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Abstract

Stellar feedback from high-mass stars (e.g., H II regions) can strongly influence the surrounding interstellar
medium and regulate star formation. Our new ALMA observations reveal sequential high-mass star formation
taking place within one subvirial filamentary clump (the G9.62 clump) in the G9.62+0.19 complex. The 12 dense
cores (MM1–MM12) detected by ALMA are at very different evolutionary stages, from the starless core phase to
the UC H II region phase. Three dense cores (MM6, MM7/G, MM8/F) are associated with outflows. The mass–
velocity diagrams of the outflows associated with MM7/G and MM8/F can be well-fit by broken power laws. The
mass–velocity diagram of the SiO outflow associated with MM8/F breaks much earlier than other outflow tracers
(e.g., CO, SO, CS, HCN), suggesting that SiO traces newly shocked gas, while the other molecular lines (e.g., CO,
SO, CS, HCN) mainly trace the ambient gas continuously entrained by outflow jets. Five cores (MM1, MM3,
MM5, MM9, MM10) are massive starless core candidates whose masses are estimated to be larger than 25M☉,
assuming a dust temperature of �20 K. The shocks from the expanding H II regions (“B” and “C”) to the west may
have a great impact on the G9.62 clump by compressing it into a filament and inducing core collapse successively,
leading to sequential star formation. Our findings suggest that stellar feedback from H II regions may enhance the
star formation efficiency and suppress low-mass star formation in adjacent pre-existing massive clumps.
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1. Introduction

As the principal sources of heavy elements and UV radiation
(Zinnecker & Yorke 2007), high-mass stars play a major role in
the evolution of galaxies. However, the formation and
evolution of high-mass stars are still unclear. The two most
promising models accounting for high-mass star formation are
the Turbulent Core Accretion (Yorke & Sonnhalter 2002;
McKee & Tan 2003; Krumholz et al. 2005, 2006) and
Competitive Accretion (Bontemps et al. 1996; Bonnell et al.
2002; Bonnell & Bate 2006; Bonnell 2008) models. The
difference between the two models lies primarily in how and
when the mass is gathered to form the massive star. The former
suggests that high-mass stars form directly from isolated
massive gas cores, as do isolated low-mass stars, but with a
much larger accretion rate. The latter claims that the initial
fragmentation of a clump results in dense cores that have
masses typical of the thermal Jeans mass, while high-mass stars
form in the central cores by competing for interclump gas with
the other off-center cores. In the Turbulent Core Accretion
model, the individual cores are the gas reservoir and will
gravitationally collapse, but the bulk of the gas will not.

Therefore, the Turbulent Core Accretion model predicts the
existence of massive starless cores that will form high-mass
stars through monolithic collapse. In contrast, the Competitive
Accretion model predicts that the cloud gas is free to be
accreted due to a common potential. Thus, global collapse at
the clump/cloud scale may happen in the Competitive
Accretion model but not in the Turbulent Core Accretion
model. The discovery of global collapse in highly fragmented
massive clumps with the most massive cores residing at their
center may support the Competitive Accretion model (e.g., Liu
et al. 2013a, 2013b; Peretto et al. 2013; Zhang et al. 2009,
2015; Zhang & Wang 2011). In contrast, the detection of
Keplerian-like disks around forming OB stars strongly
indicates that high-mass stars may form in a similar way to
their low-mass counterparts (e.g., Zhang et al. 1998; Keto &
Zhang 2010; Johnston et al. 2015; Chen et al. 2016).
Although very promising, neither the Turbulent Core

Accretion model nor the Competitive Accretion model takes
account of stellar feedback from massive stars, which can
strongly influence the surrounding interstellar medium and
regulate star formation through photoionizing radiation,
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1. G9.62クランプ： HII領域(B・C)のPDRに囲まれている

2. ALMA 1.3mm：　高密度コア12個同定
・4 - 87 Msun 
・星なしコア - UCHII領域

連続的な星形成を示唆

3. うち３つでOutflowを検出 in SiO (5-4) or CO (2-1)：　MM6, MM7/G, MM8/F

energetic winds, or supernova explosions. The expansion of the
shock front (SF) that emerges around massive stars can
compress the interstellar medium, triggering star formation in
very dense layers (Elmegreen & Lada 1977; Whitworth
et al. 1994a, 1994b). This so-called “collect and collapse”
process can self-propagate and lead to sequential star formation
(Elmegreen & Lada 1977; Whitworth et al. 1994a, 1994b). The
“collect and collapse” process has been revealed in the borders
of several H II regions, evidenced by fragmented shells or
sequential star formation (Deharveng et al. 2003, 2005;
Zavagno et al. 2006, 2007; Deharveng et al. 2008; Pomarès
et al. 2009; Petriella et al. 2010; Brand et al. 2011; Liu et al.
2012, 2015a, 2016a). Thompson et al. (2012) estimated that the
fraction of massive stars in the Milky Way formed by
triggering processes could be between 14% and 30% by
studying a large sample of infrared bubbles. However, recent
numerical simulations indicate that the ages and geometrical
distribution of stars relative to the feedback source or feedback-
driven structure (e.g., shells, pillar structures) might be not
substantially helpful in distinguishing triggered star formation
from spontaneous star formation (Dale et al. 2015). In addition,
in most previous studies, the fragmented shells surrounding the
H II regions are not dense enough to form a new generation of
high-mass stars. Can high-mass star formation be triggered? To
answer this question, detailed studies of massive clumps (the
birth places of high-mass stars) near feedback sources (H II
regions or supernova remnants) are urgently needed.

The G9.62+0.19 Complex

Located at a distance of 5.2 kpc (Sanna et al. 2009), the
G9.62+0.19 complex contains a cluster of radio continuum
sources (denoted from A–I), which are at different evolutionary
stages (e.g., extended H II region “A,” cometary-shaped H II
region “B,” compact H II region “C,” ultracompact H II regions
“D and E,” and hot molecular core “F”; Garay et al. 1993; Testi
et al. 2000; Liu et al. 2011). Sequential high-mass star
formation is taking place in the G9.62+0.19 complex (Hofner
et al. 1994, 1996, 2001; Testi et al. 2000; Liu et al. 2011). The
youngest sources are located in a clump to the east of the
evolved H II regions (Liu et al. 2011). Therefore, the G9.62
+0.19 complex is an ideal target to study the effect of stellar
feedback on new generations of high-mass star formation.

Figure 1 shows the Spitzer/IRAC three-color (8μm in red,
4.5μm in green, and 3.6μm in blue) composite image of the
G9.62+0.19 complex. The red contours represent the Spitzer/
IRAC 8μm polycyclic aromatic hydrocarbon (PAH) emission,
which traces the photodissociation regions (PDRs) of the evolved
H II regions (radio sources “A,” “B,” and “C;” Garay et al. 1993).
The white contours show the 450 μm continuum emission from
JCMT/SCUBA, which traces the dust emission from the new
high-mass star-forming region (e.g., Hofner et al. 1994,
1996, 2001; Testi et al. 2000; Liu et al. 2011). Hereafter, we
call the region traced by the 450μm continuum emission the
G9.62 clump. New generations of high-mass young stellar objects
(YSOs) are forming in the G9.62 clump. The G9.62 clump has a
mean number density of 9.1 0.7 104_ o q( ) cm−3, a mass of
∼2800±200M☉, and a luminosity of L1.7 0.1 106_ o q( ) ☉
(see Appendix A). The G9.62 clump is located to the east of the
evolved H II regions and is surrounded by their PDRs. In addition,
the G9.62 clump is associated with extended 4.5 μm emission,
which may indicate the existence of shocked H2 emission. The
G9.62 clump may be compressed by the shocks induced by the

evolved H II region. It is very clear that large-scale (parsec-scale)
sequential high-mass star formation is taking place from west to
east in the G9.62+0.19 complex (e.g., Liu et al. 2011).
In this work, we study the interaction between the evolved

H II regions (“A,” “B,” and “C”) and the G9.62 clump.
Particularly, we thoroughly investigate the fragmentation and
outflows in the G9.62 clump from high-resolution and high-
sensitivity ALMA observations.

2. Observations

2.1. ALMA Observations

The observations (Project ID: 2013.1.00957.S) of the G9.62
+0.19 complex were conducted with ALMA on 2015 April 27
in its compact configuration with a total of 39 antennas in the 12
m array, on 2015 May 24 in its extended configuration with a
total of 34 antennas in the 12 m array, and on 2015 May 4 with
10 antennas in the 7 m array. Quasar J1733–1304 was observed
for phase and bandpass calibrations in the observations with the
extended configuration of the 12 m array and also in the
observations with the 7 m array. In the observations with the
compact configuration of the 12 m array, Quasars J1517–2422
and J1733–1304 were used for bandpass calibration and phase
calibration, respectively. Neptune, Titan, and Quasar J1733–130
were used for flux calibration in the observations with the
extended configuration of the 12 m array, and with the compact
configuration of the 12 m array and the 7 m array, respectively.
We used two pointings to cover the whole region of the target
(see Figure 14 in Appendix B). One phase reference center was
R.A. J2000 18 06 14. 67h m s�( ) and decl.(J2000)=−20°31′
31 91, and the other was R.A. J2000 18 06 14. 90h m s�( ) and
decl.(J2000)=−20°31′40 21. The observations employed the
Band 6 (230 GHz) receivers in dual-polarization mode. We used

Figure 1. Spitzer/IRAC three-color composite image (8 μm in red, 4.5 μm in
green, and 3.6 μm in blue) of the G9.62+0.19 complex. The Spitzer/IRAC
8 μm emission is also shown by the red contours. The contour levels are (0.1,
0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9)×2550 MJy/sr. The JCMT/SCUBA
450 μm emission from the G9.62 clump is shown by the white contours. The
contour levels are (0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9)×96 Jy/beam. A, B, and C
are the three evolved H II regions.
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R ab� and presented in the ninth column of Table 1. The
radii of the dense cores range from 3000 au to 10,000 au.

The masses of the dense cores can be derived with
Equations (8) and (9) in Appendix A. The uncertainties of
the masses caused by the flux density measurements are
negligible as determined from the residual map. The other
uncertainties are the dust temperature Td and β, which are not
well-known due to the lack of high angular resolution data
from other wavelength bands. However, the masses only
change ∼6% as β changes from 1 to 2, indicating that the
uncertainties of the masses caused by β are also negligible. The
main uncertainties of the masses come from the determination
of Td.

We first calculate core masses with a Td of 35 K and β of 1.5,
which are determined from the SED fit for the whole clump
(see Appendix A.2). The derived core masses are presented in
the 10th column of Table 1. The core masses range from 4 to
87M☉ with a median value of ∼20M☉. The volume densities
of the dense cores range from 0.6 106q to 2.5 107q cm−3

with a median value of 4.4 106q cm−3. Eleven dense cores are
more massive than 10M☉. There is a lack of a widespread low-
mass (M�1–2M☉) core population in the G9.62 clump.
Considering its high-mass sensitivity (5σ is ∼0.02M☉
assuming Td=35 K and β=1.5) and high spatial resolution
(∼0.025 pc), ALMA should find it very easy to detect low-
mass cores (with typical masses of 1M☉ and radii of 0.1 pc) if
they exist.

However, since MM4, MM7, MM8, and MM11 are either
hot cores or hyper/ultracompact H II regions with centimeter
continuum emission (Testi et al. 2000; Liu et al. 2011) and
since they also show hot CH3OH emission (see next section),
their Td should be much higher than the mean value (35 K).
Thus, we also calculate their core masses with a Td of ∼100 K,
which is consistent with the rotational temperature measured
from the molecular lines of CH3CN and H2CS (Hofner et al.
1996; Liu et al. 2011). The core masses derived with a Td of
∼100 K are shown in parentheses in the 10th column of
Table 1. The core masses derived with a Td of ∼100 K become
about one-third of the core masses derived with a Td of ∼35 K.
For the other dense cores without radio emission and appear to
be at earlier phases (i.e., a starless core), we also use a lower
dust temperature of 20 K to estimate their core masses, which

are shown inside parentheses in the 10th column of Table 1.
The core masses derived with a Td of ∼20 K become about two
times larger than the core masses derived with a Td of ∼35 K.

3.2. Line Emission

3.2.1. JCMT C18O (3–2) Line and Virial Analysis of the G9.62 Clump

Figure 3 shows the integrated intensity map of C18O (3–2)
and its spectrum at emission peak. The C18O (3–2) emission
shows a single gas clump with an effective radius of ∼0.9 pc.
Interestingly, the western edge of the gas clump seems to be
bent as indicated by the red dashed line, indicating that the gas
clump may be compressed by the H II region to the west. The
blue dashed circle is possibly outlining the unperturbed natal
clump. The spectrum can be well-fitted with two Gaussian
components. The blueshifted component with a line width of
∼3.2±0.1 kms−1 peaks at 1.7 kms−1, while the redshifted
one with a line width of 3.5±0.1 kms−1 peaks at 5.3 kms−1.
The two velocity components originate from the two
subclumps, as revealed in the JCMT/SCUBA 450 μm
continuum image. Previous SMA molecular line observations
have indicated that the northern subclump has a systemic
velocity around 2–3 kms−1, while the southern subclump has a
systemic velocity around 5–6 kms−1 (Liu et al. 2011), which
are consistent with the C18O (3–2) results. To examine the
gravitational stability of the G9.62 clump, we calculated its
virial mass. The virial mass considering turbulent support can

be derived as 210M
M

R V
pc km s

2
vir

1� %
�( )( )☉

(MacLaren et al. 1988;

Zhang et al. 2015), where V% is the line width of C18O (3–2).
With a radius of ∼0.25 pc (∼10″; derived from the SCUBA
450 μm map as shown in Table 6 in Appendix A), the virial
masses for the northern and southern subclumps are
∼540±81 M☉and ∼640±96M☉, respectively.
The uncertainties of the virial masses are mainly determined

by the radii. The uncertainties of the radii from 2D Gaussian
fits are ∼15%. The uncertainties of the virial masses caused by
the line width measurements are negligible because the errors
from the Gaussian fits are small and the C18O (3–2) line
emission is usually optically thin. The optical depth of the
C18O (3–2) line may cause an overestimation of the line width
if its emission is optically thick. Assuming an excitation

Figure 2. 1.3 mm continuum from ALMA observations. The red ellipses represent the dense cores identified from the 2D Gaussian fit. The black filled ellipse
represents the beam. The vertical red line represents a spatial scale of 0.1 pc. The position of radio source “C” is marked by an arrow. Left panel: observed image; the
contours are (−3, 3, 5, 7, 10, 15, 20, 25, 30, 35, 40, 50, 60, 70, 80, 90, 100, 110)×0.8 mJy/beam. As depicted by the yellow dashed curve, the northern part of the
G9.62 clump is very likely bent by the compression of the H II region “C.” Middle panel: fitted image; the contours are (3, 5, 7, 10, 15, 20, 25, 30, 35, 40, 50, 60, 70,
80, 90, 100, 110)×0.8 mJy/beam. Right: residual image; the contours are (−3, 3, 5)×0.8 mJy/beam.
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7. 他のMassiveクランプよりも、高い星形成効率・ガスの枯渇時間が短い
G6.92には低質量星がほとんどない
=> HII領域からのfeedbackが星形成効率を上昇・低質量星形成を抑制

(iii) Accretion phase.
The dense cores will accumulate more masses from

the natal clump in their accretion phase. The feedback
(e.g., radiation, outflows) from star formation suppresses
further fragmentation in the clump. The H II region
shocks may induce the collapse of dense cores and lead to
sequential star formation within the G9.62 clump. The
cores (e.g., MM4/E, MM11/D) near the clump edges are
closer to the H II regions (“B” or “C”) and more easily
collapse due to the perturbation of the H II region shocks.
Therefore, they form new stars first. In contrast, the dense
cores (e.g., MM6, MM7/G, MM8/F) near the clump
center are more shielded and less affected by the shocks
and may collapse later to form stars. In particular, core
MM9, which is located to the south of MM8/F and
MM11/D and is farther away from the H II regions, is
more likely to still be at the prestellar core phase. If there
is no shock, the dense cores in the G9.62 clump may be at
evolutionary stages similar to the IRDC clump G28.34
+0.06, where all of the cores drive collimated outflows
(Wang et al. 2012; Zhang et al. 2015). The other cores
(MM2, MM3, MM5, MM10) are located close to the
vicinity of already formed luminous high-mass protostars
(“D” and “E”) and may be induced secondary cores.

4.3. Mass–Velocity Diagrams of Outflows

Outflow velocities decrease as the ambient cloud gas is
swept up. A broken power law, dM v dv v ,r H�( ) is usually
seen in the mass–velocity diagrams of molecular outflows near
young stellar objects (Chandler et al. 1996; Lada & Fich 1996;
Ridge & Moore 2001; Su et al. 2004; Arce et al. 2007; Qiu
et al. 2007, 2009), which may serve as a diagnostic of the
interaction of the outflow with the ambient gas. The slopes
usually change at velocities between 6 and 12 kms−1 and
become steeper at higher velocities (Arce et al. 2007). The
breaks in the mass–velocity diagrams simply reflect a decrease

in mass entrainment efficiency with increasing outflow
velocities (Qiu et al. 2009). In recent MHD simulations, the
breaks in the mass–velocity diagrams of protostellar outflows
usually occur between 4 and ∼20 kms−1 (Li et al. 2017). In
the simulation, protostars with a low break velocity have either
a weak outflow, generally due to their youth, or an outflow with
a large inclination angle with respect to the line of sight (Li
et al. 2017).
We calculate the outflow masses in each velocity channel

and present the mass–velocity diagrams of the molecular
outflows associated with MM6, MM7/G, and MM8/F in
Figure 11. The slopes of the mass–velocity diagrams are
summarized in Table 5. Our findings are as follows.

(i) The mass–velocity diagrams of the outflows associated
with MM6 significantly deviate from broken power laws.
Instead, the mass–velocity diagrams of its SiO (5–4)
outflows can be fitted with a single linear function. The
mass–velocity diagrams of its CO (2–1) outflows can be
fitted with a broken linear function. Such mass–velocity
diagrams may be due to the large inclination angle of the
outflows with respect to the line of sight. The outflows of
MM6 seem to be parallel to the plane of sky, and thus the
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around 31 and 33 kms−1, respectively. The differences
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well-known but are most likely attributable to the

Figure 10. Cartoon showing how the H II regions interact with a self-gravitational clump (the G9.62 clump). Left panel: compression phase. The unperturbed natal
clump having a radius of ∼1.3 pc and a mean number density of 5.2 103q cm−3 would undergo global collapse without external compression. The relative velocity
(Vr) between the ionized gas and molecular gas at the initial stage is ∼0 kms−1. The ionized gas pressure (Pi) is larger than the molecular gas pressure (Pmol). The
shocks induced in the nearby H II regions will compress and externally heat the clump from the west as they expand. Due to the external compression, the natal clump
collapses to a filamentary (or cylindrical) clump. The relative velocity (Vr) between the ionized gas and molecular gas becomes ∼5 kms−1 due to shocks. The ionized
gas pressure (Pi) will decrease and the molecular gas pressure (Pmol) will increase in the compression phase. Middle panel: fragmentation phase. The clump further
fragments into dense cores with typical mass of 6 M☉ due to thermal instability. Right panel: accretion phase. The dense cores collapse to form stars and accrete more
masses from the natal clump. The feedback (e.g., radiation, outflows) from the star formation further suppresses fragmentation in the clump.
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projection effect, which prevents an accurate determina-
tion of possible flow velocities.

(iii) The slope of the mass–velocity diagram may steepen with
age and energy in the flow (Downes & Ray 1999; Richer
et al. 2000; Arce et al. 2007). The slope γ of the high-
velocity (V 12flow � kms−1) SiO outflows associated
with MM7/G is ∼2.2, which is smaller than the γ (∼3.4)
of the high-velocity SiO outflows associated with MM8/
F, indicating that the outflows of MM7/G may be
younger than the outflows of MM8/F (Downes &
Ray 1999).

(iv) The mass–velocity diagrams of the SiO outflows
associated with MM8/F break at much smaller velocities
(12–18 km s−1) than those of the CO outflows
(31–33 km s−1). In addition, the mass–velocity diagrams
of the outflows traced by SO (8 77 7� ), CS (7–6), and
HCN (4–3) do not seem to break at velocities up to
25 kms−1 (Liu et al. 2011). Why do SiO outflows break

Figure 11. Mass–velocity diagrams of outflows associated with MM6 (panel
(a)), MM7/G (panel (b)), and MM8/F (panel (c)). The outflow masses derived
from CO (2–1) or SiO (5–4) are normalized. The mass–velocity diagrams of
the outflows of MM6 were fitted with linear functions, while the outflows of
MM7/G and MM8/F were better fitted with broken power laws. The
parameters of the fits are summarized in Table 5.

Table 5
The Slopes of the Outflow Mass–Velocity Relation

Flow Velocity Intervals a or γ R2

(km s−1)

Blueshifted SiO Outflows of MM6a

(5, 14) 0.11±0.01 0.98

Redshifted SiO Outflows of MM6a

(5, 25) 0.06±0.01 0.99

Blueshifted CO Outflows of MM6a

(12, 15) 0.14±0.01 0.97
(15, 21) 0.07±0.01 0.99

Blueshifted SiO Outflows of MM7/Gb

(6, 12) 0.75±0.08 0.95
(12, 22) 2.19±0.10 0.98

Redshifted SiO Outflows of MM7/Gb

(5, 15) 0.51±0.06 0.87
(15, 21) 2.26±0.19 0.96

Blueshifted SiO Outflows of MM8/Fb

(5, 12) 0.44±0.05 0.91
(12, 22) 3.36±0.17 0.97

Redshifted SiO Outflows of MM8/Fb

(6, 18) 0.25±0.02 0.91
(18, 35) 3.38±0.13 0.98

Blueshifted CO Outflows of MM8/Fb

(12,31) 1.53±0.03 0.99
(31, 70) 3.10±0.03 1.00

Redshifted CO Outflows of MM8/Fb

(22, 33) 1.86±0.04 1.00
(33, 70) 4.42±0.08 0.99

Notes.
a Linear fit: M(v) ∝ –a×V.
b Power law fit: M v Vr H�( ) .
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Abstract

We use CARMA 3mm continuum and molecular lines (NH2D, N2H
+, HCO+, HCN, and CS) at ∼1000 au

resolution to characterize the structure and kinematics of the envelope surrounding the deeply embedded first core
candidate Per-bolo 58. The line profile of the observed species shows two distinct peaks separated by
0.4–0.6 kms−1, which most likely arise from two different optically thin velocity components rather than the
product of self-absorption in an optically thick line. The two velocity components, each with a mass of
∼0.5–0.6 :M , overlap spatially at the position of the continuum emission and produce a general gradient along the
outflow direction. We investigate whether these observations are consistent with infall in a turbulent and
magnetized envelope. We compare the morphology and spectra of the N2H

+ (1–0) with synthetic observations of
an MHD simulation that considers the collapse of an isolated core that is initially perturbed with a turbulent field.
The proposed model matches the data in the production of two velocity components, traced by the isolated
hyperfine line of the N2H

+ (1–0) spectra, and shows a general agreement in morphology and velocity field. We
also use large maps of the region to compare the kinematics of the core with that of the surrounding large-scale
filamentary structure and find that accretion from the large-scale filament could also explain the complex
kinematics exhibited by this young dense core.

Key words: ISM: individual objects (Per-bolo 58) – stars: formation – stars: kinematics and dynamics – stars:
low-mass – stars: protostars

1. Introduction

Low-mass protostars form from the gravitational collapse of
dense cores inside molecular clouds (Benson & Myers 1989;
Caselli et al. 2002a; Larson 1969; Shu et al. 1987). According
to theory, the details of this process vary with the initial
conditions in the core such as the presence of magnetic fields,
rotation, and turbulence. For instance, magnetic fields affect the
infall of material toward the center of the core; the accretion of
material occurs preferentially along the direction of the
magnetic field, which produces a more flattened shape of the
dense material at the center of the core (Mouschovias 1976;
Bate et al. 2014; Li et al. 2014). Also, magnetic fields play a
part in the production of outflows before and after protostar
formation (Matsumoto & Hanawa 2011; Tomida et al. 2013;
Bate et al. 2014; Machida 2014; Tomida et al. 2015). Rotation
also contributes to a more flattened geometry of the dense
material (Bate 2010), and later on to the formation of the
circumstellar disk (Machida & Matsumoto 2011). Turbulence
has been shown to break the symmetry of the collapse. In
simulations of turbulent cores, the gas quickly becomes clumpy
and the infalling gas may flow through dense streams or narrow
channels that can be initially aligned with the magnetic field
(Matsumoto & Hanawa 2011; Smith et al. 2011, 2012; Seifried
et al. 2015). The overall morphology of turbulent cores in
simulations is more consistent with prolate, triaxial, or
filamentary shapes (Offner et al. 2008a; Smith et al. 2011). If
the magnetic field is weak with respect to the turbulence, the

direction of field lines at 1000 au scales can be different from
the initial field direction at larger scales (Matsumoto &
Hanawa 2011). Turbulence can also imprint bulk rotation in
the gas, in which case the rotation axis can be misaligned with
the magnetic field direction. In this last scenario, more massive
disks are allowed to form, as well as outflows that are not
aligned with the surrounding magnetic field (Burkert &
Bodenheimer 2000; Ciardi & Hennebelle 2010; Matsumoto
& Hanawa 2011; Joos et al. 2013; Lee et al. 2017).
Molecular lines tracing the envelope of young dense cores

provide information on the gas kinematics and thus are useful
for testing the effects of turbulence, magnetic field, and rotation
in collapsing cores. For instance, a transition from more
turbulent edges to more quiescent dense regions is expected if
cores are formed from turbulent gas (e.g., Offner et al. 2008b).
Consistent with this, single-dish observations show that the
nonthermal line widths of optically thin tracers like NH3 and
N2H

+ become coherent and less turbulent toward the denser
regions where one or more cores are located (Goodman
et al. 1998; Pineda et al. 2010; Hacar & Tafalla 2011; Seo
et al. 2015; Friesen et al. 2017).
The kinematics of dense cores, as traced by thin molecular

tracers, also show velocity gradients from a few tenths of
parsecs to 1000 au scales (Goodman et al. 1993; Caselli
et al. 2002a; Chen et al. 2007; Pineda et al. 2011; Tobin et al.
2011). Depending on the geometry of the envelope and the
direction of the gradient, they are typically interpreted as
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Abstract

We use CARMA 3mm continuum and molecular lines (NH2D, N2H
+, HCO+, HCN, and CS) at ∼1000 au

resolution to characterize the structure and kinematics of the envelope surrounding the deeply embedded first core
candidate Per-bolo 58. The line profile of the observed species shows two distinct peaks separated by
0.4–0.6 kms−1, which most likely arise from two different optically thin velocity components rather than the
product of self-absorption in an optically thick line. The two velocity components, each with a mass of
∼0.5–0.6 :M , overlap spatially at the position of the continuum emission and produce a general gradient along the
outflow direction. We investigate whether these observations are consistent with infall in a turbulent and
magnetized envelope. We compare the morphology and spectra of the N2H

+ (1–0) with synthetic observations of
an MHD simulation that considers the collapse of an isolated core that is initially perturbed with a turbulent field.
The proposed model matches the data in the production of two velocity components, traced by the isolated
hyperfine line of the N2H

+ (1–0) spectra, and shows a general agreement in morphology and velocity field. We
also use large maps of the region to compare the kinematics of the core with that of the surrounding large-scale
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1. Introduction

Low-mass protostars form from the gravitational collapse of
dense cores inside molecular clouds (Benson & Myers 1989;
Caselli et al. 2002a; Larson 1969; Shu et al. 1987). According
to theory, the details of this process vary with the initial
conditions in the core such as the presence of magnetic fields,
rotation, and turbulence. For instance, magnetic fields affect the
infall of material toward the center of the core; the accretion of
material occurs preferentially along the direction of the
magnetic field, which produces a more flattened shape of the
dense material at the center of the core (Mouschovias 1976;
Bate et al. 2014; Li et al. 2014). Also, magnetic fields play a
part in the production of outflows before and after protostar
formation (Matsumoto & Hanawa 2011; Tomida et al. 2013;
Bate et al. 2014; Machida 2014; Tomida et al. 2015). Rotation
also contributes to a more flattened geometry of the dense
material (Bate 2010), and later on to the formation of the
circumstellar disk (Machida & Matsumoto 2011). Turbulence
has been shown to break the symmetry of the collapse. In
simulations of turbulent cores, the gas quickly becomes clumpy
and the infalling gas may flow through dense streams or narrow
channels that can be initially aligned with the magnetic field
(Matsumoto & Hanawa 2011; Smith et al. 2011, 2012; Seifried
et al. 2015). The overall morphology of turbulent cores in
simulations is more consistent with prolate, triaxial, or
filamentary shapes (Offner et al. 2008a; Smith et al. 2011). If
the magnetic field is weak with respect to the turbulence, the

direction of field lines at 1000 au scales can be different from
the initial field direction at larger scales (Matsumoto &
Hanawa 2011). Turbulence can also imprint bulk rotation in
the gas, in which case the rotation axis can be misaligned with
the magnetic field direction. In this last scenario, more massive
disks are allowed to form, as well as outflows that are not
aligned with the surrounding magnetic field (Burkert &
Bodenheimer 2000; Ciardi & Hennebelle 2010; Matsumoto
& Hanawa 2011; Joos et al. 2013; Lee et al. 2017).
Molecular lines tracing the envelope of young dense cores

provide information on the gas kinematics and thus are useful
for testing the effects of turbulence, magnetic field, and rotation
in collapsing cores. For instance, a transition from more
turbulent edges to more quiescent dense regions is expected if
cores are formed from turbulent gas (e.g., Offner et al. 2008b).
Consistent with this, single-dish observations show that the
nonthermal line widths of optically thin tracers like NH3 and
N2H

+ become coherent and less turbulent toward the denser
regions where one or more cores are located (Goodman
et al. 1998; Pineda et al. 2010; Hacar & Tafalla 2011; Seo
et al. 2015; Friesen et al. 2017).
The kinematics of dense cores, as traced by thin molecular

tracers, also show velocity gradients from a few tenths of
parsecs to 1000 au scales (Goodman et al. 1993; Caselli
et al. 2002a; Chen et al. 2007; Pineda et al. 2011; Tobin et al.
2011). Depending on the geometry of the envelope and the
direction of the gradient, they are typically interpreted as
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観測：CARMAを使用。3 mm 連続光、NH2D(11,1-10,1)、
N2H+(1-0)、HCN(1-0)、HCO+(1-0) の分子輝線マップ@ 
分解能 ~1000 au

1. ラインプロファイル：　 
　　２つのピークを持ち、0.4-0.6 km s-1離れている

目的：　深く埋もれたfirst core候補Per-bolo 58周辺の
envelopeの構造や力学を調べる

produced by rotation and/or infall. Rotation can produce
velocity gradients along the major axis of a flattened envelope,
perpendicular to the outflow axis. Some examples of young
sources that show this type of velocity distribution can be
found in Belloche et al. (2002), Tobin et al. (2011), Tanner &
Arce (2011), Yen et al. (2013), Oya et al. (2016), and Maureira
et al. (2017). On the other hand, velocity gradients along the
minor axis of flattened envelopes, viewed close to edge-on, can
arise from infall motions (Torrelles et al. 1995; Ohashi
et al. 1999; Caselli et al. 2002b; Yen et al. 2010). In addition,
if the envelope is filamentary, as are those produced by
simulation that include turbulence, a velocity gradient along the
major axis can be also produced by infall rather than rotational
motions (Tobin et al. 2012).

Infall and rotation can also be detected using optically thick
molecular lines such as HCN (1–0), HCO+ (1–0), and CS
(2–1). In this case, the shape of the emission line will depend
on changes in the kinetic temperature and density (excitation
temperature), as well as velocity along the line of sight. A two-
peak profile with a more intense blueshifted peak (also known
as blue asymmetric profile) is expected to arise from infall
motions in isolated spherically symmetric envelopes in which
the density increases toward the center (Evans 1999; Tomisaka
& Tomida 2011). On the other hand, simulations of cores
formed in a turbulent environment show a more complex
picture due to the asymmetries in density and the disordered
velocity field, leading to highly variable profiles for the same
core as seen along different lines of sight. Smith et al. (2012)
simulated optically thick and thin tracers toward the center of
dense cores embedded in filaments, which were in turn formed
out of a turbulent molecular cloud. They showed that even
though the gas motions were dominated by infall, optically
thick tracers can show both blue and red asymmetries in
their double-peak profile, depending on the inclination and
azimuthal angle used for observing the core. Red-asymmetric
profiles appeared in these turbulent collapsing cores, due to
either the contribution of a filamentary envelope or accretion
occurring from only one side.

In this work we present Combined Array for Research in
Millimeter-wave Astronomy (CARMA) molecular line obser-
vations at 1000 au scales of the young dense core Per-bolo 58,
located north of the NGC 1333 cluster region in Perseus, at a
distance of 230 pc (Hirota et al. 2008). Figure 1 shows the
location of Per-bolo 58 in a 250 μm Herschel map, which
shows that the dense core is embedded in a large-scale
filamentary structure. We study Per-bolo 58’s kinematics using
optically thin and thick tracers ( �( )NH D 1 12 1,1 0,1 , N2H

+

(1–0), HCN (1–0), HCO+ (1–0), and CS (2–1)).
Per-bolo 58 is an ideal source for studying the conditions in

which the gas is transported toward the core center in young
sources; the spectral energy distribution (SED) of this source
suggests that the compact source at the center is not a protostar
yet, corresponding instead to a theoretical object called a first
hydrostatic core (see below). A first hydrostatic core (FHSC, or
simply first core) is a transient object ( –10 103 4 yr) that reaches
quasi-hydrostatic equilibrium at the center of a dense core
before the formation of a protostar (Larson 1969). Unlike
protostars, first cores are objects made of molecular hydrogen,
with a size of 1–20 au and a central temperature of a few times
102 to 2000 K. At 2000 K the molecular hydrogen dissociates
and a collapse at the inner 0.1 au leads to the formation of a
protostar (Larson 1969; Masunaga et al. 1998; Saigo &

Tomisaka 2006; Matsumoto & Hanawa 2011; Joos et al. 2012;
Tomida et al. 2013; Bate et al. 2014; Tomida et al. 2015).
Per-bolo 58 was identified as a first core candidate by Enoch

et al. (2010) based on its SED, which shows that the central
source has a very low luminosity ( _L 0.012int :L ), lower
than the typical Class 0 object and even very low luminosity
objects (VeLLOs). Using this same criterion, past studies have
reported about nine other first core candidates (e.g., Belloche
et al. 2006; Chen et al. 2010; Enoch et al. 2010; Dunham
et al. 2011; Pineda et al. 2011; Chen et al. 2012; Pezzuto et al.
2012; Schnee et al. 2012; Huang & Hirano 2013; Murillo &
Lai 2013).
The central source in Per-bolo 58 is driving a bipolar

outflow, which was detected using SMA CO (2–1) observa-
tions with a resolution of 2 7 (Dunham et al. 2011). The
outflow is slow, with a characteristic velocity of 2.9 kms−1,
and shows a compact morphology with an opening semi-angle
of about 8° for both lobes. This is only partially consistent with
several simulations of outflows launched by first cores, which
are typically low in velocity (110 kms−1) but also poorly
collimated (Matsumoto & Hanawa 2011; Tomida et al. 2013,
2015; Bate et al. 2014; Machida 2014). In addition, the
dynamical time inferred from these outflow observations is
104 yr, which is close to the upper limit of the lifetime of first
cores, derived in simulations (Tomida et al. 2010). Although
the outflow morphology and its estimated lifetime could lead to
the straightforward conclusion that Per-bolo 58 is a protostar
(and not a first core), studies of the outflow launching
mechanism in first cores and very young protostars have
shown that outflow collimation depends on the interplay
between rotation and the strength of the magnetic field
(assuming that it is initially parallel to the rotation axis), which
in some cases could lead to well-collimated jet-like outflows,
even in first cores (Tomisaka 2002; Seifried et al. 2012). Also,
as pointed out by Dunham et al. (2011), observations providing
shorter baselines and/or deeper single-dish data could reveal a
wider component in Per-bolo 58ʼs outflow. Observations of this
source have thus far shown that it is very young, but have not

Figure 1. Herschel 250 μm map of the NGC 1333 region in Perseus. The white
arrow indicates the position of the dense core Per-bolo 58.
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ratios, using the more intense peak among the two velocity
components in each hyperfine, results in estimates of the total
line opacity of about 5, 4, and 9 for �( )NH D 1 12 1,1 0,1 , N2H

+

(1–0), and HCN (1–0), respectively. We can do a similar
analysis by fitting a single Gaussian to the double-peak profile.
The total line opacity estimate obtained this way is about 4, 5,
and 6 for �( )NH D 1 12 1,1 0,1 , N2H

+ (1–0), and HCN (1–0),
respectively. For N2H

+ (1–0) and HCN (1–0), the opacity of
the isolated and weakest hyperfine components, respectively, is
about 0.1 of the total line opacity (Ahrens et al. 2002; Pagani
et al. 2009). Hence, these hyperfine components in these two
species (which are shown in Figure 3) are very likely optically
thin or at most (for HCN (1–0)) moderately optically thick. We
note that although it is possible that the profiles of some of the
common optically thick tracers such as HCO+ (1–0) and CS
(2–1) are being affected by opacity, for the reasons stated
above it is difficult to explain all double-peak profiles observed
in this source as being due to high opacity or self-absorption.

Figure 5 shows integrated intensity maps for the blue and red
velocity components shown in the spectra in Figure 3. The limit
in velocity between the blue and red integrated intensities was
selected to match the position of the trough between the two
peaks at the continuum position. The lower and upper limits in
velocity were selected by eye so that the integrated intensity
can trace all the positions that show emission. Using these
constraints, we define the blue emission as that arising from the
velocity range between 7.1 and 7.5 kms−1 and the red
emission as that arising from the velocity range 7.6 and
8.1 kms−1. For guidance, a blue and red shaded area indicates
these ranges in Figure 3.

Overall the blue component dominates the emission toward
the east and the red component dominates toward the west. In
the cases in which the total integrated intensity (over all
velocities, shown in Figure 2) shows two peaks (HCN (1–0),
HCO+ (1–0)), one corresponds to the peak in the emission of
the blue component and the other to the peak emission of the
red component. For �( )NH D 1 12 1,1 0,1 , N2H

+ (1–0), and HCN
(1–0) the blue emission peaks at and traces more closely the
continuum emission. On the other hand, the HCO+ (1–0) and
CS (2–1) emissions are composed of two structures, which
have less prominent peaks at positions offset from the
continuum location. Contours tracing high intensity from the
red component are seen toward the north of the continuum peak
in all the molecules. The relative intensity of the two
components changes throughout the map, as seen in
Figure 3. For HCO+ (1–0) and CS (2–1) the emission from
the red component dominates at almost every position.

4. Analysis

The double-peaked lines of Per-bolo 58 cannot be well
reproduced by a single Gaussian fit. Thus, to quantify central
velocities and line widths, we fit these spectra with two Gaussians
wherever the line presented a double-peak structure. To
disentangle the emission coming from the blue and red
components, we use the integrated intensities defined in
Section 3 (see also Figure 5). We fit a Gaussian to the blue
(red) component if the integrated blue (red) intensity is over three
times the rms at that particular position. Thus, a single Gaussian
is fit at positions were only one integrated emission, blue or red,
is over three times the rms, and two Gaussians are fit at positions
where both the blue and red integrated emissions are over three
times the rms. The free parameters in the case of molecular
transitions with hyperfine structure are the central velocity vc of
the main hyperfine line, the line width of the lines σ, the total
opacity Utot, and the excitation temperature Tex. The line width σ
is assumed to be identical for all the hyperfine lines, and Utot is the
sum of all the individual hyperfine line opacities. In the case of
molecular spectra with no hyperfine structure, we fit the line with
a single Gaussian with only vc, σ, and the peak intensity as free
parameters. For more details on the fitting functions and
hyperfine frequencies used see Maureira et al. (2017).

4.1. Kinematics

Figure 6 shows the central velocity in the first and second
columns for the blue and red components, and the third and
fourth columns show the ratio T TNT T between nonthermal and
thermal line width for the two different components. The thermal
contribution was calculated as T � qk T mBT with a kinetic
temperature �T 10 K (taken from Rosolowsky et al. 2008), and
m is the mass of the observed molecule. The nonthermal
contribution is given by T T T� �NT

2 2
T
2 , where σ corresponds

to the total line width obtained from the fit to the spectrum. The
plot only shows pixels in which the value of the parameter
obtained from the fit is at least three times its error. Maps for

�( )NH D 1 12 1,1 0,1 are not shown since the blue and red peaks in
this molecule were blended, making the velocity and line width
of these molecule velocity components highly uncertain.

4.1.1. Central Velocities

Figure 6 shows that the velocity fields of the velocity
components are complex. We identify one observable trend
across our molecular line sample. The blue component shows
higher blueshifted velocities at positions close to the continuum
location. High redshifted velocities can also be seen close to the
continuum location for the red component, although the highest

Figure 2. Integrated intensity maps of different species toward Per-bolo 58. The integration velocity range is [7, 8.1] kms−1. This velocity range was chosen to
include the main spectral components among the hyperfine line components. Black contours start at T3 and increase in steps of T3 for CS (2–1) and T7 for the rest.
White contours show the 3 mm continuum at 2σ and 3σ (see Table 1). The blue and red arrows show the direction and extent of the blue and red lobe outflow emission
in Dunham et al. (2011).
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redshifted velocities are seen toward the northeast tail. This
trend toward the center is more clearly seen in the N2H

+ (1–0)
velocity maps, as well as in the p–v diagram of this molecule
and the �( )NH D 1 12 1,1 0,1 in Figure 4.

We note that if we fit linear velocity gradients to maps
produced by a single Gaussian profile to each spectrum (i.e.,
including those with a double-peak profile) we find gradients
along the minor axis of the elongated core structure shown in
Figure 2 for the �( )NH D 1 12 1,1 0,1 , N2H

+ (1–0), and HCN
(1–0). On the other hand, since the HCO+ (1–0) and CS (2–1)
spectra are dominated by the red velocity component, they
show gradients along the major axis of the elongated structure,
similar to Figure 6.

4.1.2. Line Widths

The line widths in Figure 6 also show a complex field for
both components, where most of the molecular lines show
several peaks. All molecular lines have nonthermal line widths

that are less than the H2 molecule thermal sound speed at
T=10 K, except in some regions in the HCO+ (1–0) and CS
(2–1) lines, where the nonthermal contribution is close to the
sound speed (east of the continuum peak and northeast tail).
Interestingly, extended regions with narrower line widths are
located preferentially on the non-overlapping regions(or out-
skirts) of both components for N2H

+ (1–0) and HCN (1–0).
The nonthermal line widths among the red and blue
components are similar for N2H

+ (1–0), while they are larger
for the red component in the HCN (1–0). Similarly, larger
nonthermal line widths are found in the red component than in
the blue component for HCO+ (1–0) and CS (2–1).
We note that if both velocity components were fit by a single

Gaussian, a broad line width region would be seen at the
intersection of both velocity components for �( )NH D 1 12 1,1 0,1
(Figure 4) and N2H

+ (1–0), and then a trend of decreasing line
width with distance from the continuum position. The opposite
would be observed for HCO+ (1–0) and CS (2–1): the largest

Figure 3. Molecular line spectra at different offsets (in arcseconds) from the continuum peak position. The spectra are averaged over a beam. For the
�( )NH D 1 12 1,1 0,1 only the central three hyperfine lines are shown; for the N2H

+ (1–0) and HCN (1–0) the line that is shown corresponds to the isolated and weakest
hyperfine line, respectively, and therefore these hyperfine are shifted in velocity in this figure. The blue and red regions correspond to the velocity ranges used for the
blue and red integrated intensity maps shown in Figure 5.

5

The Astrophysical Journal, 849:89 (14pp), 2017 November 10 Maureira et al.



3. N2H+の形状・スペクトルをMHDシミュレーションの結果と比較
collapse開始から0.13と0.15 Mry＠edge on 
プロファイルは2つの速度成分を持つ

観測結果と一致

2つの速度成分：　 
　非対称ガス分布のエンベロープで生じている
↑この非対称性は乱流起因 in シミュレーション

turbulent&magnetized collapse：　コアの観測的特徴の解釈として妥当

4. large scale (>0.1pc)フィラメント降着による、1000auスケールでのガスの非対称性
についても議論

N2H+のemission：　C18Oのフィラメント構造の中にあり、 
　　　　　　　　　　コアスケールでの２つの速度成分と一致する。

2つの速度成分はフィラメントスケールからの 
降着の結果の可能性もある

N2H
+ (1–0) cube. The two velocity components remained

detectable in the synthetic cubes.

5.1.4. Comparison with Observations

Figure 8 shows N2H
+ (1–0) spectra at different positions and

at two different time steps in the simulation viewed edge-on,
along with the spectra from the CARMA observations of Per-
bolo 58. The two different time steps show two velocity
components (although sometimes they are blended owing to
the limited resolution) in some locations. In other locations the
simulation shows spectra with one dominant (blue or red)
spectral component, similar to the observed N2H

+ (1–0)
spectral map of Per-bolo 58.

Figure 9 shows the N2H
+ (1–0) integrated intensity map for

the blue and red velocity components for these same simulation
outputs and for Per-bolo 58. We selected the ranges for
integration following the same procedure described for the
observations (see Section 3). Similar to the observations, the
two velocity components show spatial overlap. The blue and
red integrated intensity peaks are close to each other in both of
the simulation time steps in Figure 9, resembling most of
the emission distribution seen for both components in most of
the observed molecular line maps (see Figure 5). The more
compact contours in the simulation follow the elongated dense
structure that forms during the collapse. This structure is
perpendicular to the direction of the magnetic field. The later
stage shows a more compact integrated emission in both
components in comparison with both our observations and the
earlier simulation output. This is a result of the evolution of the
denser regions in the envelope, which become more flattened
with time. Thus, morphologically Per-bolo 58 N2H

+ (1–0)
emission agrees better with the earlier evolutionary stages in
the simulations (i.e., _t 0.13 Myr) and/or with a system that is
viewed close to, but not exactly, edge-on. Dunham et al. (2011)
concluded, using the outflow morphology, that extreme edge-
on or pole-on inclinations are ruled out, and thus an inclination
different from exactly edge-on is expected. Given the close
spatial overlap between the blue and red components (see
Figure 9), inclinations closer to edge-on rather than pole-on
are in better agreement with Per-bolo 58. Indeed, the same
simulation viewed pole-on shows little spatial overlap between
the components, as expected if the emission arises from a
flattened infalling envelope. Similarly, as mentioned in
Section 5, a velocity gradient where the blueshifted velocities
appear on the side of the blue outflow lobe and the redshifted

velocities appear on the side of the red outflow lobe is also
consistent with a system that is close to edge-on.
Figure 10 shows N2H

+ (1–0) maps of velocity and
nonthermal-to-thermal line width ratio for the view and time
steps previously shown. We also show Per-bolo 58 for
comparison.
The collapse at 0.13 Myr shows a more complex and

disordered velocity field than the collapse at 0.15 Myr. In
comparison, the velocity field in Per-bolo 58 shows less
substructure than the simulated collapse at both stages. The
absolute velocity difference between the blue- and redshifted
velocities increases from the early to the later simulation. This
can also be seen in Figure 11, which compares p–v diagrams of
the simulated collapse at both time steps with Per-bolo 58
observations. The later stage shows a concentration of blue-
shifted and redshifted velocities close to the center, which
results from the turbulent conditions of the gas in the envelope.
This velocity distribution is similar to what is seen in Figure 6
for Per-bolo 58. The value of the nonthermal line width for the
simulation at 0.15 Myr is 1.5–2 times the sound speed at 10 K.
A mix of both narrow and broad line widths are present in

both the simulation and observations. However, line widths are
higher in the simulation at both stages, as compared to
observations. The nonthermal contribution is up to ∼3 and ∼4

Figure 7. Simulation column density maps for the core at three different times, viewed edge-on. The sink particle location, after it forms, is marked in the right panel.
The magnetic field is mainly along the horizontal direction.

Figure 8. N2H
+ (1–0) spectra at different offsets (in arcseconds) from the

continuum peak position (Per-bolo 58; black) and center position (simulations;
green). The simulated spectra correspond to the edge-on view data cube in
Figure 7, where light green and dark green correspond to the time steps 0.13
and 0.15 Myr, respectively.
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also identified a filamentary structure with a coherent velocity of
7.4 kms−1(a.k.a. fiber; Hacar & Tafalla 2011) passing through
the position of Per-bolo 58 and that traces the filamentary

Figure 10. Simulation and Per-bolo 58 central velocity (left) and line width (right) maps for the blue and red peak in the spectra of N2H
+ (1–0). Values in these maps

were obtained from a double-Gaussian fit. Contours for the velocity maps are drawn from 7.1 kms−1, increasing in steps of 0.05 kms−1. Contours for the
nonthermal-to-thermal line width ratio maps are drawn from 1, increasing in steps of 0.5. The blue and red arrows represent the outflow as in Figure 2.

Figure 11. N2H
+ (1–0) position–velocity maps for the simulations at 0.13 and

0.15 Myr. For comparison, Per-bolo 58 position–velocity maps for N2H
+ (1–0)

are also shown. For the simulations, the top and bottom panels are cut
perpendicular and parallel to the B-field direction, respectively. For the
observations the top and bottom rows correspond to a cut in a direction
perpendicular and parallel to the outflow lobe direction, respectively. Black
contours were drawn from 20% to 90% (in steps of 10%) of the maximum
intensity value in each case. Black dashed contours mark regions of negative
3σ values in the observations.

Figure 12. C18O (1–0) and N2H
+ (1–0) integrated intensity contours over the

Herschel250 μm map. The C18O (1–0) integrated intensity is separated into
two velocity bins to better show the distribution of the emission; blue contours
show emission in the range 7.2–7.4 kms−1, while red contours show emission
in the range 7.8–8.0 kms−1. White contours show integrated intensity of the
CARMA N2H

+ (1–0) emission from Figure 2. Blue and red contours start at 5σ
and increase in steps of 5σ. White contours start at 3σ and increase in steps of
5σ. The yellow line shows the cut for the position–velocity map in Figure 13.
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ABSTRACT

Context. Filamentary molecular clouds, such as many of the infrared dark clouds (IRDCs), can undergo hierarchical fragmentation
into substructures (clumps and cores) that can eventually collapse to form stars.
Aims. We aim to determine the occurrence of fragmentation into cores in the clumps of the filamentary IRDC G304.74+01.32
(hereafter, G304.74). We also aim to determine the basic physical characteristics (e.g. mass, density, and young stellar object (YSO)
content) of the clumps and cores in G304.74.
Methods. We mapped the G304.74 filament at 350 µm using the SABOCA bolometer. The new SABOCA data have a factor of 2.2
times higher resolution than our previous LABOCA 870 µm map of the cloud (9′′ versus 19′′.86). We also employed the Herschel
far-infrared (IR) and submillimetre, and Wide-field Infrared Survey Explorer (WISE) IR imaging data available for G304.74. The
WISE data allowed us to trace the IR emission of the YSOs associated with the cloud.
Results. The SABOCA 350 µm data show that G304.74 is composed of a dense filamentary structure with a mean width of only
0.18 ± 0.05 pc. The percentage of LABOCA clumps that are found to be fragmented into SABOCA cores is 36% ± 16%, but
the irregular morphology of some of the cores suggests that this multiplicity fraction could be higher. The WISE data suggest that
65% ± 18% of the SABOCA cores host YSOs. The mean dust temperature of the clumps, derived by comparing the Herschel 250,
350, and 500 µm flux densities, was found to be 15.0 ± 0.8 K. The mean mass, beam-averaged H2 column density, and H2 number
density of the LABOCA clumps are estimated to be 55±10 M⊙, (2.0±0.2)×1022 cm−2, and (3.1±0.2)×104 cm−3. The corresponding
values for the SABOCA cores are 29±3 M⊙, (2.9±0.3)×1022 cm−2, and (7.9±1.2)×104 cm−3. The G304.74 filament is estimated to
be thermally supercritical by a factor of ! 3.5 on the scale probed by LABOCA, and by a factor of ! 1.5 for the SABOCA filament.
Conclusions. Our data strongly suggest that the IRDC G304.74 has undergone hierarchical fragmentation. On the scale where the
clumps have fragmented into cores, the process can be explained in terms of gravitational Jeans instability. Besides the filament
being fragmented, the finding of embedded YSOs in G304.74 indicates its thermally supercritical state, although the potential non-
thermal (turbulent) motions can render the cloud a virial equilibrium system on scale traced by LABOCA. The IRDC G304.74 has a
seahorse-like morphology in the Herschel images, and the filament appears to be attached by elongated, perpendicular striations. This
is potentially evidence that G304.74 is still accreting mass from the surrounding medium, and the accretion process can contribute to
the dynamical evolution of the main filament. One of the clumps in G304.74, IRAS 13039-6108, is already known to be associated
with high-mass star formation, but the remaining clumps and cores in this filament might preferentially form low and intermediate-
mass stars owing to their mass reservoirs and sizes. Besides the presence of perpendicularly oriented, dusty striations and potential
embedded intermediate-mass YSOs, G304.74 is a relatively nearby (d ∼ 2.5 kpc) IRDC, which makes it a useful target for future star
formation studies. Owing to its observed morphology, we propose that G304.74 could be nicknamed the Seahorse Nebula.

Key words. Stars: formation - ISM: clouds - ISM: individual objects: IRDC G304.74+01.32 - Infrared: ISM - Submillimetre: ISM

1. Introduction

Mid-infrared (IR) satellite imaging surveys in the past
showed that the Galactic plane exhibits dark absorption
features against the Galactic mid-IR background radiation
field (Pérault et al. 1996; Egan et al. 1998; Simon et al. 2006a;
Peretto & Fuller 2009). Some of these features also show
dust continuum emission at far-IR and (sub-)millimetre
wavelengths, and hence are real, physical interstellar dust
clouds, which are known as IR dark clouds or IRDCs (e.g.

⋆ This publication is based on data acquired with the Atacama
Pathfinder EXperiment (APEX) under programmes 083.F-9302(A)
and 089.F-9310(A). APEX is a collaboration between the Max-
Planck-Institut für Radioastronomie, the European Southern Observa-
tory, and the Onsala Space Observatory.

Wilcock et al. 2012). Observational studies of IRDCs have
demonstrated that some of the clouds are able to give birth
to high-mass (M⋆ ! 8 M⊙; spectral type B3 or earlier)
stars (e.g. Rathborne et al. 2006; Beuther & Steinacker 2007;
Chambers et al. 2009; Battersby et al. 2010; Zhang et al. 2011).
However, high-mass star formation occurs most likely in the
most massive members of the IRDC population, while the ma-
jority of IRDCs might only give birth to low to intermediate-
mass stars and stellar clusters (Kauffmann & Pillai 2010, here-
after KP10).

In this paper, we present a follow-up study of the IRDC
G304.74+01.32 (hereafter, G304.74) that was first identified in
the Midcourse Space Experiment (MSX) survey of the Galac-
tic plane (Simon et al. 2006a). Beltrán et al. (2006) mapped this
IRDC in the 1.2 mm dust continuum emission using the SEST
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ABSTRACT

Context. Filamentary molecular clouds, such as many of the infrared dark clouds (IRDCs), can undergo hierarchical fragmentation
into substructures (clumps and cores) that can eventually collapse to form stars.
Aims. We aim to determine the occurrence of fragmentation into cores in the clumps of the filamentary IRDC G304.74+01.32
(hereafter, G304.74). We also aim to determine the basic physical characteristics (e.g. mass, density, and young stellar object (YSO)
content) of the clumps and cores in G304.74.
Methods. We mapped the G304.74 filament at 350 µm using the SABOCA bolometer. The new SABOCA data have a factor of 2.2
times higher resolution than our previous LABOCA 870 µm map of the cloud (9′′ versus 19′′.86). We also employed the Herschel
far-infrared (IR) and submillimetre, and Wide-field Infrared Survey Explorer (WISE) IR imaging data available for G304.74. The
WISE data allowed us to trace the IR emission of the YSOs associated with the cloud.
Results. The SABOCA 350 µm data show that G304.74 is composed of a dense filamentary structure with a mean width of only
0.18 ± 0.05 pc. The percentage of LABOCA clumps that are found to be fragmented into SABOCA cores is 36% ± 16%, but
the irregular morphology of some of the cores suggests that this multiplicity fraction could be higher. The WISE data suggest that
65% ± 18% of the SABOCA cores host YSOs. The mean dust temperature of the clumps, derived by comparing the Herschel 250,
350, and 500 µm flux densities, was found to be 15.0 ± 0.8 K. The mean mass, beam-averaged H2 column density, and H2 number
density of the LABOCA clumps are estimated to be 55±10 M⊙, (2.0±0.2)×1022 cm−2, and (3.1±0.2)×104 cm−3. The corresponding
values for the SABOCA cores are 29±3 M⊙, (2.9±0.3)×1022 cm−2, and (7.9±1.2)×104 cm−3. The G304.74 filament is estimated to
be thermally supercritical by a factor of ! 3.5 on the scale probed by LABOCA, and by a factor of ! 1.5 for the SABOCA filament.
Conclusions. Our data strongly suggest that the IRDC G304.74 has undergone hierarchical fragmentation. On the scale where the
clumps have fragmented into cores, the process can be explained in terms of gravitational Jeans instability. Besides the filament
being fragmented, the finding of embedded YSOs in G304.74 indicates its thermally supercritical state, although the potential non-
thermal (turbulent) motions can render the cloud a virial equilibrium system on scale traced by LABOCA. The IRDC G304.74 has a
seahorse-like morphology in the Herschel images, and the filament appears to be attached by elongated, perpendicular striations. This
is potentially evidence that G304.74 is still accreting mass from the surrounding medium, and the accretion process can contribute to
the dynamical evolution of the main filament. One of the clumps in G304.74, IRAS 13039-6108, is already known to be associated
with high-mass star formation, but the remaining clumps and cores in this filament might preferentially form low and intermediate-
mass stars owing to their mass reservoirs and sizes. Besides the presence of perpendicularly oriented, dusty striations and potential
embedded intermediate-mass YSOs, G304.74 is a relatively nearby (d ∼ 2.5 kpc) IRDC, which makes it a useful target for future star
formation studies. Owing to its observed morphology, we propose that G304.74 could be nicknamed the Seahorse Nebula.
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1. Introduction

Mid-infrared (IR) satellite imaging surveys in the past
showed that the Galactic plane exhibits dark absorption
features against the Galactic mid-IR background radiation
field (Pérault et al. 1996; Egan et al. 1998; Simon et al. 2006a;
Peretto & Fuller 2009). Some of these features also show
dust continuum emission at far-IR and (sub-)millimetre
wavelengths, and hence are real, physical interstellar dust
clouds, which are known as IR dark clouds or IRDCs (e.g.

⋆ This publication is based on data acquired with the Atacama
Pathfinder EXperiment (APEX) under programmes 083.F-9302(A)
and 089.F-9310(A). APEX is a collaboration between the Max-
Planck-Institut für Radioastronomie, the European Southern Observa-
tory, and the Onsala Space Observatory.

Wilcock et al. 2012). Observational studies of IRDCs have
demonstrated that some of the clouds are able to give birth
to high-mass (M⋆ ! 8 M⊙; spectral type B3 or earlier)
stars (e.g. Rathborne et al. 2006; Beuther & Steinacker 2007;
Chambers et al. 2009; Battersby et al. 2010; Zhang et al. 2011).
However, high-mass star formation occurs most likely in the
most massive members of the IRDC population, while the ma-
jority of IRDCs might only give birth to low to intermediate-
mass stars and stellar clusters (Kauffmann & Pillai 2010, here-
after KP10).

In this paper, we present a follow-up study of the IRDC
G304.74+01.32 (hereafter, G304.74) that was first identified in
the Midcourse Space Experiment (MSX) survey of the Galac-
tic plane (Simon et al. 2006a). Beltrán et al. (2006) mapped this
IRDC in the 1.2 mm dust continuum emission using the SEST
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Fig. 1. SABOCA 350 µm (left) and LABOCA 870 µm (right) images of G304.74. In both panels, the colour scale is linear. The contours levels
start from 3σ, and progress in steps of 1σ. The dashed contours show the negative features at the −3σ level. The identified clumps are labelled
on the LABOCA map, where the numbers refer to the SMM IDs (e.g. 1 means SMM 1), while the sources I13037, I13039, and I13042 are the
three IRAS sources in the filament. The white circles indicate the LABOCA peak positions of the clumps (see Sect. 3.1). The identified SABOCA
sources are not labelled for legibility purposes (see Sect. 3.2), but they are indicated in the zoom-in images in Fig. 4. A scale bar of 1 pc projected
length, and the effective beam size (9′′ for SABOCA, 19′′.86 for LABOCA) are shown in the bottom left corner.

SPIRE 350 µm map. On the other hand, the spatial filtering by
SABOCA is stronger than in the Herschel data, which makes
SABOCA more sensitive to compact point-like sources, but in-
sensitive to diffuse, large-scale emission seen by Herschel.

The projected morphology of G304.74 in the SPIRE im-
ages resembles that of a seahorse. Hence, following the nick-
name for the IRDC G338.4-0.4, that is the Nessie Nebula
(Jackson et al. 2010), and that for the IRDC G11.11-0.11, the
Snake Nebula (e.g. Wang et al. 2014, and references therein), we
propose that G304.74 could be dubbed the Seahorse Nebula.

2.4. WISE near and mid-infrared data

To reach a better understanding of the star formation activity in
G304.74, we employed the IR data taken by WISE. As men-
tioned in Sect. 1, the WISE IR observations are of particular
interest for G304.74, because the IRDC is not covered by the
Spitzer images owing to the high Galactic latitude of the cloud.

The WISE satellite surveyed the entire sky at 3.4, 4.6, 12, and
22 µm (channels W1–W4). The estimated 5σ point-source sen-
sitivities at these wavelengths are better than 0.068, 0.098, 0.86,
and 5.4 mJy (or 16.83, 15.60, 11.32, and 8.0 in Vega magni-
tudes), where the exact value depends on the ecliptic latitude of
the observed field. The angular resolution (FWHM) of the WISE
images in the aforementioned four bands is 6′′.1, 6′′.4, 6′′.5, and
12′′.0, respectively. The WISE All-Sky Data Release is available
through the NASA/IPAC Infrared Science Archive (IRSA)6. The
WISE images towards G304.74 are shown in Fig. 3.

6 http://wise2.ipac.caltech.edu/docs/release/allsky/ .

3. Analysis and results

3.1. Source extraction from the SABOCA and LABOCA
maps

To extract the sources from our new SABOCA 350 µm map,
we used the BLOBCAT source extraction software, which is writ-
ten in Python (Hales et al. 2012). The code makes use of the
the flood fill algorithm to detect individual islands of pixels
(or blobs) in two-dimensional images, and its performance was
benchmarked against standard Gaussian fitting. While BLOBCAT
is most often used in extragalactic studies (e.g. Hales et al. 2014;
Smolčić et al. 2017), the present work demonstrates its applica-
tion in a Galactic study. As the background rms noise level,
we used a uniform value of 0.2 Jy beam−1. The S/N thresh-
old for blob detection was set to S/Nthres = 4, and the flood-
ing cut-off threshold was set to S/Ncut = 3, that is the flood-
ing was performed down to 3σ (for details, see Sect. 2.2 in
Hales et al. 2012).

Similarly, and to be consistent with the SABOCA source ex-
traction, the sources in the LABOCA map were extracted using
BLOBCAT. Again, a uniform rms noise level (40 mJy beam−1) was
used in the extraction process. Compared to the SABOCA im-
age, G304.74 appears as a more continuous filamentary structure
in the LABOCA map. Hence, to recover the visually prominent
clumps (Fig. 1, right panel), which were also identified in Pa-
per I, the values of S/Nthres and S/Ncut were both varied from 3 to
7.5, with the most succesful extraction (five clumps) yielded by
the parameters S/Nthres = S/Ncut = 5. We note that varying val-
ues of S/Nthres and S/Ncut are not expected to introduce any sig-
nificant bias in the blob detection from the G304.74 LABOCA
filament owing to its fairly continuous structure, and the fact that
the clumps are of different surface brightness.

The identified LABOCA clumps are tabulated in Ta-
ble 1. Besides the 12 clumps identified in Paper I us-
ing the two-dimensional contouring algorithm clfind2d
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5. Herschel画像：　G304.74は伸びたstriationが付随している 
　　=> 周辺からのmass accretionが続いている 
　　=> 周辺媒体の圧力がフィラメントの力学的進化に 
　　　重要な役割を果たしているかも

SABOCAコア

Miettinen: SABOCA, Herschel, and WISE views of G304.74+01.32

Fig. 2. Herschel/SPIRE images of G304.74 and its surroundings. The
images are displayed in logarithmic colour-scale to improve the appear-
ance of the low surface brightness features. The overlaid black contours
show the SABOCA 350 µm dust continuum emission as in Fig. 1. A
scale bar of 3 pc projected length is shown in the bottom left corner of
each panel. The two obvious striations are labelled in the middle panel
(striation 1 and striation 2).

(Williams et al. 1994), two additional sources were extracted by
the present BLOBCAT analysis. We call these sources BLOB 1 and
BLOB 2, where the former lies in between SMM 3 and SMM 4,
and the latter is a separate blob south of BLOB 1 (Fig. 1, right
panel). In Table 1, we list the positions of the peak emission of
the LABOCA clumps, the detection S/N ratio, the peak surface
brightness, the integrated flux density, and the effective radius of
the source. The aforementioned clump porperties were output by
BLOBCAT, and the intensity and flux density uncertainties were
calculated by taking the absolute calibration uncertainty into ac-
count, which was added in quadrature to the uncertainty output
by BLOBCAT. The effective radius tabulated in Table 1 is defined
as Reff =

√

Aproj/π, where Aproj is the projected area within the
source, and it was calculated from the total number of pixels as-
signed to the clump by BLOBCAT. The clumps SMM 6, SMM 8,
IRAS 13042, and BLOB 1 were found to have an effective ra-
dius smaller than half the beam FWHM. Hence, an upper limit
of < 0.5 × θbeam was assigned to the radius of these sources. The
effective radii were not corrected for the beam size. We note that

BLOBCAT does not provide parametric source sizes for a quanti-
tative analysis.

The identified SABOCA sources are tabulated in Table 2.
Owing to the small sizes of the sources, we call them cores, as
opposed to the larger clumps detected in the LABOCA map. The
LABOCA clumps SMM 1, SMM 4, SMM 6, and IRAS 13039
were resolved into two or more SABOCA cores (see Fig. 4). We
call these cores as SMM 1a, SMM 1b, etc., where the alphabeti-
cal tags follow the order of an increasing S/N ratio of the source.
The LABOCA sources SMM 5, SMM 8, and BLOB 1 were not
detected in our SABOCA map. The reason for this is that the
emission was resolved out at 9′′ resolution. For example, the lat-
ter sources were recovered in the SABOCA map after smoothing
it to the resolution of our LABOCA map (19′′.86), where the cor-
responding 1σ rms noise level is 180 mJy beam−1.

Considering the cloud physical properties that depend on the
flux density of the submm dust emission, such as the dust-based
mass estimates, it is worth mentioning that some percentage of
the emission is being filtered out in our bolometer dust emission
maps (Sect. 2.1). By comparing the SABOCA 350 µm flux den-
sity of the G304.74 filament to that estimated from the Herschel
350 µm map suggests that as much as ∼ 80% of the lower surface
brightness 350 µm emission might have been filtered out in the
present SABOCA map. However, this should be taken as a rough
estimate only because the Herschel/SPIRE images used in the
present study have not been calibrated to an absolute intensity
scale. Similarly, to estimate how much flux is filtered out in our
LABOCA 870 µm map, we used the Planck 353 GHz thermal
dust emission map as a reference (a public data release 2 product
available through IRSA; see Planck Collaboration et al. 2014).
To take the frequency difference between our LABOCA data and
the Planck data into account, the Planck flux was scaled down
by assuming that the dust emissivity index is β = 1.8, which cor-
responds to a Galactic mean value derived through Planck ob-
servations (Planck Collaboration et al. 2011). This way, we es-
timate that about ∼ 35% of the 870 µm emission might have
been filtered out in our LABOCA map. The filtered dust emis-
sion should be kept in mind in the calculation of the dust-based
physical properties of G304.74.

A quantitative estimate of the completeness of our census of
the SABOCA and LABOCA sources in G304.74 could be ob-
tained through simulations of artificial source extractions (see
e.g. Weiß et al. 2009; Könyves et al. 2015; Marsh et al. 2016).
However, rather than being a general (blind) dust continuum
imaging survey, the present study focuses on a continuous high-
column density filament. The separation of such filament into
clumps and cores can be highly sensitive to the source ex-
traction algorithm used, and the adopted extraction parame-
ter settings. This, together with the fact that the background
SABOCA and LABOCA emissions around the G304.74 fila-
ment show fluctuations (the negative features in Fig. 1), ren-
ders the completeness analysis problematic. On the other hand,
our SABOCA and LABOCA sources are of high significance
(S/NSABOCA = 4.0−11.8 with an average of ⟨S/NSABOCA⟩ = 7.2;
S/NLABOCA = 5.8−14.6 with an average of ⟨S/NLABOCA⟩ = 9.6).
Hence, our submm source catalogues are unlikely to contain spu-
rious sources.

3.2. WISE infrared counterparts of the submillimetre sources

To examine which percentage of the SABOCA cores have an
IR counterpart, and are hence candidates for hosting YSOs,
we cross-matched our SABOCA source catalogue with the All-
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the Snake Nebula (Wang et al. 2014; Ragan et al. 2015; see also
Henshaw et al. 2016 for the case of the IRDC G035.39-00.33).
The parent filament might have formed through the collision of
interstellar turbulent flows, and then fragmented into a chain of
clump-scale structures owing to gravitational and magnetic per-
turbations mediated by sausage-type instability. The clumps rep-
resent the density enhancements of the filament, and the physical
properties of the clumps allow the Jeans gravitational instability
to become the dominant fragmentation mechanism.

4.3. Star formation in G304.74+01.32

Out of the 17 cores detected in the SABOCA map, plus the three
LABOCA clumps that were resolved out in the SABOCA map
(SMM 5, SMM 8, and BLOB 1), 13 appear to be associated with
a YSO (or YSOs) on the basis of the WISE data (two sources
exhibit WISE shock emission). Hence, the percentage of star-
forming cores in G304.74 is 65% ± 18%. The remaining seven
sources (35% ± 13%) appear dark in the WISE IR images, and
can be considered candidate starless cores. However, owing to
the distance to G304.74, d = 2.54 ± 0.66 kpc, it is possible that
the apparently IR-dark sources contain deeply embedded, low-
luminosity YSOs, which remain below the detection limit of the
WISE data. On the other hand, the dust optical thickness in the
WISE W4 band at 22 µm can be high enough to render the em-
bedded IR sources undetected (e.g. Ragan et al. 2012). For com-
parison, Henning et al. (2010) found that 11 out of their 18 cores
(61% ± 18%) in the Snake IRDC are associated with Spitzer
24 µm emission, which is suggestive of a similar percentage of
star-forming cores as in G304.74. Ohashi et al. (2016) found that
20/48, or 42% ± 9% of the cores identified with the Atacama
Large Millimetre/Submillimetre Array (ALMA) at 3 mm in the
IRDC G14.225-0.506 are star-forming, which is also consistent
with our result within the Poisson counting uncertainties. Sim-
ilarly, Zhang et al. (2017) found that 18/44 of their sample of
IRDC cores show evidence of molecular outflows, which sug-
gests a star-forming percentage of 41% ± 10% among the cores.

In Fig. 5, we plot the masses of our LABOCA clumps and
SABOCA cores as a function of their effective radii. These val-
ues are compared with the threshold for high-mass star forma-
tion derived by KP10, which is indicated in Fig. 5. Considering
the nominal values of M and Reff of our LABOCA clumps, only
one of them, SMM 4, appears to lie above the aforementioned
threshold, and hence capable of forming a massive star(s). On
the other hand, none of the SABOCA cores appear to fulfil the
KP10 threshold. However, owing to the large uncertainties in the
derived masses and sizes of the clumps and cores, some of them
could actually lie above the KP10 curve in Fig. 5. We note, how-
ever, that the mass uncertainty was partly propagated from the
distance uncenrtainty, and while a larger distance would imply a
higher mass (M ∝ d2), the physical size of the source would also
be larger (Reff ∝ d), which would move a data point to the right
in Fig. 5. Hence, the error bars in Fig. 5 are not independent of
each other.

Using radio continuum observations at 18 GHz and
22.8 GHz, Sánchez-Monge et al. (2013) found that there is
an optically thin H ii region associated with IRAS 13039 in
G304.74. The radio peak position lies 14′′.5 to the south-east of
our SABOCA core IRAS 13039a (see Fig. 4). The authors did
not detect 22.2 GHz water maser line emission towards the H ii
region, and the source was classified as an early-stage Type 1
object (a rare case among their source sample, because only 8%
of Type 1 objects were found to be associated with H ii regions).
The spectral type of the central ionising star was concluded to

be B1 (they adopted a distance of 2.4 kpc for IRAS 13039).
Hence, the IRAS 13039 region appears to be associated with
high-mass star formation, although the corresponding LABOCA
clump or the SABOCA core IRAS 13039a do not fulfil the
KP10 threshold (not even within the error bars plotted in Fig. 5).
The IRAS 13039 region is surrounded by an extended, diffuse
arc-like emission feature in the WISE 12 µm and 22 µm im-
ages (Fig. 3). This could be an indication of a photodissociation
region (PDR) surrounding the associated H ii region, that is a
boundary between the fully ionised region and the surrounding
neutral gas. The PDRs are expected to be extended and strong
emitters at 12 µm. Alternatively (or additionally), the observed
features in the WISE 12 µm and 22 µm images could be related
to the shocks driven by stellar winds (Peri et al. 2012). Hence,
the star formation activity in IRAS 13039 can have some feed-
back effect on the nearby clumps (e.g. SMM 8) that can be either
negative or positive in terms of star formation, that is it can either
prevent or slow down the clump collapse to YSOs, or trigger star
formation.

Apart from IRAS 13039, it is unclear whether the other
clumps or cores in G304.74 are forming high-mass stars, or
low to intermediate-mass stars. Construction and analysis of
the SEDs of the detected SABOCA sources associated with the
WISE detected YSOs would help to answer this question. For ex-
ample, although the SMM 4 clump lies above the KP10 thresh-
old for high-mass star formation, the clump is strongly frag-
mented (Fig. 4), which might prefer the formation of a cluster
of lower mass stars. However, competitive accretion in such a
system could eventually lead to the formation of a high-mass star
(Bonnell et al. 2001; Bonnell & Bate 2006). Also, the aforemen-
tioned case of IRAS 13039 demonstrates that clump fragmenta-
tion does not necessarily prevent the formation of massive stars.
Finally, if the clump or core can accrete more mass from the
surrounding medium, for example via the filamentary striations
seen in the Herschel/SPIRE images towards G304.74 (Fig. 2),
the central YSO embedded in the source can grow to become a
high-mass star (e.g. Wang et al. 2011; Ohashi et al. 2016).

Fig. 5. Masses of the LABOCA clumps and SABOCA cores in G304.74
plotted as a function of their effective radii. The upper size limits are
indicated by left pointing arrows. The blue dashed curve represents the
mass-radius threshold for high-mass star formation proposed by KP10,
that is M(R) = 870 M⊙ × (R/pc)1.33.
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Stellar feedback from high-mass stars (e.g., HII regions) can strongly influence the surrounding interstellar medium
and regulate star formation. Our new ALMA observations reveal sequential high-mass star formation taking place
within one subvirial filamentary clump (the G9.62 clump) in the G9.62+0.19 complex. The 12 dense cores (MM1-
MM12) detected by ALMA are at very different evolutionary stages, from the starless core phase to the UC HII region
phase. Three dense cores (MM6, MM7/G, MM8/F) are associated with outflows. The mass-velocity diagrams of the
outflows associated with MM7/G and MM8/F can be well-fit by broken power laws. The mass-velocity diagram of
the SiO outflow associated with MM8/F breaks much earlier than other outflow tracers (e.g., CO, SO, CS, HCN),
suggesting that SiO traces newly shocked gas, while the other molecular lines (e.g., CO, SO, CS, HCN) mainly trace
the ambient gas continuously entrained by outflow jets. Five cores (MM1, MM3, MM5, MM9, MM10) are massive
starless core candidates whose masses are estimated to be larger than 25 M⊙, assuming a dust temperature of ∼<20
K. The shocks from the expanding HII regions (”B” and ”C”) to the west may have a great impact on the G9.62
clump by compressing it into a filament and inducing core collapse successively, leading to sequential star formation.
Our findings suggest that stellar feedback from H ii regions may enhance the star formation efficiency and suppress
low-mass star formation in adjacent pre-existing massive clumps.
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Investigating variability at the earliest stages of low-mass star formation is fundamental in understanding how a
protostar assembles mass. While many simulations of protostellar disks predict non-steady accretion onto protostars,
deeper investigation requires robust observational constraints on the frequency and amplitude of variability events
characterised across the observable SED. In this study, we develop methods to robustly analyse repeated observations
of an area of the sky for submillimetre variability in order to determine constraints on the magnitude and frequency
of deeply embedded protostars. We compare 850 µm JCMT Transient Survey data with archival JCMT Gould Belt
Survey data to investigate variability over 2-4 year timescales. Out of 175 bright, independent emission sources
identified in the overlapping fields, we find 7 variable candidates, 5 of which we classify as Strong and the remaining
2 as Extended to indicate the latter are associated with larger-scale structure. For the Strong variable candidates,
we find an average fractional peak brightness change per year of |4.0|% yr−1 with a standard deviation of 2.7% yr−1.
In total, 7% of the protostars associated with 850 µm emission in our sample show signs of variability. Four of the
five Strong sources are associated with a known protostar. The remaining source is a good follow-up target for an
object that is anticipated to contain an enshrouded, deeply embedded protostar. In addition, we estimate the 850 µm
periodicity of the submillimetre variable source, EC 53, to be 567 ± 32 days based on the archival Gould Belt Survey
data.
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We use CARMA 3mm continuum and molecular lines (NH2D, N2H+, HCO+, HCN and CS) at ∼1000 au resolution
to characterize the structure and kinematics of the envelope surrounding the deeply embedded first core candidate
Per-Bolo 58. The line profile of the observed species shows two distinct peaks separated by 0.4-0.6 km s−1, most
likely arising from two different optically thin velocity components rather than the product of self-absorption in an
optically thick line. The two velocity components, each with a mass of ∼0.5-0.6 M⊙, overlap spatially at the position
of the continuum emission, and produce a general gradient along the outflow direction. We investigate whether these
observations are consistent with infall in a turbulent and magnetized envelope. We compare the morphology and
spectra of the N2H+(1-0) with synthetic observations of an MHD simulation that considers the collapse of an isolated
core that is initially perturbed with a turbulent field. The proposed model matches the data in the production of two
velocity components, traced by the isolated hyperfine line of the N2H+(1-0) spectra and shows a general agreement
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in morphology and velocity field. We also use large maps of the region to compare the kinematics of the core with
that of the surrounding large-scale filamentary structure and find that accretion from the large-scale filament could
also explain the complex kinematics exhibited by this young dense core.
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Forming spectroscopic massive proto-binaries by disk fragmentation
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The surroundings of massive protostars constitute an accretion disc which has numerically been shown to be subject
to fragmentation and responsible for luminous accretion-driven outbursts. Moreover, it is suspected to produce close
binary companions which will later strongly influence the star’s future evolution in the Hertzsprung-Russel diagram.
We present three-dimensional gravitation-radiation-hydrodynamic numerical simulations of 100 M⊙ pre-stellar cores.
We find that accretion discs of young massive stars violently fragment without preventing the (highly variable) accretion
of gaseous clumps onto the protostars. While acquiring the characteristics of a nascent low-mass companion, some
disc fragments migrate onto the central massive protostar with dynamical properties showing that its final Keplerian
orbit is close enough to constitute a close massive proto-binary system, having a young high-mass and a low-mass
component. We conclude on the viability of the disc fragmentation channel for the formation of such short-period
binaries, and that both processes -close massive binary formation and accretion bursts- may happen at the same time.
FU-Orionis-type bursts, such as observed in the young high-mass star S255IR-NIRS3, may not only indicate ongoing
disc fragmentation, but also be considered as a tracer for the formation of close massive binaries - progenitors of the
subsequent massive spectroscopic binaries - once the high-mass component of the system will enter the main-sequence
phase of its evolution. Finally, we investigate the ALMA-observability of the disc fragments.

Accepted by MNRAS

http://arxiv.org/pdf/1710.01162

The Seahorse Nebula: New views of the filamentary infrared dark cloud G304.74+01.32
from SABOCA, Herschel, and WISE

Oskari Miettinen1,2,3
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Context. Filamentary molecular clouds, such as many of the infrared dark clouds (IRDCs), can undergo hierarchical
fragmentation into substructures (clumps and cores) that can eventually collapse to form stars.
Aims. We aim to determine the occurrence of fragmentation into cores in the clumps of the filamentary IRDC
G304.74+01.32 (hereafter, G304.74). We also aim to determine the basic physical characteristics (e.g. mass, density,
and young stellar object (YSO) content) of the clumps and cores in G304.74.
Methods. We mapped the G304.74 filament at 350 µm using the SABOCA bolometer. The new SABOCA data have
a factor of 2.2 times higher resolution than our previous LABOCA 870 µm map of the cloud (9′′ versus 19.′′86). We
also employed the Herschel far-infrared (IR) and submillimetre, and Wide-field Infrared Survey Explorer (WISE ) IR
imaging data available for G304.74. The WISE data allowed us to trace the IR emission of the YSOs associated with
the cloud.
Results. The SABOCA 350 µm data show that G304.74 is composed of a dense filamentary structure with a mean
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in morphology and velocity field. We also use large maps of the region to compare the kinematics of the core with
that of the surrounding large-scale filamentary structure and find that accretion from the large-scale filament could
also explain the complex kinematics exhibited by this young dense core.
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1 Avarea Oy, Rautatieläisenkatu 6, FI-00520 Helsinki, Finland
2 Department of Physics, Faculty of Science, University of Zagreb, Bijenicka cesta 32, HR-10000 Zagreb, Croatia
3 Department of Physics, P.O. Box 64, FI-00014 University of Helsinki, Finland

E-mail contact: oskari at phy.hr

Context. Filamentary molecular clouds, such as many of the infrared dark clouds (IRDCs), can undergo hierarchical
fragmentation into substructures (clumps and cores) that can eventually collapse to form stars.
Aims. We aim to determine the occurrence of fragmentation into cores in the clumps of the filamentary IRDC
G304.74+01.32 (hereafter, G304.74). We also aim to determine the basic physical characteristics (e.g. mass, density,
and young stellar object (YSO) content) of the clumps and cores in G304.74.
Methods. We mapped the G304.74 filament at 350 µm using the SABOCA bolometer. The new SABOCA data have
a factor of 2.2 times higher resolution than our previous LABOCA 870 µm map of the cloud (9′′ versus 19.′′86). We
also employed the Herschel far-infrared (IR) and submillimetre, and Wide-field Infrared Survey Explorer (WISE ) IR
imaging data available for G304.74. The WISE data allowed us to trace the IR emission of the YSOs associated with
the cloud.
Results. The SABOCA 350 µm data show that G304.74 is composed of a dense filamentary structure with a mean

28



#46

#47

8 Kapteyn Astronomical Institute, University of Groningen, Postbus 800, 9700 AV Groningen, The Netherlands
9 Max Planck Institute for Extraterrestrial Physics, Giessenbachstrasse, 85741 Garching, Germany
10 Institute for Astronomy, ETH Zurich, Wolfgang-Pauli-Strasse 27, 8093 Zurich, Switzerland
11 Departamento de Astronomı́a, Universidad de Chile, Casilla 36-D, Santiago, Chile
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Accurate measurements of the physical structure of protoplanetary discs are critical inputs for planet formation models.
These constraints are traditionally established via complex modelling of continuum and line observations. Instead,
we present an empirical framework to locate the CO isotopologue emitting surfaces from high spectral and spatial
resolution ALMA observations. We apply this framework to the disc surrounding IM Lupi, where we report the first
direct, i.e. model independent, measurements of the radial and vertical gradients of temperature and velocity in a
protoplanetary disc. The measured disc structure is consistent with an irradiated self-similar disc structure, where the
temperature increases and the velocity decreases towards the disc surface. We also directly map the vertical CO snow
line, which is located at about one gas scale height at radii between 150 and 300 au, with a CO freeze-out temperature
of 21±2 K. In the outer disc (>300 au), where the gas surface density transitions from a power law to an exponential
taper, the velocity rotation field becomes significantly sub-Keplerian, in agreement with the expected steeper pressure
gradient. The sub-Keplerian velocities should result in a very efficient inward migration of large dust grains, explaining
the lack of millimetre continuum emission outside of 300 au. The sub-Keplerian motions may also be the signature of
the base of an externally irradiated photo-evaporative wind. In the same outer region, the measured CO temperature
above the snow line decreases to ≈ 15 K because of the reduced gas density, which can result in a lower CO freeze-out
temperature, photo-desorption, or deviations from local thermodynamic equilibrium.
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Far-infrared and (sub)millimeter fluxes can be used to study dust in protoplanetary disks, the building blocks of planets.
Here, we combine observations from the Herschel Space Observatory with ancillary data of 284 protoplanetary disks in
the Taurus, Chamaeleon I, and Ophiuchus star-forming regions, covering from the optical to mm/cm wavelengths. We
analyze their spectral indices as a function of wavelength and determine their (sub)millimeter slopes when possible.
Most disks display observational evidence of grain growth, in agreement with previous studies. No correlation is
found between other tracers of disk evolution and the millimeter spectral indices. A simple disk model is used to fit
these sources, and we derive posterior distributions for the optical depth at 1.3 mm and 10 au, the disk temperature
at this same radius, and the dust opacity spectral index. We find the fluxes at 70 µm to correlate strongly with
disk temperatures at 10 au, as derived from these simple models. We find tentative evidence for spectral indices
in Chamaeleon I being steeper than those of disks in Taurus/Ophiuchus, although more millimeter observations are
needed to confirm this trend and identify its possible origin. Additionally, we determine the median spectral energy
distribution of each region and find them to be similar across the entire wavelength range studied, possibly due to the
large scatter in disk properties and morphologies.
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We present interferometric and single-dish molecular line observations of the interstellar bullet-outflow source IRAS05506+2414,
whose wide-angle bullet spray is similar to the Orion BN/KL explosive outflow and likely arises from an entirely differ-
ent mechanism than the classical accretion-disk-driven bipolar flows in young stellar objects. The bullet-outflow source
is associated with a large pseudo-disk and three molecular outflows – a high-velocity outflow (HVO), a medium-velocity
outflow (MVO), and a slow, extended outflow (SEO). The size (mass) of the pseudo-disk is 10,350AU×6,400AU (0.64–
0.17M⊙); from a model-fit assuming infall and rotation we derive a central stellar mass of 8–19M⊙. The HVO (MVO)
has an angular size ∼ 5180 (∼ 3330) AU, and a projected outflow velocity of ∼ 140 km s−1 (∼ 30 km s−1). The
SEO size (outflow speed) is ∼ 0.9 pc (∼ 6 km s−1). The HVO’s axis is aligned with (orthogonal to) that of the SEO
(pseudo-disk). The velocity structure of the MVO is unresolved. The scalar momenta in the HVO and SEO are very
similar, suggesting that the SEO has resulted from the HVO interacting with ambient cloud material. The bullet
spray shares a common axis with the pseudo-disk, and has an age comparable to that of MVO (few hundred years),
suggesting that these three structures are intimately linked together. We discuss several models for the outflows in
IRAS 05506+2414 (including dynamical decay of a stellar cluster, chance encounter of a runaway star with a dense
cloud, and close passage of two protostars), and conclude that 2nd-epoch imaging to derive proper motions of the
bullets and nearby stars can help to discriminate between them.
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We characterize the stellar and gas volume density, potential, and gravitational field profiles in the central ∼ 0.5 pc
of the Orion Nebula Cluster (ONC), the nearest embedded star cluster (or rather, proto-cluster) hosting massive star
formation available for detailed observational scrutiny. We find that the stellar volume density is well characterized by
a Plummer profile ρstars(r) = 5755M⊙ pc−3 (1+(r/a)2)−5/2, where a = 0.36 pc. The gas density follows a cylindrical
power law ρgas(R) = 25.9M⊙/pc3 (R/pc)−1.775. The stellar density profile dominates over the gas density profile
inside r ∼ 1 pc. The gravitational field is gas-dominated at all radii, but the contribution to the total field by the
stars is nearly equal to that of the gas at r ∼ a. This fact alone demonstrates that the proto-cluster cannot be
considered a gas-free system or a virialized system dominated by its own gravity. The stellar proto-cluster core is
dynamically young, with an age of ∼ 2-3 Myr, a 1D velocity dispersion of σobs = 2.6 km s−1, and a crossing time of
∼ 0.55 Myr. This timescale is almost identical to the gas filament oscillation timescale estimated recently by Stutz &
Gould (2016). This provides strong evidence that the proto-cluster structure is regulated by the gas filament. The
proto-cluster structure may be set by tidal forces due to the oscillating filamentary gas potential. Such forces could
naturally suppress low density stellar structures on scales ∼> a. The analysis presented here leads to a new suggestion
that clusters form by an analog of the ”slingshot mechanism” previously proposed for stars.
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We present interferometric and single-dish molecular line observations of the interstellar bullet-outflow source IRAS05506+2414,
whose wide-angle bullet spray is similar to the Orion BN/KL explosive outflow and likely arises from an entirely differ-
ent mechanism than the classical accretion-disk-driven bipolar flows in young stellar objects. The bullet-outflow source
is associated with a large pseudo-disk and three molecular outflows – a high-velocity outflow (HVO), a medium-velocity
outflow (MVO), and a slow, extended outflow (SEO). The size (mass) of the pseudo-disk is 10,350AU×6,400AU (0.64–
0.17M⊙); from a model-fit assuming infall and rotation we derive a central stellar mass of 8–19M⊙. The HVO (MVO)
has an angular size ∼ 5180 (∼ 3330) AU, and a projected outflow velocity of ∼ 140 km s−1 (∼ 30 km s−1). The
SEO size (outflow speed) is ∼ 0.9 pc (∼ 6 km s−1). The HVO’s axis is aligned with (orthogonal to) that of the SEO
(pseudo-disk). The velocity structure of the MVO is unresolved. The scalar momenta in the HVO and SEO are very
similar, suggesting that the SEO has resulted from the HVO interacting with ambient cloud material. The bullet
spray shares a common axis with the pseudo-disk, and has an age comparable to that of MVO (few hundred years),
suggesting that these three structures are intimately linked together. We discuss several models for the outflows in
IRAS 05506+2414 (including dynamical decay of a stellar cluster, chance encounter of a runaway star with a dense
cloud, and close passage of two protostars), and conclude that 2nd-epoch imaging to derive proper motions of the
bullets and nearby stars can help to discriminate between them.
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We characterize the stellar and gas volume density, potential, and gravitational field profiles in the central ∼ 0.5 pc
of the Orion Nebula Cluster (ONC), the nearest embedded star cluster (or rather, proto-cluster) hosting massive star
formation available for detailed observational scrutiny. We find that the stellar volume density is well characterized by
a Plummer profile ρstars(r) = 5755M⊙ pc−3 (1+(r/a)2)−5/2, where a = 0.36 pc. The gas density follows a cylindrical
power law ρgas(R) = 25.9M⊙/pc3 (R/pc)−1.775. The stellar density profile dominates over the gas density profile
inside r ∼ 1 pc. The gravitational field is gas-dominated at all radii, but the contribution to the total field by the
stars is nearly equal to that of the gas at r ∼ a. This fact alone demonstrates that the proto-cluster cannot be
considered a gas-free system or a virialized system dominated by its own gravity. The stellar proto-cluster core is
dynamically young, with an age of ∼ 2-3 Myr, a 1D velocity dispersion of σobs = 2.6 km s−1, and a crossing time of
∼ 0.55 Myr. This timescale is almost identical to the gas filament oscillation timescale estimated recently by Stutz &
Gould (2016). This provides strong evidence that the proto-cluster structure is regulated by the gas filament. The
proto-cluster structure may be set by tidal forces due to the oscillating filamentary gas potential. Such forces could
naturally suppress low density stellar structures on scales ∼> a. The analysis presented here leads to a new suggestion
that clusters form by an analog of the ”slingshot mechanism” previously proposed for stars.
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We report results of 6.7GHz methanol maser monitoring of 139 star-forming sites with the Torun 32m radio telescope
from June 2009 to February 2013. The targets were observed at least once a month, with higher cadences of 2-4
measurements per week for circumpolar objects. Nearly 80 per cent of the sources display variability greater than
10 per cent on a time-scale between a week and a few years but about three quarters of the sample have only 1-
3 spectral features which vary significantly. Irregular intensity fluctuation is the dominant type of variability and
only nine objects show evidence for cyclic variations with periods of 120 to 416 d. Synchronised and anti-correlated
variations of maser features are detected in four sources with a disc-like morphology. Rapid and high amplitude bursts
of individual features are seen on 3-5 occasions in five sources. Long (>50 d to 20 months) lasting bursts are observed
mostly for individual or groups of features in 19 sources and only one source experienced a remarkable global flare. A
few flaring features display a strong anti-correlation between intensity and line-width that is expected for unsaturated
amplification. There is a weak anti-correlation between the maser feature luminosity and variability measure, i.e.
maser features with low luminosity tend to be more variable than those with high luminosity. The analysis of the
spectral energy distribution and continuum radio emission reveals that the variability of the maser features increases
when the bolometric luminosity and Lyman flux of the exciting object decreases. Our results support the concept of
a major role for infrared pumping photons in triggering outburst activity of maser emission.
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In this series of papers, we model the formation and evolution of the photoionized region and its observational signatures
during massive star formation. Here we focus on the early break out of the photoionized region into the outflow cavity.
Using results of 3-D magnetohydrodynamic-outflow simulations and protostellar evolution calculations, we perform
post-processing radiative-transfer. The photoionized region first appears at a protostellar mass of m∗ = 10M⊙ in our
fiducial model, and is confined to within 10–100 AU by the dense inner outflow, similar to some observed very small
hyper compact HII regions. Since the ionizing luminosity of the massive protostar increases dramatically as Kelvin-
Helmholz (KH) contraction proceeds, the photoionized region breaks out to the entire outflow region in ∼<10,000 yr.
Accordingly, the radio free-free emission brightens significantly in this stage. In our fiducial model, the radio luminosity
at 10 GHz changes from 0.1 mJy kpc2 at m∗ = 11M⊙ to 100 mJy kpc2 at m∗ = 16M⊙, while the infrared luminosity
increases by less than a factor of two. The radio spectral index also changes in the break-out phase from the optically
thick value of ∼ 2 to the partially optically thin value of ∼ 0.6. Additionally, we demonstrate that short-timescale
variation in free-free flux would be induced by an accretion burst. The outflow density is enhanced in the accretion
burst phase, which leads to a smaller ionized region and weaker free-free emission. The radio luminosity may decrease
by one order of magnitude during such bursts, while the infrared luminosity is much less affected, since internal
protostellar luminosity dominates over accretion luminosity after KH contraction starts. Such variability may be
observable on timescales as short 10–100 yr, if accretion bursts are driven by disk instabilities.
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