: formation – ISM: clouds – ISM: molecules – galaxies: star formation.

1 IN T RO D U C T I O N

Since the pioneering works by Gao & Solomon (2004) and Wu
et al. (2005), many observational studies towards external galaxies
(Graciá-Carpio et al. 2006; Juneau et al. 2009; Garcı́a-Burillo

! E-mail: liutiepku@gmail.com, liutie@shao.ac.cn

et al. 2012; Greve 2014; Zhang et al. 2014; Chen et al. 2015;
Liu et al. 2015; Tan et al. 2018; Jiménez-Donaire et al. 2019)
and Galactic molecular clouds (Wu et al. 2010; Liu et al. 2016;
Stephens, Jackson & Whitaker 2016) have revealed a strong linear
relationship between the recent star formation rate (SFR), as traced
by the total infrared emission, and the dense molecular gas mass
that is indicated by line luminosities (L′

mol) of dense molecular
gas tracers (e.g. HCN, HCO+, and CS). This so-called ‘dense gas

C© 2020 The Author(s)
Published by Oxford University Press on behalf of the Royal Astronomical Society
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Figure 1. Integrated intensity maps of four molecular lines are shown as colour-scale images for three example sources. I13111–6228, I17136–3617, and
I19095+0930 are shown in upper, middle, and lower panels, respectively. The 3 mm continuum is shown in contours. The contour levels are from 30 per cent to
90 per cent in steps of 20 per cent of peak values. The peak values of 3 mm continuum emission for I13111–6228, I17136–3617, and I19095+0930 are 0.088,
1.814, and 0.307 Jy beam−1, respectively.

3 mm continuum emission, H13CN, H13CO+, HCN, and HCO+

line emission, respectively.
As shown in Fig. 1 for I13111–6228, we identified multiple

compact objects in 3 mm continuum in 27 targets. Some targeted
sources also contain multiple objects in molecular line emission as
shown in Fig. 1 for I17136–3617. We identified multiple objects
in 30, 32, 35, and 27 sources from H13CN, H13CO+, HCN,
and HCO+ integrated intensity maps, respectively. However, the
majority (∼80 per cent) of sources contain only a single compact
object in 3 mm continuum emission and in molecular line emission
as I19095+0930 in Fig. 1.

From 2D Gaussian fits, we derived the relative coordinates (or
offsets), aspect ratio values, effective radii (Reff), offsets from
brightest continuum emission peaks (dpeak), peak integrated inten-
sity (Speak), and total integrated intensity (Stotal) for each compact
object. The aspect ratio value is defined as the ratio between de-
convolved FWHM major dimension (a) and minor dimension (b),

and Reff is defined as Reff =
√

ab. For compact objects identified in
H13CO+ J = 1 − 0 and HCO+ J = 1 − 0 line emission, we also
derived the source-averaged velocity (Vlsr) and velocity dispersion
(σ ) from their corresponding Moment 1 and Moment 2 maps. All
of these parameters for compact objects that are identified in 3 mm
continuum, H13CO+, H13CN, HCO+, and HCN are summerized in
Table A1 , Table A2, Table A3, Table A4 and Table A5 , respectively.

Fig. 2 presents histograms of parameters (Speak, Stotal, aspect ratio,
and Reff) for compact sources in 3 mm continuum emission. The
median values for Speak and Stotal are 0.12 Jy beam−1 and 0.20 Jy,
respectively. The median value of the aspect ratio is ∼1.6. Among
the 173 compact objects identified in 3 mm continuum emission,
only 18 are with aspect ratio larger than 3. The Reff ranges from
0.01 to 0.94 pc with a median value of 0.18 pc. There are 45
compact objects that would be classified as dense cores with Reff

smaller than 0.1 pc. There are 14 compact objects in distant sources
having Reff larger than 0.5 pc. The detailed properties of those

MNRAS 496, 2821–2835 (2020)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/496/3/2821/5854212 by KASI user on 18 Septem
ber 2020

コントア: 3 mm

Ø free-freeを避けるためReff, Mclumpは
単⼀鏡（0.87, 1.2 mm）。
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Figure 2. Histograms of parameters for the compact objects identified in 3 mm continuum emission. (a) peak flux density; (b) total flux density; (c) aspect
ratios; (d) effective radii. The red solid lines are median values.

continuum objects will be discussed in forthcoming papers. The
3-mm continuum emission can have a significant contribution from
free–free emission, compromising our ability to determine masses
from the dust continuum emission. We use instead the literature
values for the size (Reff), mass (Mclump), etc. of the clumps (see
Table A6). These are taken from single-dish maps at 0.87 mm
(Urquhart, König & Giannetti 2018) or 1.2 mm (Faúndez et al.
2004), minimizing the contamination by free–free emission.

In Fig. 3, we compare the distributions of Reff for compact objects
identified in 3 mm continuum emission and molecular line emission.
The data are plotted with a Gaussian kernel density estimate using
the function ‘kdeplot’ in the PYTHON package SEABORN.1 The
median radii for compact objects in 3 mm continuum, H13CN,
H13CO+ HCN, and HCO+ line emission are 0.18, 0.25, 0.28,
0.33, and 0.34 pc, respectively. Compact objects in 3 mm continuum
emission have statistically smaller Reff than that of compact objects
identified in molecular line emission. Reff for compact objects
identified in H13CN and H13CO+ line emission are also statistically
smaller than compact objects identified in HCN and HCO+ line
emission. Interestingly, there seems to be a trend between Reff and
effective excitation density for the lines. The higher the effective
excitation density, the smaller the Reff. These results are consistent

1https://seaborn.pydata.org/generated/seaborn.kdeplot.html

Figure 3. Distribution of Reff for compact objects identified in 3 mm
continuum emission and molecular line emission, which are plotted using
the function ‘kdeplot’ in the PYTHON package SEABORN. The numbers in the
upper right box are mean, median, and standard deviation values.

with the idea that lines with higher effective excitation density trace
denser and more compact regions of molecular clouds.

In Fig. 4(a), we compare the effective radii (RACA) of compact
sources in ACA 3 mm continuum emission with the effective radii
(RSD) of their natal clumps derived in single dish observations.
RACA is linearly correlated with RSD as expected. Since the ACA is
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Figure 4. (a) Comparison of effective radii for compact objects in ACA 3 mm continuum observations and effective radii of whole clumps in single dish
observations. The blue-dashed line represents that the two radii equal to each other. (b) Comparison of systemic velocities in ACA observations and single-dish
observations. (c) Comparison of virial masses for compact objects identified in H13CO+ (the black crosses) and HCO+ (the blue crosses) line emission
with total clump masses from single-dish observations. The red and green lines are linear fits. The blue-dashed line shows virial masses equaling to clump
masses.

resolving out the more extended emission, RACA is systematically
smaller than RSD. As shown in Fig. 4(b), the velocities derived from
H13CO+ J = 1 − 0 line emission for compact sources are very
consistent with the systemic velocities of their natal clumps from
single dish CS J = 2 − 1 line observations (Bronfman et al. 1996).

In some sources such as I17136–3617 shown in Fig. 1, gas
emission peaks are clearly offset from 3 mm continuum emission
peaks by one beam size. These sources may be highly evolved
H II regions that have dispersed their natal gas clumps. In further
analysis, we only focus on 119 sources, for which their gas emission
and 3 mm continuum emission coincide well with each other (with
separation smaller than one beam size of ∼15 arcsec). This will
help reduce the evolutionary effect in ‘dense gas star formation
law’ studies.

3.2 Virial masses

We derived virial masses for compact objects identified in H13CO+

and HCO+ line emission following Bertoldi & McKee (1992) and
Wu et al. (2010). A correction (a2 ∼ 0.9) for a non-spherical shape
in virial analysis is adopted for compact objects with aspect ratios
larger than 3 (Bertoldi & McKee 1992). For the others with smaller
aspect ratios, this correction is negligible and has been omitted. We
did not derive virial masses for compact objects identified in H13CN
or HCN because of complications caused by hyperfine structure.
The virial masses for objects identified in HCO+ are probably
overestimated because of line broadening of HCO+ resulting from
the high optical depth. HCO+ also covers a larger region than
H13CO+ due to its lower effective excitation temperature (see
Fig. 3).

The virial masses (M13
vir and M12

vir) derived from H13CO+ and
HCO+ line emission are listed in the last two columns of Table A6.
If there are more than one compact objects identified in a source,
we simply sum the virial masses of the contributing objects. The
virial masses derived from H13CO+ range from 13 to 16260 M#
with a median value of 334 M#. About 90 per cent of the sources
have virial masses larger than 100 M#. The virial masses for the
main isotope are considerably larger than those based on the rare
isotope. While the HCO+ lines are generally optically thick, the
other effect is that they extend over a larger region due to much
lower effective excitation density. This leads to higher virial masses
for HCO+.

In Fig. 4(c), we compare the virial masses with the total
clump masses from single-dish measurements (Faúndez et al. 2004;
Urquhart et al. 2018). The virial masses are strongly correlated with
the total clump masses (Mclump). The virial masses from H13CO+ are
systematically smaller than the total masses of their natal clumps
with a median virial parameter (α = Mvir/Mclump) of ∼0.2. The
small value probably reflects the fact that the regions probed by
H13CO+ are smaller than those used to obtain the clump mass from
the single-dish data. The virial masses from HCO+ are comparable
to the total clump masses, with a median virial parameter of ∼1.2,
indicating that ACA observations of HCO+ trace structures similar
to those traced by the single-dish millimeter continuum data, which
are most likely gravitationally bound.

Small virial parameters have also been reported in many recent
measurements of the thermodynamic properties in high-mass star-
forming regions (Pillai et al. 2011; Kauffmann, Pillai & Goldsmith
2013; Zhang et al. 2015; Hull & Zhang 2019), which appear to
challenge the picture of star formation in which gas evolves in a state
of equilibrium (e.g. Hull & Zhang 2019). However, in this work and
most of previous works magnetic field support were not taken into
account in virial analysis. Magnetic support could be comparable to
the turbulent and thermal support in high-mass star-forming regions,
which can bring the dense gas close to a state of equilibrium (Pillai
et al. 2011; Zhang et al. 2015; Sanhueza, Jackson & Zhang 2017;
Liu et al. 2018a,b; Hull & Zhang 2019; Soam, Liu & Andersson
2019; Tang et al. 2019). More detailed energetics comparison
of the gravitational potential energy, turbulent support, thermal
pressure, and magnetic support are needed in future analysis of
virial equilibrium.

3.3 The relations between infrared luminosities and molecular
line luminosities

In this section, we investigate how the infrared luminosities correlate
with molecular line luminosities. Liu et al. (2016) has demonstrated
that the bolometric luminosities (Lbol) from SED fits are nearly
identical to the total infrared luminosities (LTIR) for this ‘ATOMS’
sample. In this study, we still use Lbol (from Faúndez et al.
2004; Urquhart et al. 2018) instead of LTIR. The molecular line
luminosities (L′

mol) are derived following Solomon et al. (1997)
with the total integrated flux density. The Lbol and L′

mol are listed
in Table A6. The statistics such as minimum, maximum, mean,
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Table 2. Correlations between parameters.

Relation a b r

Mclump – Lbol 1.12(0.06) 1.12(0.21) 0.83
Mvir – Lbol 1.04(0.11) 2.12(0.31) 0.68
Mvir – Mclump 0.83(0.08) 1.14(0.22) 0.73
L′

HCN – Lbol 0.99(0.08) 3.68(0.11) 0.73
L′

HCO+ – Lbol 0.94(0.07) 3.91(0.09) 0.73
L′

H13CN
– Lbol 1.03(0.08) 4.37(0.07) 0.76

L′
H13CO+ – Lbol 1.00(0.08) 4.59(0.05) 0.74

Figure 6. The correlation between LTIR and L′
HCN. The data for compact

objects in this study are shown as the green filled circles. The data points
for Galactic clumps (the blue filled circles) and external galaxies (the red
filled circles) in single-dish observations were compiled by Jiménez-Donaire
et al. (2019). The linear fit of all data is shown as the the magenta-dashed
line. The linear fit towards single-dish data is shown as the black-dashed
line.

Figure 7. Density distributions of Lbol-to-L′
mol ratios, plotted using the

function ‘kdeplot’ in the PYTHON package SEABORN. The numbers in
brackets are mean, standard deviation, and asymptotic significance in
Kolmogorov–Sminov test of a normal distribution.

implies that HCO+ abundance is sensitive to the ionization degree
of molecular gas. In more far-UV irradiated environments, HCO+

is more easily recombined with free electrons, leading to a decrease
in its abundance. Increasing HCN-to-HCO+ ratios with increasing
infrared luminosity have been found in LIRGs (Papadopoulos
2007). In the Galaxy, more evolved H II regions also show higher
HCN-to-HCO+ ratios than infrared dark clouds (Nguyen-Luong
et al. 2020). However, in our data, we do not see any trend of HCN-
to-HCO+ ratios against the Lbol spanning 4 orders of magnitude.
This may imply that the majority of HCN and HCO+ J = 1 − 0 line
emission within the ‘ATOMS’ clumps comes from regions that are
not exposed to strong local FUV radiation field. This scenario needs
to be tested from detailed analysis of the spatial distributions of
molecular line emission inside the clumps, which will be presented
in forthcoming works using the high resolution (∼2 arcsec) ALMA
12-m array data of the ‘ATOMS’ survey (see Liu et al. 2020, for
example).

The density distributions for log( HCN
H13CN ) and log( HCO+

H13CO+ ) are also
quite similar to each other but with large scatter (σ ∼0.6) in the
data (see Fig. 12). The large scatter means that the optical depths
of the main lines show significant variations among sources. The
non-parametric tests in Table 3 confirm that their distributions
are nearly the same after shifting the distributions by their mean
values, indicating that HCN J = 1 − 0 and HCO+ J = 1 − 0
may have similar opacity in sources of the ‘ATOMS’ sample. The
mean HCN-to-H13CN ratio and HCO+-to-H13CO+ ratio are ∼5.0
and ∼5.4, respectively. Assuming an isotopic 12C/13C ratio of 55 at
the median galactocentric distance of 5.8 kpc (Milam et al. 2005),
the representative optical depths inferred from these mean ratios are
∼12 and ∼11 for HCN J = 1 − 0 and HCO+ J = 1 − 0, respectively.
Thus, the column densities of HCN and HCO+ derived from the
main lines with optically thin assumption could be underestimated
by a factor of ∼10 for such high optical depths.

However, there is no trend between molecular line luminosity
ratios (HCN-to-HCO+, H13CN-to-H13CO+, HCN-to-H13CN ratio,
and HCO+-to-H13CO+) and Lbol [see panels (e)–(h) in Fig. 8].
All these molecular line luminosity ratios seem constant against
Lbol spanning 4 orders of magnitude in Lbol. This implies that
optical depths (or abundance ratios) of main lines should not affect
the interpretation of the slopes in star formation relations. The
molecular line luminosity ratios are also not correlated with dust
temperature [see panels (e)–(h) in Fig. 9] or clump masses [see
panels (e)–(h) in Fig. 10].

Panels (e)–(h) in Fig. 11 present correlations between molecular
line luminosity ratios and galactocentric distances (RGC) for differ-
ent tracers. In a survey of nine nearby external galaxies, Jiménez-
Donaire et al. (2019) found that there is a decreasing trend of
HCN-to-HCO+ as a function of galactocentric distances in only
two galaxies. No significant changing HCN-to-HCO+ ratios are
witnessed in the other seven galaxies. There is also no obvious
trend for molecular line luminosity ratios against RGC in our data,
indicating similar local environments (such as FUV radiation field,
density, temperature) for the sources in the ‘ATOMS’ sample.

4.3 Star formation efficiencies

Until now, we have dealt with observables, comparing luminosities
and masses of various quantities. Now, we engage in the more
speculative issues of SFR and SFE. We use the extragalactic
definition of SFE: the SFR per unit mass of gas, with units of
Myr−1. On the scale of galaxies and averaged over 5 Myr or longer,
the far-infrared luminosity can measure the SFR. The relation given
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ABSTRACT
We report studies of the relationships between the total bolometric luminosity (Lbol or LTIR) and
the molecular line luminosities of J = 1 − 0 transitions of H13CN, H13CO+, HCN, and HCO+

with data obtained from ACA observations in the ‘ATOMS’ survey of 146 active Galactic star-
forming regions. The correlations between Lbol and molecular line luminosities L′

mol of the
four transitions all appear to be approximately linear. Line emission of isotopologues shows as
large scatters in Lbol–L′

mol relations as their main line emission. The log(Lbol/L′
mol) for different

molecular line tracers have similar distributions. The Lbol-to-L′
mol ratios do not change with

galactocentric distances (RGC) and clump masses (Mclump). The molecular line luminosity ratios
(HCN-to-HCO+, H13CN-to-H13CO+, HCN-to-H13CN, and HCO+-to-H13CO+) all appear
constant against Lbol, dust temperature (Td), Mclump, and RGC. Our studies suggest that both the
main lines and isotopologue lines are good tracers of the total masses of dense gas in Galactic
molecular clumps. The large optical depths of main lines do not affect the interpretation of
the slopes in star formation relations. We find that the mean star formation efficiency (SFE) of
massive Galactic clumps in the ‘ATOMS’ survey is reasonably consistent with other measures
of the SFE for dense gas, even those using very different tracers or examining very different
spatial scales.

Key words: stars: formation – ISM: clouds – ISM: molecules – galaxies: star formation.

1 IN T RO D U C T I O N

Since the pioneering works by Gao & Solomon (2004) and Wu
et al. (2005), many observational studies towards external galaxies
(Graciá-Carpio et al. 2006; Juneau et al. 2009; Garcı́a-Burillo

! E-mail: liutiepku@gmail.com, liutie@shao.ac.cn

et al. 2012; Greve 2014; Zhang et al. 2014; Chen et al. 2015;
Liu et al. 2015; Tan et al. 2018; Jiménez-Donaire et al. 2019)
and Galactic molecular clouds (Wu et al. 2010; Liu et al. 2016;
Stephens, Jackson & Whitaker 2016) have revealed a strong linear
relationship between the recent star formation rate (SFR), as traced
by the total infrared emission, and the dense molecular gas mass
that is indicated by line luminosities (L′

mol) of dense molecular
gas tracers (e.g. HCN, HCO+, and CS). This so-called ‘dense gas

C© 2020 The Author(s)
Published by Oxford University Press on behalf of the Royal Astronomical Society
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Figure 8. Lbol-to-L′
mol ratios (panels a–d) and line luminosity ratios (panels e–h) as a function of bolometric luminosity Lbol. The solid line is the mean value.

The dashed lines show standard deviation. The name of the ratio is labelled at the upper right corner in each panel.

Table 3. Asymptotic significances (P-value) in non-parametric
tests.

Distributions Kolmogorov–Sminova

log
( Lbol

H13CN

)
versus log

( Lbol
H13CO+

)
0.69

log
( Lbol

HCN

)
versus log

( Lbol
HCO+

)
0.97

log
( Lbol

H13CN

)
versus log

( Lbol
HCN

)
0.95

log
( Lbol

H13CO+
)

versus log
( Lbol

HCO+
)

0.95

log
( HCN

HCO+
)

versus log
( H13CN

H13CO+
)

0.89

log
( HCN

H13CN

)
versus log

( HCO+

H13CO+
)

0.89

aThe significance level (α-value) is 0.05.

in table 1 of Kennicutt & Evans (2012), and explained in more
detail in Hao et al. (2011) and Murphy et al. (2011), can be written
in convenient units as

SFR = 1.49 × 10−4Lbol(L$) M$ Myr−1. (1)

This conversion depends on assumptions about initial mass
function (IMF) and star formation history, so there is no guarantee
that it would apply to the spatial and temporal scales studied in this
paper. However, we wish to compare the current results to those of
other works that used different indicators of SFR. Consequently, we
use the equation above to generate estimates of SFR and compare
to various mass estimates to gauge the SFE. Comparison of SFE,
as opposed to SFR, among samples is best suited to appreciate the
dispersion and the relative quality of different predictors of star
formation, as shown by Vutisalchavakul et al. (2016); so we focus
on SFE here. We further follow Vutisalchavakul et al. (2016) in
computing means, medians, and standard deviations of SFE in the
log, and present them in Table 4.

As predictors, we consider three estimates of the dense gas
mass. These estimates also come with various caveats about what
characteristic density they represent (Evans et al. 2020). The first
estimate is the masses (Mclump in Table A6) of clumps from single
dish observations, which were obtained from fitting SEDs using far-
infrared (IRAS or Herschel) data and (sub-)millimeter continuum
data (0.87 mm from Urquhart et al. 2018 or 1.2 mm from Faúndez

et al. 2004). We also use, secondly, the virial masses derived from
both HCO+ and H13CO+ (M12

vir and M13
vir in Table A6).

We compare our results for SFE to those of Vutisalchavakul
et al. (2016) first. They determined the SFR from the mid-infrared
luminosity, again using the extra-galactic relations, which carry the
same caveat about IMF and star formation history discussed above.
However, they did find that the SFR from the mid-infrared lumi-
nosity agreed well with those from the free–free radio continuum,
which averages over times of 3–10 Myr, as long as the inferred SFR
was at least 5 M$ Myr−1. The criterion of log Lbol ≥ 4.5 used by Wu
et al. (2010) implies a SFR of 4.7 M$ Myr−1, essentially the same
criterion. Of the 119 sources in Table A6, 75 satisfy this criterion.
Also, the sample of Vutisalchavakul et al. (2016) was defined by
submillimeter continuum emission, which traced relatively large,
somewhat dense clumps. If we make the cut between cores and
clumps at a size of 0.2 pc (based on Reff in table 6), all 75 sources
that made the first cut also satisfy the size criteria that make
them directly comparable to the sample of Vutisalchavakul et al.
(2016).

Fig. 13 plots the log of SFE versus the log of Mclump for sources
that do (black) and do not (red) meet the requirement on SFR of
5 M$ Myr−1. There are no obvious overall trends in SFE within
each sample, but the low luminosity sources lie clearly below the
ones above the threshold previously used (Wu et al. 2010; Vuti-
salchavakul et al. 2016). There are five clear outliers (I09002–4732,
I12320–6122, I16562–3959, I17258–3637, and I18139–1842) in
Fig. 13 at high SFE. These turn out to have unusually large values
for Td (!39 K), as listed in Table A6. To the extent that Td reflects
evolutionary state, these sources would be more evolved. If so, a
higher fraction of their masses would have been converted into stars,
leading to a higher SFE. Table 4 shows the logarithmic means,
medians, and standard deviations of the full sample, along with
those with the restrictions applied, for three estimates of the mass
of dense gas. While the cuts decrease the means and medians, the
differences are not large (about 0.3 dex). The last line in Table 4
shows the statistics for the 44 sources that lie below the cut in
SFR of 5 M$ Myr−1; their mean and median SFE are much lower,
reflecting the fact that log Lbol no longer traces the SFR below that
value. The SFE based on the HCO+ virial mass and the single-dish
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Ø Lbol/Lmolが４つの分⼦で似ている
à dg-sf lawは光学的厚さの影響を受けない。

Ø HCN/H13CNとHCO+/H13CO+が似ている à τが同じ（~12, 11）。
Ø Lbolに対する増加は進化（ß Tdに対しても増加）。
Ø FUVを反映するHCN/HCO+はATOMSサンプルでは
銀河中⼼からの距離（環境）には依らない。
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Table 4. Statistics of the log of star formation efficiency.

SFR/Mvir(HCO+) SFR/Mclump SFR/Mvir(H13CO+)
Number Mean Median Std Mean Median Std Mean Median Std Selectiona

119 −2.38 −2.33 0.63 −2.33 −2.29 0.43 −1.62 −1.66 0.55 All
75 −2.09 −2.11 0.50 −2.13 −2.10 0.36 −1.35 −1.39 0.46 SFR > 5
75 −2.09 −2.11 0.50 −2.13 −2.10 0.36 −1.35 −1.39 0.46 SFR > 5, r > 0.2
44 −2.89 −2.79 0.50 −2.66 −2.69 0.32 −2.08 −2.13 0.35 SFR < 5, r > 0.2
aSelection criteria explained in the text.

Figure 13. SFR/Mclump is plotted versus Mclump. The red points represent
the sources with SFR < 5 M" Myr−1, while the black points represent the
sources with SFR ≥ 5 M" Myr−1. The points inside the green-dashed ellipse
are five outliers with highest dust temperature in the sample.

molecular line luminosity ratios against Td, Mclump, and RGC in our
data.

(6) If we use extragalactic calibrations to convert Lbol to a SFR
and compare it to masses of clumps from single-dish observations
or to virial masses from HCO+, we can estimate a dense gas SFE.
While this procedure is not fully justified for the scales we are
studying, we find that the logarithmic mean SFE is reasonably
consistent with other measures of SFE for dense gas, even those
using very different tracers or examining very different spatial
scales.
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Ø Lbol, LTIRからSFRを求めてMで割る à SFE。
Ø SFEに傾向はないが、暗い（軽い）ものはSFRが⼩さい。
Ø SFEの値は近傍の雲や遠⽅銀河と同じ。

Tdが⾼い５個
ほぼ星。
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ABSTRACT

Context. Episodic accretion has been observed in short-period binaries, where bursts of accretion occur at periastron. The binary
trigger hypothesis has also been suggested as a driver for accretion during protostellar stages.
Aims. Our goal is to investigate how the strength of episodic accretion bursts depends on eccentricity.
Methods. We investigate the binary trigger hypothesis in longer-period (>20 yr) binaries by carrying out three-dimensional magneto-
hydrodynamical simulations of the formation of low-mass binary stars down to final separations of ⇠10 AU, including the e↵ects of
gas turbulence and magnetic fields. We ran two simulations with an initial turbulent gas core of one solar mass each and two di↵erent
initial turbulent Mach numbers,M = �v/cs = 0.1 andM = 0.2, for 6500 yr after protostar formation.
Results. We observe bursts of accretion at periastron during the early stages when the eccentricity of the binary system is still high.
We find that this correlation between bursts of accretion and passing periastron breaks down at later stages because of the gradual
circularisation of the orbits. For eccentricities greater than e = 0.2, we observe episodic accretion triggered near periastron. However,
we do not find any strong correlation between the strength of episodic accretion and eccentricity. The strength of accretion is defined
as the ratio of the burst accretion rate to the quiescent accretion rate. We determine that accretion events are likely triggered by torques
between the rotation of the circumstellar disc and the approaching binary stars. We compare our results with observational data of
episodic accretion in short-period binaries and find good agreement between our simulations and the observations.
Conclusions. We conclude that episodic accretion is a universal mechanism operating in eccentric young binary-star systems, inde-
pendent of separation, and it should be observable in long-period binaries as well as in short-period binaries. Nevertheless, the strength
depends on the torques and hence the separation at periastron.

Key words. magnetohydrodynamics (MHD) – binaries: general – stars: formation – stars: kinematics and dynamics

1. Introduction

A significant fraction of stars are born in binaries or multiple
star systems (Raghavan et al. 2010; Moe & Di Stefano 2017).
Binaries of separations .10 AU cannot form in situ during
molecular core collapse because the initial hydrostatic core that
collapses to form the protostar has a radius of ⇠5 AU (Larson
1969), and this hydrostatic core is not susceptible to fragmenta-
tion during the second protostellar collapse phase (Bate 1998).
Therefore, binaries with a semi-major axis a . 10 AU likely
form via the in-spiral of an initially wider binary, possibly
via viscous evolution through discs (Gorti & Bhatt 1996;
Stahler 2010; Korntre↵ et al. 2012), especially circumbinary
discs (Artymowicz et al. 1991; Pringle 1991), the Kozai-Lidov
mechanism (Kiseleva et al. 1998), or dynamical interactions in
clustered star formation (Bate et al. 2002). The ejection of a
companion may enhance or initiate these processes
(Moe & Kratter 2018). Turbulence and magnetic fields also
play a significant role in the structure and evolution of the disc
(Seifried et al. 2015; Ku↵meier et al. 2017; Gerrard et al. 2019).

During viscous evolution of the gas disc, the angular momen-
tum of the binary can be transferred to the gas, thus shrink-
ing the orbit of the binary. The binary system may harden to
a separation at which material in circumstellar discs is redis-
tributed to form one circumbinary disc (Reipurth & Aspin 2004;
Kuruwita & Federrath 2019).

During this dynamical evolution, accretion events may be
triggered. Triggered accretion has been observed in short-
period binaries such as TWA 3A (34.8 day, To✏emire et al.
2017a) and DQ Tau (15.8 day, To✏emire et al. 2017b), where
the accretion rate at periastron is approximately three times
greater than the quiescent rate. There is little observational data
on episodic accretion in long-period binaries, but the “binary
trigger” hypothesis (Bonnell & Bastien 1992) has been pro-
posed as the trigger of FU Orionis (time scale ⇠10�100 yr,
Hartmann & Kenyon 1996) and EXor (⇠1 yr, Herbig et al. 2001)
type outbursts.

Understanding accretion behaviour in binary systems is nec-
essary to comprehend the formation and evolution of discs
around in binaries and hence the formation of planets in binary-
star systems. The presence of a companion can truncate discs
leading to faster erosion via dynamical interactions (of the order
of ⇠0.3 Myr; Williams & Cieza 2011). However, there also exist
circumbinary discs with ages greater than the typical disc life-
time of 3 Myr (Haisch 2001; Mamajek 2009), and this may
be due to lower photo-evaporation rates in binaries (Alexander
2012). Examples of old circumbinary discs include HD 98800
B (8.5 ± 1.5 Myr; Ducourant et al. 2014) and AK Sco (18 ±
1 Myr; Czekala et al. 2015). Overall, the influence of multiplic-
ity on the disc lifetime has yet to be determined. Shorter cir-
cumstellar and circumbinary disc lifetimes are implied by the
low disc frequency around binaries of separation a < 40 AU
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molecular core collapse because the initial hydrostatic core that
collapses to form the protostar has a radius of ⇠5 AU (Larson
1969), and this hydrostatic core is not susceptible to fragmenta-
tion during the second protostellar collapse phase (Bate 1998).
Therefore, binaries with a semi-major axis a . 10 AU likely
form via the in-spiral of an initially wider binary, possibly
via viscous evolution through discs (Gorti & Bhatt 1996;
Stahler 2010; Korntre↵ et al. 2012), especially circumbinary
discs (Artymowicz et al. 1991; Pringle 1991), the Kozai-Lidov
mechanism (Kiseleva et al. 1998), or dynamical interactions in
clustered star formation (Bate et al. 2002). The ejection of a
companion may enhance or initiate these processes
(Moe & Kratter 2018). Turbulence and magnetic fields also
play a significant role in the structure and evolution of the disc
(Seifried et al. 2015; Ku↵meier et al. 2017; Gerrard et al. 2019).

During viscous evolution of the gas disc, the angular momen-
tum of the binary can be transferred to the gas, thus shrink-
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a separation at which material in circumstellar discs is redis-
tributed to form one circumbinary disc (Reipurth & Aspin 2004;
Kuruwita & Federrath 2019).

During this dynamical evolution, accretion events may be
triggered. Triggered accretion has been observed in short-
period binaries such as TWA 3A (34.8 day, To✏emire et al.
2017a) and DQ Tau (15.8 day, To✏emire et al. 2017b), where
the accretion rate at periastron is approximately three times
greater than the quiescent rate. There is little observational data
on episodic accretion in long-period binaries, but the “binary
trigger” hypothesis (Bonnell & Bastien 1992) has been pro-
posed as the trigger of FU Orionis (time scale ⇠10�100 yr,
Hartmann & Kenyon 1996) and EXor (⇠1 yr, Herbig et al. 2001)
type outbursts.

Understanding accretion behaviour in binary systems is nec-
essary to comprehend the formation and evolution of discs
around in binaries and hence the formation of planets in binary-
star systems. The presence of a companion can truncate discs
leading to faster erosion via dynamical interactions (of the order
of ⇠0.3 Myr; Williams & Cieza 2011). However, there also exist
circumbinary discs with ages greater than the typical disc life-
time of 3 Myr (Haisch 2001; Mamajek 2009), and this may
be due to lower photo-evaporation rates in binaries (Alexander
2012). Examples of old circumbinary discs include HD 98800
B (8.5 ± 1.5 Myr; Ducourant et al. 2014) and AK Sco (18 ±
1 Myr; Czekala et al. 2015). Overall, the influence of multiplic-
ity on the disc lifetime has yet to be determined. Shorter cir-
cumstellar and circumbinary disc lifetimes are implied by the
low disc frequency around binaries of separation a < 40 AU
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連星で起きるaccretion burstの強さは離⼼率とは関係なく、近星点の距離で決まる。
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6LUPM, Université de Montpellier, CNRS, Place Eugène Bataillon, F-34095 Montpellier, France

Accepted 2020 July 2. Received 2020 June 30; in original form 2020 April 17

ABSTRACT
We report time-resolved, high-resolution optical spectropolarimetric observations of the young double-lined spectroscopic binary
V1878 Ori. Our observations were collected with the ESPaDOnS spectropolarimeter at the Canada–France–Hawaii Telescope
through the BinaMIcS large programme. V1878 Ori A and B are partially convective intermediate mass weak-line T Tauri stars
on an eccentric and asynchronous orbit. We also acquired X-ray observations at periastron and outside periastron. Using the
least-squares deconvolution technique (LSD) to combine information from many spectral lines, we clearly detected circular
polarization signals in both components throughout the orbit. We refined the orbital solution for the system and obtained
disentangled spectra for the primary and secondary components. The disentangled spectra were then employed to determine
atmospheric parameters of the two components using spectrum synthesis. Applying our Zeeman Doppler imaging code to
composite Stokes IV LSD profiles, we reconstructed brightness maps and the global magnetic field topologies of the two
components. We find that V1878 Ori A and B have strikingly different global magnetic field topologies and mean field strengths.
The global magnetic field of the primary is predominantly poloidal and non-axisymmetric (with a mean field strength of 180 G).
While the secondary has a mostly toroidal and axisymmetric global field (mean strength of 310 G). These findings confirm that
stars with very similar parameters can exhibit radically different global magnetic field characteristics. The analysis of the X-ray
data shows no sign of enhanced activity at periastron, suggesting the lack of strong magnetospheric interaction at this epoch.

Key words: techniques: polarimetric – techniques: spectroscopic – binaries: spectroscopic – stars: individual: V1878 Ori – stars:
magnetic field.

1 IN T RO D U C T I O N

Magnetic fields play very important roles throughout the entire stellar
evolution. They directly influence many physical processes, both
within stars and in their immediate surroundings. During the early
stages of stellar formation and on the pre-main-sequence (PMS),
magnetic fields are particularly important, influencing for instance
the collapse of molecular clouds (Hennebelle & Inutsuka 2019),
the accretion mechanism (Hartmann, Herczeg & Calvet 2016), the
formation and collimation of jets and outflows (Pudritz & Ray 2019),
and stellar spin-down (Bouvier 2013). The development of dedicated
instrumentation, such as high-resolution spectropolarimeters, and
tomographic surface mapping techniques has allowed us to measure
and map surface magnetic fields in a plethora of cool and hot stars
(Donati & Landstreet 2009; Reiners 2012). Yet, we do not have a
complete theory that can consistently reproduce the stellar magnetic
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fields characteristics across the Hertzsprung–Russell diagram (Brun
& Browning 2017).

A promising avenue to disentangle the influence of magnetic fields
from other effects is the study of binary stars. For such systems, one
can assume that the stars were formed in the same conditions, with
the same material, and at the same time, which allows us to separate
the effects of magnetism from the initial conditions. This avenue is
being explored by ‘The Binarity and Magnetic Interactions in various
classes of stars’ (BinaMIcS) project (Alecian et al. 2015). BinaMIcs
aims to study the interplay between binarity and magnetism. This
project was allocated two large programmes that ran between
2013 and 2017 with the twin spectropolarimeters ESPaDOnS and
Narval, respectively at the Canada–France–Hawaii-Telescope and
the Télescope Bernard Lyot at the Pic du Midi observatory. Until now,
magnetic fields of pre-main-sequence double-lined binary systems
have been seldom studied through tomographic techniques such as
Zeeman Doppler imaging (ZDI). The magnetic field maps of two
systems, HD 155555 (M1,2 ≈ 1 M") and V4046 Sgr (M ≈ 0.9 M"),
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ABSTRACT

Context. Dust plays a key role during star, disk and planet formation. Yet, its dynamics during the protostellar collapse remains a
poorly investigated field. Recent studies seem to indicate that dust may decouple e�ciently from the gas during these early stages.
Aims. We aim to understand how much and in which regions dust grains concentrate during the early phases of the protostellar
collapse, and see how it depends on the properties of the initial cloud and of the solid particles.
Methods. We use the multiple species dust dynamics solver multigrain of the grid-based code RAMSES to perform various simulations
of dusty collapses. We perform hydrodynamical and magnetohydrodynamical simulations where we vary the maximum size of the
dust distribution, the thermal-to-gravitational energy ratio and the magnetic properties of the cloud. We simulate the simultaneous
evolution of ten neutral dust grains species with grain sizes varying from a few nanometers to a few hundredth of microns.
Results. We obtain a significant decoupling between the gas and the dust for grains of typical sizes a few ⇠ 10 µm. This decoupling
strongly depends on the thermal-to-gravitational energy ratio, the grain sizes or the inclusion of a magnetic field. With a semi-analytic
model calibrated on our results, we show that the dust ratio mostly varies exponentially with the initial Stokes number at a rate that
depends on the local cloud properties.
Conclusions. We find that larger grains tend to settle and drift e�ciently in the first-core and in the newly formed disk. This can
produce dust-to-gas ratios of several times the initial value. Dust concentrates in high density regions (cores, disk and pseudo-disk)
and is depleted in low density regions (envelope and outflows). The size at which grains decouple from the gas depends on the initial
properties of the clouds. Since dust can not necessarily be used as a proxy for gas during the collapse, we emphasize on the necessity
of including the treatment of its dynamics in protostellar collapse simulations.

Key words. ISM: kinematics and dynamics hydrodynamics stars: formation protoplanetary disks methods: numerical

1. Introduction

Small dust grains are essential ingredients of star, disk and planet
formation. They regulate the thermal budget of star forming re-
gions through their opacity and thermal emission (McKee &
Ostriker 2007; Draine 2004). In addition, they are thought to be
the main formation site of H2 at present days (Gould & Salpeter
1963). It is widely accepted that planet formation is induced by
dust growth within protoplanetary disks (see the recent review
by Birnstiel et al. 2016). Finally, the dust grains are significant
charge carriers (Marchand et al. 2016; Wurster et al. 2016; Zhao
et al. 2016) and therefore regulate the evolution of magnetic
fields during the protostellar collapse which can a↵ect, among
others, the disk formation (Masson et al. 2016; Hennebelle et al.
2020) and the fragmentation process (Commerçon et al. 2011).

Until recently, one paradigm was that dust of the interstel-
lar medium (ISM) is usually composed of grains with sizes up
to ⇠ 0.1 µm with a typical size distribution well modelled by
the Mathis-Rumpl-Nordsieck distribution (MRN, Mathis et al.
1977). Recent observations seem to indicate that larger grains
could exist in the denser regions of the ISM. Pagani et al.
(2010) proposed that over-bright envelopes of prestellar cores
(coreshine) could be explained by the presence of micrometer
grains. In addition, it was suggested that recent observations with
ALMA of the polarised light at (sub)millimeter wavelengths
in Class 0 and I objects could be interpreted as the presence
of grains up to ⇡ 100 µm (Kataoka et al. 2015, 2016; Pohl
et al. 2016; Sadavoy et al. 2018a,b, 2019; Valdivia et al. 2019).

Galametz et al. (2019) has also shown that the low values of the
dust emissivity in Class 0 objects could indicate the presence
of these large grains in their envelope. Finally, Tychoniec et al.
(2020) estimated that the mass of solids in Class 0 disks is suf-
ficient to grow planets only if large grains are included in the
opacity models, which might indicate dust growth in the early
phases of protostar formation.

Over the past few years, significant improvements have been
made in numerical models to better understand the early phases
of the protostellar collapse that leads to the first Larson core for-
mation (Larson 1969). The angular momentum budget is a long-
standing problem in star formation. Indeed, the specific angu-
lar momentum of prestellar cores di↵ers to those of young stars
by more than three orders of magnitude (Bodenheimer 1995;
Belloche 2013). In numerous studies, the magnetic braking has
been investigated as one of the possible solutions to address
this issue (Allen et al. 2003; Price & Bate 2007; Hennebelle &
Fromang 2008; Commerçon et al. 2011; Masson et al. 2016).
State-of-the-art simulations account now for the e↵ect of mag-
netic fields both in a ideal (Commerçon et al. 2010) and non-
ideal (Tomida et al. 2015; Vaytet et al. 2018; Wurster et al. 2019)
magnetohydrodynamics (MHD) framework, radiative feedback
(Commerçon et al. 2010; González et al. 2015; Tomida et al.
2015) and other physical mechanisms. Only Bate & Lorén-
Aguilar (2017) have investigated the dynamics of dust during
the 3D protostellar collapse (dustycollapse). They report that
⇠ 100 µm grains can significantly decouple from the gas lead-
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Small dust grains are essential ingredients of star, disk and planet
formation. They regulate the thermal budget of star forming re-
gions through their opacity and thermal emission (McKee &
Ostriker 2007; Draine 2004). In addition, they are thought to be
the main formation site of H2 at present days (Gould & Salpeter
1963). It is widely accepted that planet formation is induced by
dust growth within protoplanetary disks (see the recent review
by Birnstiel et al. 2016). Finally, the dust grains are significant
charge carriers (Marchand et al. 2016; Wurster et al. 2016; Zhao
et al. 2016) and therefore regulate the evolution of magnetic
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to ⇠ 0.1 µm with a typical size distribution well modelled by
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1977). Recent observations seem to indicate that larger grains
could exist in the denser regions of the ISM. Pagani et al.
(2010) proposed that over-bright envelopes of prestellar cores
(coreshine) could be explained by the presence of micrometer
grains. In addition, it was suggested that recent observations with
ALMA of the polarised light at (sub)millimeter wavelengths
in Class 0 and I objects could be interpreted as the presence
of grains up to ⇡ 100 µm (Kataoka et al. 2015, 2016; Pohl
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Galametz et al. (2019) has also shown that the low values of the
dust emissivity in Class 0 objects could indicate the presence
of these large grains in their envelope. Finally, Tychoniec et al.
(2020) estimated that the mass of solids in Class 0 disks is suf-
ficient to grow planets only if large grains are included in the
opacity models, which might indicate dust growth in the early
phases of protostar formation.

Over the past few years, significant improvements have been
made in numerical models to better understand the early phases
of the protostellar collapse that leads to the first Larson core for-
mation (Larson 1969). The angular momentum budget is a long-
standing problem in star formation. Indeed, the specific angu-
lar momentum of prestellar cores di↵ers to those of young stars
by more than three orders of magnitude (Bodenheimer 1995;
Belloche 2013). In numerous studies, the magnetic braking has
been investigated as one of the possible solutions to address
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State-of-the-art simulations account now for the e↵ect of mag-
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ダストサイズ、圧⼒β、磁場などを変えてダストとガスの乖離度合いを調べた。
エンベロープ、分⼦流よりコア、円盤に集中。つまりガス分布と違う。
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ABSTRACT

Using the PMO-13.7 m millimeter telescope at Delingha in China, we have conducted a large-scale simultaneous
survey of 12CO, 13CO, and C18O J = 1 � 0 emission toward the sky region centered at l=209.7�, b=�2.25� with a
coverage of 4.0� ⇥ 4.5�. The majority of the emission in the region comes from the clouds with velocities lying in the
range from �3 km s�1 to 55 km s�1, at kinematic distances from 0.5 kpc to 7.0 kpc. The molecular clouds in the region
are concentrated into three velocity ranges. The molecular clouds associated with the ten H II regions/candidates are
identified and their physical properties are presented. Massive stars are found within Sh2-280, Sh2-282, Sh2-283, and
BFS54, and we suggest them to be the candidate excitation sources of the H II regions. The distributions of excitation
temperature and line width with the projected distance from the center of H II region/candidate suggest that the
majority of the ten H II regions/candidates and their associated molecular gas are three-dimensional structures, rather
than two-dimensional structures.
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COサーベイ。分⼦雲は３個の速度に集中。HII領域に付随する分⼦雲と⼤質量星。
励起温度、線幅はHII領域と分⼦雲の３次元構造を⽰唆。
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Abstract

Wind-driven outflows are observed around a broad range of accreting objects throughout the universe, ranging from
forming low-mass stars to supermassive black holes. We study the interaction between a central isotropic wind and an
infalling, rotating envelope, which determines the steady-state cavity shape formed at their interface under the
assumption of weak mixing. The shape of the resulting wind-blown cavity is elongated and self-similar, with a
physical size determined by the ratio between wind ram pressure and envelope thermal pressure. We compute the
growth of a warm turbulent mixing layer between the shocked wind and the deflected envelope, and calculate the
resultant broad-line profile, under the assumption of a linear (Couette-type) velocity profile across the layer. We then
test our model against the warm broad velocity component observed in CO J=16–15 by Herschel/HIFI in the
protostar Serpens-Main SMM1. Given independent observational constraints on the temperature and density of the
dust envelope around SMM1, we find an excellent match to all its observed properties (line profile, momentum,
temperature) and to the SMM1 outflow cavity width for a physically reasonable set of parameters: a ratio of wind to
infall mass flux of;4%, a wind speed of vw ; 30 km s−1, an interstellar abundance of CO and H2, and a turbulent
entrainment efficiency consistent with laboratory experiments. The inferred ratio of ejection to disk accretion rate,
;6%–20%, is in agreement with current disk wind theories. Thus, the model provides a new framework to reconcile
the modest outflow cavity widths in protostars with large observed flow velocities. Being self-similar, it is applicable
over a broader range of astrophysical contexts as well.

Unified Astronomy Thesaurus concepts: Stellar jets (1607); Stellar winds (1636); Protostars (1302); Accretion (14);
Stellar-interstellar interactions (1576); Astrochemistry (75)

1. Introduction

Massive outflows are observed everywhere in the universe,
ranging from individual forming stars through galactic-scale
events. When supersonic stellar or galactic winds interact with
the surrounding medium, be it the molecular envelope around
forming stars or the intergalactic gas, they are observed to impart
momentum and energy, and entrain a slower-moving massive
outflow. The actual entrainment mechanism and efficiency,
however, remain poorly understood and highly debated, both
because of a lack of strong observational constraints as well as a
relative paucity of theoretical predictions against which to test
observations.

A specific example of entrainment takes place when an
accreting protostar launches a highly collimated jet, possibly
surrounded by a wider-angle disk wind, carving out a large and
slow massive outflow cavity into the parent cloud (Frank et al.
2014). When the Herschel Space Observatory (Pilbratt et al.
2010) started observing protostars in H2O and high-J CO
rotational transitions, it quickly became clear that the dominant
source of the emission was from molecular outflows (e.g., van
Dishoeck et al. 2011; Kristensen et al. 2012, 2017). It also
became clear that these emission lines highlight a different

outflow component from the low-J CO transitions observed from
the ground, such as J=2–1 and 3–2 (e.g., Yildiz et al. 2013).
This Herschel-bright outflow component has both a significantly
higher temperature;200–500 K and a larger line width at half
maximum (FWHM) � 30 kms−1 compared to low-J CO line
profiles, where it only appears as a faint pedestal in very deep
integrations (Margulis & Snell 1989). Accordingly, it was
labeled the “broad” outflow component (Kristensen et al. 2012,
2017; Mottram et al. 2014, 2017).
The physical origin of the “broad” warm outflow component,

and its relation to both the slower cold outflow, seen in low-J
emission, and the faster protostellar jet or wind, is not clear. Two
hypotheses have been put forward: either this broad component
arises within a warm and dusty disk wind (Panoglou et al. 2012;
Yvart et al. 2016) or it arises where ambient material is currently
being entrained into the outflow by the protostellar wind, for
example, through nondissociative shock waves (Kristensen
et al. 2012, 2017; Mottram et al. 2014, 2017). While detailed,
dynamical, and thermochemical predictions exist for the disk wind
models, which reproduce the observed H2O emission (Yvart et al.
2016), only limited model predictions exist in the literature for
the entrainment scenario, and it thus remains a hypothesis. The
underlying physical issue is not a problem reserved for protostellar
outflows, but it remains an uncertainty for outflows in general.
The first type of entrainment scenario proposes that outflows

are entrained by large jet bow shocks. These models predict
substantial warm molecular material at intermediate velocities
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Maŕıa José Maureira,
1,2?
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ABSTRACT
We present ALMA 3 mm molecular line and continuum observations with a resolution
of ⇠3.5” towards five first hydrostatic core (FHSC) candidates (L1451-mm, Per-bolo
58, Per-bolo 45, L1448-IRS2E and Cha-MMS1). Our goal is to characterize their en-
velopes and identify the most promising sources that could be bona fide FHSCs. We
identify two candidates which are consistent with an extremely young evolutionary
state (L1451-mm and Cha-MMS1), with L1451-mm being the most promising FHSC
candidate. Although our envelope observations cannot rule out Cha-MMS1 as a FHSC
yet, the properties of its CO outflow and SED published in recent studies are in bet-
ter agreement with the predictions for a young protostar. For the remaining three
sources, our observations favor a prestellar nature for Per-bolo 45 and rule out the
rest as FHSC candidates. Per-bolo 58 is fully consistent with being a Class 0, while
L1448 IRS2E shows no emission of high-density tracers (NH2D and N2H+) at the loca-
tion of the previously identified compact continuum source, which is also undetected
in our observations. Thus we argue that there is no embedded source at the presump-
tive location of the FHSC candidate L1448 IRS2E. We propose instead, that what
was thought to be emission from the presumed L1448 IRS2E outflow corresponds to
outflow emission from a nearby Class 0 system, deflected by the dense ambient mate-
rial. We compare the properties of the FHSC candidates studied in this work and the
literature, which shows that L1451-mm appears as possibly the youngest source with
a confirmed outflow.

Key words: stars: protostars – stars: kinematics and dynamics – ISM: individual
objects

1 INTRODUCTION

Low-mass stars are born out of the gravitational collapse
of dense (⇠ 105 cm�3) and cold (⇠10 K) prestellar cores
(Andre et al. 2000). Among the most centrally condensed
prestellar cores there are some that might represent a
stage shortly before the formation of a protostar, when
the collapsing structure is predicted to harbor a compact
central object known as a first hydrostatic core (FHSC)
(Larson 1969). Although not yet observationally confirmed,

? E-mail: maureira@mpe.mpg.de (MJM)

the FHSC stage, lasting up to only 104 years, is routinely
seen in numerical simulations of core collapse (Masunaga
et al. 1998; Saigo & Tomisaka 2006; Matsumoto & Hanawa
2011; Commerçon et al. 2012; Tomida et al. 2013; Bate
et al. 2014). The FHSC is identified as an embedded object
in quasi-hydrostatic equilibrium between thermal pressure
and gravity, with an initial temperature of a few 100 K
and a radius of 5 to 20 au (Bate et al. 2014). Due to
continuous accretion from the collapsing core, the central
temperature and density of the FHSC increases during its
lifetime. When the central region reaches a temperature
of ⇠ 2000 K, collisional dissociation of the molecular
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５個のファーストコア候補の
ALMA 3 mm。
エンベロープからL1451-mmが最
有⼒。Cha-MMS1とPer-bolo 58
は原始星。Per-bolo 45とL1448 
IRS2Eはprestellar。


