
Formation of protostars from magneto-
turbulent cloud core with AMR 

simulations

Tomoaki Matsumoto (Hosei univ)

2017/10/26 ALMA WS 2017 @NAOJ

M05B01 M1B01 M05B025 M1B025

800 au
200 au

25 au

M05B01 M1B01 M05B025 M1B025

800 au
200 au

25 au

(200au)^3 (25au)^3
MHD turbulent simulation

Matsumoto, Machida & Inutsuka 17
Matsumoto, Onishi, Tokuda, & Inutsuka 15
Matsumoto & Hanawa 11



Today’s agendas

• Can turbulence disturbed the infalling
envelope?
– Can AMR follow turbulence in collapsing 

cores?

• Origin of complex structures, e.g., arc 
structure in MC27

2



Complex structure at the center of cloud 
core

3

wing component of the bipolar outflow detected in HCO+

( J= 3–2) by Tokuda et al. (2014). This may be due to the
optical thickness of the 12CO ( J= 3–2) line at the velocity
range. Actually, the 12CO ( J= 3–2) intensity of 7–9 km s−1 is
very weak, as shown in Figure 7(b), although the single-dish
observations revealed strong emission at the same velocity
range (Takahashi et al. 2013).

4. DISCUSSION

4.1. Density Profile

The continuum distributions and the detailed radial column
density profiles were presented in Section 3.2. First, we will
summarize the past studies for the radial (column) density
profiles toward protostellar and/or prestellar cores based on the
(sub)millimeter continuum observations and compare them
with our present results toward MC27/L1521F. MC27/
L1521F is regarded as a dense core at a protostellar stage.
However, the luminosity of the source is quite low (Bourke
et al. 2006), and the envelope of the protostar has a large
amount of gas, indicating that the system preserves the initial

condition of the protostar formation. We here compare the
density profiles of MC27/L1521F with the past observational
studies of prestellar/protostellar cores to investigate the
evolutionary status.
Previous (sub)millimeter continuum observations toward

Class 0/I sources in Taurus (e.g., Chandler & Richer 2000;
Shirley et al. 2000; Motte & André 2001) have revealed that
the density profiles of the protostellar cores show ( )r µ -r r p

with p ∼ 1.5–2.0 over ∼10,000–15,000 AU in radius. Ward-
Thompson et al. (2007) mentioned that the protostellar
envelopes are more centrally condensed than prestellar cores
and do not show the inner flattering in their radial column
density profiles. These results are roughly consistent with the
predictions of the isolated star formation model (e.g.,
Shu 1977). Kirk et al. (2005) obtained similar results toward
a number of (∼30) prestellar cores and categorized them into
two groups, “bright” cores and “intermediate” cores, based on
their flux intensities of the submillimeter continuum emissions.
They found that intermediate cores are in agreement with a
Bonner–Ebert sphere (see also Alves et al. 2001). On the other
hand, in bright cores, the critical Bonner–Ebert sphere is not

Figure 6. Velocity-channel maps of the 12CO ( J = 3–2) and HCO+ ( J = 3–2) emission toward MC27/L1521F. Blue color scale and blue contours show velocity-
range-integrated intensity maps of 12CO ( J = 3–2) data. Black contours show those of HCO+ ( J = 3–2) data (Tokuda et al. 2014). The lowest contour and subsequent
step of the blue contours are 0.05 and 0.2 Jy beam−1 km s−1, respectively. The lowest contour and subsequent contour step of the black contours are 0.02 and 0.04 Jy
beam−1 km s−1, respectively. The velocity span for each map is 1.0 km s−1. The lowest velocities are given in the upper left corner of each panel. Green contours
show the image of 0.87 mm dust continuum emission, as in Figure 1. The angular resolution of the 12CO ( J = 3–2) is given by the white ellipse in the lower left
corner of the bottom left panel, 0 73 × 0 33. Red plus signs of each panel represent the position of the Spitzer source. The dashed orange rectangle in panel of the 8.0
km s−1 shows interacting gas with a compact outflow, discussed by Tokuda et al. (2014).
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Table 1. vturb is the velocity of the driven turbulent motions in
the box, and v B 4A prº is the Alfvénic wave speed.

AREPO’s base scheme solves the equations of ideal
hydrodynamics with a finite-volume approach using a
second-order unsplit Godunov scheme. In order to maintain
the divergence-free property of the magnetic field on an
unstructured mesh, we have implemented a constrained
transport solver in terms of the magnetic vector potential to
evolve the equations of ideal magnetohydrodynamics (Mocz

et al. 2016). The method uses a Harten–Lax–van-Leer-
discontinuities (HLLD) Riemann solver to accurately capture
shocks. The moving-mesh method greatly reduces advection
errors compared with traditional adaptive refinement mesh
methods due to its quasi-Lagrangian nature. We also couple
self-gravity to the MHD equations, which is calculated using a
Tree–Particle–Mesh scheme. Solenoidal turbulence is driven in
Fourier space at the largest spatial scales using an Ornstein-
Uhlenbeck process (Federrath & Klessen 2013).

Figure 1. Multi-scale view of the magnetic field around Ser-emb8 ( J2000a =18:29:48.089, J2000d =+1:16:43.32). Line segments represent the magnetic field
orientation, rotated by 90 from the dust polarization (the length of each segment is identical and does not represent any other quantity). Grayscale is total intensity
(Stokes I) thermal dust emission. Panel (a) shows 870 μm JCMT observations (Matthews et al. 2009), (b) shows 1.3 mm CARMA observations (Hull et al. 2014), and
(c) shows 870 μm ALMA observations, revealing the magnetic field morphology with ∼10,000, 1000, and 140 au resolution, respectively. For the ALMA data, line
segments are plotted where the polarized intensity P 3 ;Ps> the rms noise in the polarized intensity map 25Ps = μJy beam−1. The dust emission is shown starting at
3×σI, where the rms noise in the Stokes I map σI=50 μJy beam−1. The peak polarized and total intensities in the ALMA data are 0.693 mJy beam−1 and
102 mJy beam−1, respectively (the two peaks do not coincide exactly). The red and blue arrows indicate the redshifted and blueshifted lobes of the bipolar outflow
(Hull et al. 2014). The text below each of the panels indicates the physical size of the image at the 436 pc distance to the Serpens Main region (Ortiz-León et al. 2017;
see earlier results by Dzib et al. 2010, 2011). The black ellipses in the lower left corners of the ALMA and CARMA maps represent the synthesized beams (resolution
elements). The ALMA beam measures 0. 35 0. 32´ at a position angle of −63°; the CARMA beam measures 2. 89 2. 43´ at a position angle of 13 . The JCMT
data have a resolution of 20 .

(The data used to create this figure are available.)

Table 1
Initial Parameters of the Four Simulations Carried Out with AREPO

sim. mean fieldb ‐ Bmean field‐ (μG) A,mean field% ‐ s% Comment

1 25 1.2 35 10 very weak field (super-Alfvénic)
2 0.25 12 3.5 10 weak field (super-Alfvénic)
3 0.028 36 1.2 10 moderate field (trans-Alfvénic)
4 0.0025 120 0.35 10 strong field (sub-Alfvénic)

Note. mean fieldb ‐ indicates the initial plasma β, i.e., the ratio of gas pressure to magnetic pressure. Bmean field‐ is the initial magnetic field strength in the 5.2 pc box.
A,mean field% ‐ indicates the initial Alfvén Mach number, and v cs turb s% º is the initial sonic Mach number.
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Can AMR follow the turbulence 
in collapsing cores?

4

Grid refinement smooths out the structure artificially?
Cloud core Enlargement



Model
• Initial condition

– Critical Bonner-Ebert sphere ＋uniform ambient gas
• Critical BE x 1.68 to be unstable against gravitational collapse
• R = 0.17 pc, M = 6 M_sun, n0 = 2.6E4 cm-3

– Turbulence
• Uniform turbulence with scaling law of Larson (1981) 
• Mean Mach number

– Magnetic field
• Uniform Bz
• The strength （Bz/Bcr)

– Model parameters
• Turbulence （Mach 1, Mach 3）, B-field (7μG , 19μG , 37μG ）

• Assumption
– Barotropic EOS：
– w/o sink particle
– Periodic boudary condition
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Density structure of turbulent cores
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Figure 2. Three-dimensional structures of density and magnetic fields for models with f = 1.68. The stage ρmax = 10−8 g cm−3 (nmax = 2.62 × 1015 cm−3) is shown
for the collapse models, while the final stage of t = 15.6tff is shown for the non-collapse model of (α,M, f ) = (0.5, 3.0, 1.68). Isosurfaces denote the isodensity
surfaces of ρ = 3.16 × 10−20 g cm−3 (n = 8.28 × 103 cm−3). Tubes denote magnetic field lines. The boxes enclose the entire computational domain (0.712 pc)3.
(A color version of this figure is available in the online journal.)

The cloud cores shown in this figure correspond to the dense
cores observed by dust continuum emissions. Even on this scale,
the weak-field models (Figures 4(a) and (c)) exhibit a disturbed
density structure, and the magnetic field lines are not aligned.
The remaining models exhibit oblate shapes with a minor axis
parallel to the local mean magnetic field. The magnetic field
lines are in the configuration of an hourglass. The direction of
the mean magnetic field depends on the Mach number and the
magnetic field strength. The direction of the local magnetic field
in models with a higher Mach number and weaker magnetic field
is inclined more from that of the initial (global) magnetic field.
The models of Figures 4(e)–(g) exhibit mean magnetic fields
parallel to the z-direction, while the models of Figures 4(b)–(d)
exhibit mean magnetic fields oriented in other directions.

Figure 5 shows the density and the magnetic field on a 400 AU
scale, showing isodensity surfaces of ρ = 3.16 × 10−15 g cm−3

(n = 8.28 × 108 cm−3). On this scale, all the models except
for (α,M, f ) = (0.1, 3.0, 1.68) exhibit flat disks in the plane
perpendicular to the hourglass-shaped magnetic fields. The
model with (α,M, f ) = (0.1, 3.0, 1.68) produces a highly
warped disk, and the magnetic field lines are not aligned even
on this scale.

Figure 6 shows the dense region on a 40 AU scale for the
outflow formation stage. Four of the five turbulent collapse
models produce outflows indicated by the blue isosurface of
the radial velocity of vr = 0.57 km s−1 (vr = 3cs). The radial
velocity is measured from the location of maximum density. The
outflow appears ∼200 yr after the maximum density exceeds the
critical density of the EOS for all the outflow models. This

epoch corresponds to the stages with ρmax ∼ 10−9 g cm−3

for the model of Figure 6(a) and ρmax ∼ 10−8 g cm−3 for
the remaining outflow models. All the outflows are ejected in
the direction parallel to the local magnetic field. The weak-
field models (Figures 6(a) and (c)) result in outflow directions
completely different from the initial direction of the magnetic
field. This is consistent with Matsumoto & Tomisaka (2004),
who examined outflow formation in collapsing clouds, in which
the initial magnetic field and rotation axis were not aligned. The
outflows reproduced here are classified into two types: bipolar
and spiral flows. The outflow shown in Figure 6(a) is a bipolar
flow driven by tightly twisted magnetic fields. The bipolar flows
in Figures 6(b) and (d) are accelerated by magnetic fields that
are less twisted because of their higher strength. In these bipolar
flows, the rotation axis of the central first core is parallel to the
mean direction of the local magnetic field. The other weak-field
model of Figure 6(c) shows a spiral flow, which is qualitatively
different from the previous three outflows, showing magnetic
field lines wound in a spiral shape, along which the gas is
accelerated. The rotation axis of the central first core is inclined
at a large angle of 35◦ to the direction of the local mean magnetic
field. The model shown in Figure 6(e) does not produce an
outflow even at the final stage with ρ = 2.16 × 10−8 g cm−3.
Because of the high magnetic field strength in this model,
angular momentum is transferred mainly by magnetic braking
instead of by outflow. The relationship between the outflow,
rotation, and magnetic field is described in detail in Section 4.3.

Note that we reproduce the very early phase of outflow
formation. At the stages shown in Figure 6, the highest outflow
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Figure 2. Three-dimensional structures of density and magnetic fields for models with f = 1.68. The stage ρmax = 10−8 g cm−3 (nmax = 2.62 × 1015 cm−3) is shown
for the collapse models, while the final stage of t = 15.6tff is shown for the non-collapse model of (α,M, f ) = (0.5, 3.0, 1.68). Isosurfaces denote the isodensity
surfaces of ρ = 3.16 × 10−20 g cm−3 (n = 8.28 × 103 cm−3). Tubes denote magnetic field lines. The boxes enclose the entire computational domain (0.712 pc)3.
(A color version of this figure is available in the online journal.)

The cloud cores shown in this figure correspond to the dense
cores observed by dust continuum emissions. Even on this scale,
the weak-field models (Figures 4(a) and (c)) exhibit a disturbed
density structure, and the magnetic field lines are not aligned.
The remaining models exhibit oblate shapes with a minor axis
parallel to the local mean magnetic field. The magnetic field
lines are in the configuration of an hourglass. The direction of
the mean magnetic field depends on the Mach number and the
magnetic field strength. The direction of the local magnetic field
in models with a higher Mach number and weaker magnetic field
is inclined more from that of the initial (global) magnetic field.
The models of Figures 4(e)–(g) exhibit mean magnetic fields
parallel to the z-direction, while the models of Figures 4(b)–(d)
exhibit mean magnetic fields oriented in other directions.

Figure 5 shows the density and the magnetic field on a 400 AU
scale, showing isodensity surfaces of ρ = 3.16 × 10−15 g cm−3

(n = 8.28 × 108 cm−3). On this scale, all the models except
for (α,M, f ) = (0.1, 3.0, 1.68) exhibit flat disks in the plane
perpendicular to the hourglass-shaped magnetic fields. The
model with (α,M, f ) = (0.1, 3.0, 1.68) produces a highly
warped disk, and the magnetic field lines are not aligned even
on this scale.

Figure 6 shows the dense region on a 40 AU scale for the
outflow formation stage. Four of the five turbulent collapse
models produce outflows indicated by the blue isosurface of
the radial velocity of vr = 0.57 km s−1 (vr = 3cs). The radial
velocity is measured from the location of maximum density. The
outflow appears ∼200 yr after the maximum density exceeds the
critical density of the EOS for all the outflow models. This

epoch corresponds to the stages with ρmax ∼ 10−9 g cm−3

for the model of Figure 6(a) and ρmax ∼ 10−8 g cm−3 for
the remaining outflow models. All the outflows are ejected in
the direction parallel to the local magnetic field. The weak-
field models (Figures 6(a) and (c)) result in outflow directions
completely different from the initial direction of the magnetic
field. This is consistent with Matsumoto & Tomisaka (2004),
who examined outflow formation in collapsing clouds, in which
the initial magnetic field and rotation axis were not aligned. The
outflows reproduced here are classified into two types: bipolar
and spiral flows. The outflow shown in Figure 6(a) is a bipolar
flow driven by tightly twisted magnetic fields. The bipolar flows
in Figures 6(b) and (d) are accelerated by magnetic fields that
are less twisted because of their higher strength. In these bipolar
flows, the rotation axis of the central first core is parallel to the
mean direction of the local magnetic field. The other weak-field
model of Figure 6(c) shows a spiral flow, which is qualitatively
different from the previous three outflows, showing magnetic
field lines wound in a spiral shape, along which the gas is
accelerated. The rotation axis of the central first core is inclined
at a large angle of 35◦ to the direction of the local mean magnetic
field. The model shown in Figure 6(e) does not produce an
outflow even at the final stage with ρ = 2.16 × 10−8 g cm−3.
Because of the high magnetic field strength in this model,
angular momentum is transferred mainly by magnetic braking
instead of by outflow. The relationship between the outflow,
rotation, and magnetic field is described in detail in Section 4.3.

Note that we reproduce the very early phase of outflow
formation. At the stages shown in Figure 6, the highest outflow
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Density structure of turbulent cores
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Figure 4. Same as Figure 2 but for a (4000 AU)3 region. Isosurfaces denote the isodensity surfaces of ρ = 10−17 g cm−3 (n = 2.62 × 106 cm−3). The model with
(α,M, f ) = (0.5, 3.0, 1.68) is not shown because it does not undergo collapse and the maximum density is lower than the level of the isosurface.
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Figure 5. Same as Figure 2 but for a (400 AU)3 region. Isosurfaces denote the isodensity surfaces of ρ = 3.16 × 10−15 g cm−3 (n = 8.28 × 108 cm−3).
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Figure 4. Same as Figure 2 but for a (4000 AU)3 region. Isosurfaces denote the isodensity surfaces of ρ = 10−17 g cm−3 (n = 2.62 × 106 cm−3). The model with
(α,M, f ) = (0.5, 3.0, 1.68) is not shown because it does not undergo collapse and the maximum density is lower than the level of the isosurface.
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Figure 5. Same as Figure 2 but for a (400 AU)3 region. Isosurfaces denote the isodensity surfaces of ρ = 3.16 × 10−15 g cm−3 (n = 8.28 × 108 cm−3).
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Density structure of turbulent cores
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Figure 4. Same as Figure 2 but for a (4000 AU)3 region. Isosurfaces denote the isodensity surfaces of ρ = 10−17 g cm−3 (n = 2.62 × 106 cm−3). The model with
(α,M, f ) = (0.5, 3.0, 1.68) is not shown because it does not undergo collapse and the maximum density is lower than the level of the isosurface.
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Figure 5. Same as Figure 2 but for a (400 AU)3 region. Isosurfaces denote the isodensity surfaces of ρ = 3.16 × 10−15 g cm−3 (n = 8.28 × 108 cm−3).
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Figure 4. Same as Figure 2 but for a (4000 AU)3 region. Isosurfaces denote the isodensity surfaces of ρ = 10−17 g cm−3 (n = 2.62 × 106 cm−3). The model with
(α,M, f ) = (0.5, 3.0, 1.68) is not shown because it does not undergo collapse and the maximum density is lower than the level of the isosurface.
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Figure 5. Same as Figure 2 but for a (400 AU)3 region. Isosurfaces denote the isodensity surfaces of ρ = 3.16 × 10−15 g cm−3 (n = 8.28 × 108 cm−3).

6

Matsumoto & Hanawa 11



Density structure of turbulent cores
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Figure 6. Densities, magnetic fields, and outflows at the outflow formation stages for the model with f = 1.68 in the dense region with (40 AU)3. The stages are
ρmax = (a) 1.08 × 10−8 g cm−3, (b) 1.01 × 10−8 g cm−3, (c) 7.55 × 10−8 g cm−3, (d) 1.27 × 10−8 g cm−3, (e) 2.16 × 10−8 g cm−3, (f) 1.43 × 10−8 g cm−3, and (g)
1.04 × 10−8 g cm−3. The green isosurface represents a density of ρ = 1.00 × 10−12 g cm−3 (n = 2.62 × 1011 cm−3). The blue isosurface is for the radial velocity of
vr = 0.57 km s−1 (vr = 3cs ). The tubes indicate the magnetic field lines.
(A color version of this figure is available in the online journal.)

during the collapse. At the stage with ρmax = 10−9 g cm−3

(red curves), a spherical first core forms, and the surface-to-
volume ratio and axis ratios become unity at the high density
of ρ ! 10−10 g cm−3. The surface-to-volume ratio and the axis
ratios of the disk-shaped envelope reach 2 and 10, respectively,
at ρ ≃ 10−13 g cm−3 owing to an increase in the flatness. At the
outflow formation stages (purple curves), the surface-to-volume
ratio takes a high value of 2.5 at ρ ≃ 10−11 g cm−3, reflecting the
fact that the outflow disturbs the disk-shaped envelope around
the first core. The surface-to-volume ratio and the axis ratios
remain unity in the dense region with ρ ! 10−10 g cm−3,
indicating that the first core is spherical even at the outflow
formation stage. Moreover, at the low density region with
ρ ≃ 10−20 g cm−3, the surface-to-volume ratio remains high
even after first core formation, indicating that the periphery of
the cloud core remains turbulent.

Figure 9 compares the surface-to-volume ratio and the axis
ratios for the four models with f = 1.68. For a low density of
ρ " 10−19 g cm−3, the turbulent models exhibit high surface-to-
volume ratios. The model with a high Mach number (M = 3)
exhibits the highest value (red curve), while the model without
turbulence exhibits a low ratio (yellow curve). Comparing the
models with M = 1, the weak-field model (blue curve) has
a higher surface-to-volume ratio than the strong-field model
(green curve), implying that disturbance by turbulent flow is
considerably suppressed by the magnetic field.

In all the models, the axis ratios increase with density in the
range of 10−18 g cm−3 " ρ " 10−13 g cm−3. In this range, the

mean axis ratios (a2 + a3)/(2a1) tend to increase with the initial
magnetic filed strength α, and decrease with the initial Mach
number M. This implies that the magnetic field increases the
degree of anisotropy and the turbulence increases the effective
sound speed. This tendency is apparent at a relatively low density
of 10−18 g cm−3 " ρ " 10−15 g cm−3.

At ρ ∼ 10−13 g cm−3, the model with (α,M, f ) =
(0.1, 1.0, 1.68) exhibits a prolate shape (blue curves), with
the major axis being considerably longer than the other axes;
the axis ratio a3/a2 has a maximum of 6.2 at ρ = 3.8 ×
10−13 g cm−3. For all the other models, the axes a3 and a2 are
comparable (a3/a2 < 2) for ρ # 10−17 g cm−3, indicating an
oblate shape. For a higher density of ρ ! 10−11 g cm−3, all the
models exhibit spherical shapes because of the presence of the
first cores.

4.2. Dependence on Mass

We examined two additional models with f = 3.0 and 6.0
in order to investigate the dependence on cloud mass. We refer
to these models as massive cloud cores. The parameters of the
initial magnetic field and the initial Mach number of turbulence
are α = 0.1 and M = 3.0, respectively. It takes shorter time to
form the first core for the more massive core; the first core forms
at t = 5.24tff for a model with (α,M, f ) = (0.1, 3.0, 1.68),
and at t = 1.29tff for a model with (α,M, f ) = (0.1, 3.0, 6.0).

Figures 10 and 11 compare the three models on three spatial
scales. The low density regions are highly disturbed by the
turbulence in all the models (left column in Figures 10 and 11).
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Figure 6. Densities, magnetic fields, and outflows at the outflow formation stages for the model with f = 1.68 in the dense region with (40 AU)3. The stages are
ρmax = (a) 1.08 × 10−8 g cm−3, (b) 1.01 × 10−8 g cm−3, (c) 7.55 × 10−8 g cm−3, (d) 1.27 × 10−8 g cm−3, (e) 2.16 × 10−8 g cm−3, (f) 1.43 × 10−8 g cm−3, and (g)
1.04 × 10−8 g cm−3. The green isosurface represents a density of ρ = 1.00 × 10−12 g cm−3 (n = 2.62 × 1011 cm−3). The blue isosurface is for the radial velocity of
vr = 0.57 km s−1 (vr = 3cs ). The tubes indicate the magnetic field lines.
(A color version of this figure is available in the online journal.)

during the collapse. At the stage with ρmax = 10−9 g cm−3

(red curves), a spherical first core forms, and the surface-to-
volume ratio and axis ratios become unity at the high density
of ρ ! 10−10 g cm−3. The surface-to-volume ratio and the axis
ratios of the disk-shaped envelope reach 2 and 10, respectively,
at ρ ≃ 10−13 g cm−3 owing to an increase in the flatness. At the
outflow formation stages (purple curves), the surface-to-volume
ratio takes a high value of 2.5 at ρ ≃ 10−11 g cm−3, reflecting the
fact that the outflow disturbs the disk-shaped envelope around
the first core. The surface-to-volume ratio and the axis ratios
remain unity in the dense region with ρ ! 10−10 g cm−3,
indicating that the first core is spherical even at the outflow
formation stage. Moreover, at the low density region with
ρ ≃ 10−20 g cm−3, the surface-to-volume ratio remains high
even after first core formation, indicating that the periphery of
the cloud core remains turbulent.

Figure 9 compares the surface-to-volume ratio and the axis
ratios for the four models with f = 1.68. For a low density of
ρ " 10−19 g cm−3, the turbulent models exhibit high surface-to-
volume ratios. The model with a high Mach number (M = 3)
exhibits the highest value (red curve), while the model without
turbulence exhibits a low ratio (yellow curve). Comparing the
models with M = 1, the weak-field model (blue curve) has
a higher surface-to-volume ratio than the strong-field model
(green curve), implying that disturbance by turbulent flow is
considerably suppressed by the magnetic field.

In all the models, the axis ratios increase with density in the
range of 10−18 g cm−3 " ρ " 10−13 g cm−3. In this range, the

mean axis ratios (a2 + a3)/(2a1) tend to increase with the initial
magnetic filed strength α, and decrease with the initial Mach
number M. This implies that the magnetic field increases the
degree of anisotropy and the turbulence increases the effective
sound speed. This tendency is apparent at a relatively low density
of 10−18 g cm−3 " ρ " 10−15 g cm−3.

At ρ ∼ 10−13 g cm−3, the model with (α,M, f ) =
(0.1, 1.0, 1.68) exhibits a prolate shape (blue curves), with
the major axis being considerably longer than the other axes;
the axis ratio a3/a2 has a maximum of 6.2 at ρ = 3.8 ×
10−13 g cm−3. For all the other models, the axes a3 and a2 are
comparable (a3/a2 < 2) for ρ # 10−17 g cm−3, indicating an
oblate shape. For a higher density of ρ ! 10−11 g cm−3, all the
models exhibit spherical shapes because of the presence of the
first cores.

4.2. Dependence on Mass

We examined two additional models with f = 3.0 and 6.0
in order to investigate the dependence on cloud mass. We refer
to these models as massive cloud cores. The parameters of the
initial magnetic field and the initial Mach number of turbulence
are α = 0.1 and M = 3.0, respectively. It takes shorter time to
form the first core for the more massive core; the first core forms
at t = 5.24tff for a model with (α,M, f ) = (0.1, 3.0, 1.68),
and at t = 1.29tff for a model with (α,M, f ) = (0.1, 3.0, 6.0).

Figures 10 and 11 compare the three models on three spatial
scales. The low density regions are highly disturbed by the
turbulence in all the models (left column in Figures 10 and 11).
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Figure 7. Column density distributions of the central (10 AU)2 region for ρmax = 10−8 g cm−3 for the models with f = 1.68. The column densities are shown on a
logarithmic scale in the x–z planes.
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Figure 8. (a) Normalized surface-to-volume ratios and (b) axis ratios as
functions of density thresholds for the model with (α,M, f ) = (0.25,
1.0, 1.68). The different colored lines correspond to the stages of
ρmax/ρ0 = 10, 104, 107, 1010, and 1011 (ρmax = 10−18, 10−15, 10−12, 10−9,
10−8 g cm−3). From left to right, the solid vertical lines represent the initial
density of the ambient gas (ρ0/14.0), the initial central density, and the critical
density of the EOS (ρcr). The dashed vertical lines represent the densities at
which grid refinement was carried out according to the Jeans condition.
(A color version of this figure is available in the online journal.)
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(A color version of this figure is available in the online journal.)
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Figure 7. Column density distributions of the central (10 AU)2 region for ρmax = 10−8 g cm−3 for the models with f = 1.68. The column densities are shown on a
logarithmic scale in the x–z planes.
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Figure 8. (a) Normalized surface-to-volume ratios and (b) axis ratios as
functions of density thresholds for the model with (α,M, f ) = (0.25,
1.0, 1.68). The different colored lines correspond to the stages of
ρmax/ρ0 = 10, 104, 107, 1010, and 1011 (ρmax = 10−18, 10−15, 10−12, 10−9,
10−8 g cm−3). From left to right, the solid vertical lines represent the initial
density of the ambient gas (ρ0/14.0), the initial central density, and the critical
density of the EOS (ρcr). The dashed vertical lines represent the densities at
which grid refinement was carried out according to the Jeans condition.
(A color version of this figure is available in the online journal.)
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functions of density thresholds for the models with f = 1.68 at the stage with
ρmax = 10−8 g cm−3. The different colored lines correspond to the different
models. From left to right, the solid vertical lines represent the initial density
of the ambient gas (ρ0/14.0), the initial central density, and the critical density
of the EOS (ρcr). The dashed vertical lines represent the densities at which grid
refinement was carried out according to the Jeans condition.
(A color version of this figure is available in the online journal.)
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Figure 1. Velocity dispersion, ⟨∆v⟩, as a function of time in the isothermal
collapse phase (ρmax ! ρcr). Red, blue, and green lines correspond to models
with (α,M, f ) = (0.25, 3.0, 1.68), (0.25, 1.0, 1.68), and (0.25, 0.0, 1.68),
respectively. Solid lines denote velocity dispersion in the dense region of
ρ " 0.1ρmax, while the dotted lines denote velocity dispersion in the whole
computational domain. Dashed lines are the same as the solid lines but for the
radial velocity, ⟨∆vr ⟩. Filled circles associated with the solid lines denote the
stages of ρmax = 10nρ0 (n = 1, 2, . . . , 6).
(A color version of this figure is available in the online journal.)

4. RESULTS

4.1. Less Massive Cloud Cores

4.1.1. Overview

Less massive cloud cores, corresponding to models with f =
1.68, are examined in this section. All the models with f = 1.68
except for the model with (α,M, f ) = (0.5, 3.0, 1.68) undergo
collapse. After the collapse begins, the maximum density of
the cloud core increases rapidly. After it exceeds the critical
density of the EOS (ρcr), the cloud core forms an adiabatic core
supported against gravity mainly by the thermal pressure. The
density of the adiabatic core is typically ρ ! 10−10 g cm−3,
which is approximately 103 times larger than the critical density
of the EOS. The adiabatic core corresponds to the first core
of Larson (1969), and hereafter we refer to it simply as
the first core. Models with larger α and/or M have longer
latency before the initiation of the collapse and hence first core
formation. The first core forms at t = 2.39tff for a model with
(α,M, f ) = (0.1, 1.0, 1.68) and at t = 11.5tff for a model with
(α,M, f ) = (0.25, 3.0, 1.68).

Figure 1 shows the evolution of the velocity dispersions in
the isothermal collapse phase (ρmax " ρcr) for models with
moderate magnetic fields (α = 0.25). The velocity dispersions
within the dense region of ρ # 0.1ρmax are calculated according
to Equation (C10). The velocity dispersions decrease in the
dense region before the collapse begins for the turbulent models
(solid lines). When the collapse sets in, the velocity dispersion
is subsonic even for the strong turbulent model (M = 3.0)
as denoted by the red solid line. In other words, decay of the
turbulence promotes the collapse in the dense region. This is
consistent with molecular line observations of the dense cores
where narrow line widths are obtained.

The velocity dispersion is smaller in the dense region than in
the whole computational domain (dotted lines) when collapse

sets in. This indicates that the turbulence decays in the collapsing
dense region selectively, and the other region remains turbulent
even after the collapse sets in.

As the collapse proceeds, the velocity dispersion increases
and it exceeds the sound speed in the dense region. The increase
in the velocity dispersion is attributed to the infall motion as
denoted by the dashed lines (see Equation (C11)). The radial
infall dominates over the velocity dispersion in the stages of
ρmax ! 10−17 g cm−3.

Note that the initial stage exhibits ⟨∆v⟩ /cs ≃ 2 for the model
withM = 3.0, and ⟨∆v⟩ /cs ≃ 0.7 for the model withM = 1.0.
These reductions of ⟨∆v⟩ are caused by a density weighted
average in the calculation of ⟨∆v⟩.

Figure 2 shows the cloud structures on the scale of the
whole computational domain, (0.712 pc)3, at the stage with
ρmax = 10−8 g cm−3 for the collapse models, and at t = 15.6tff
for the non-collapse model with (α,M, f ) = (0.5, 3.0, 1.68).
The isodensity surfaces indicate the structures of the cloud cores
at the low density of ρ = 3.16 × 10−20 g cm−3 (n = 8.28 ×
103 cm−3), corresponding to the boundary between the cloud
core and the parent cloud. The models with a high Mach number
exhibit a density structure highly disturbed by the turbulence
(Figures 2(a)–(c)), where the initial configuration of the cloud
core disappears. In models with a moderate Mach number, the
cloud core is strongly disturbed (Figures 2(d)–(f)). The models
shown in Figures 2(e) and (f) produce cores that are flattened
in the plane perpendicular to the magnetic field. The models
without turbulence produce axisymmetric oblate cores flattened
in the plane perpendicular to the magnetic field (Figures 2(g)
and (h)). The magnetic field lines are highly disturbed by the
turbulence in the weak-field models (Figures 2(a) and (d)). In
contrast, the strong-field models exhibit almost straight field
lines (Figures 2(c), (f), and (h)).

Figure 3 shows the column density distributions of the whole
computational domain for the models shown in Figure 2,
clarifying the fine density distribution. The cloud cores are
shown on a density scale of n ≃ 104 cm−3, corresponding to the
C18O cores. In the model with a high Mach number and weak
field (Figure 3(a)), the low density region is highly disturbed
by the turbulence and exhibits a complex structure. The model
with a high Mach number and strong magnetic field (Figure 3(c))
forms a molecular gas sheet, which lies at the top boundary of
the computational domain. The location of the sheet depends on
the seed of the random initial velocity field. This model shows
a filamentary structure aligned parallel to the magnetic field.
A similar structure was reported by Price & Bate (2008), who
performed a smoothed particle hydrodynamic (SPH) simulation
taking account of the magnetic field. Nakamura & Li (2008)
also reported such a filamentary structure by performing grid
based MHD simulations including ambipolar diffusion. Oblate
cloud cores form in Figures 3(e)–(h). The cloud cores are more
flattened when the magnetic field is strong. In the turbulent
models, the edges of the oblate cloud cores are warped.

At the stage shown in Figure 3, all the turbulent cloud cores
move at subsonic speeds. When we define the cloud core as
the gas denser than the initial ambient gas (ρ > ρ0/14),
the velocities of the baricenter of turbulent cloud cores range
from 0.01 to 0.04 km s−1. Among all the models, the model of
(α,M, f ) = (0.25, 3.0, 1.68) produces the first core at the most
distant point (0.39 pc) from the initial peak of the cloud core.

Figure 4 shows the density and magnetic field in the dense
regions of (4000 AU)3 for the collapse models, showing iso-
density surfaces of ρ = 10−17 g cm−3 (n = 2.62 × 106 cm−3).
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COHERENCE IN DENSE CORES. II. 235

FIG. 10.ÈAn illustration of the transition to coherence. Color and shading schematically represent velocity and density in this Ðgure. On large scales,
material (labeled cha†) is distributed in a self-similar fashion, and its Ðlling factor is low. On scales smaller than some Ðducial radius, the Ðlling factor of gas
increases substantially, and a coherent dense core, which is not self-similar, is formed. Due to limitations in the authorsÏ drawing ability, the Ðgure emphasizes
a particular size scale in the cha†, which should actually exhibit self-similar structure on all scales ranging from the size of an entire molecular cloud complex
down to a coherent core.

that a ““ coherent core ÏÏ is close to being a high Ðlling factor
blob of gas in some kind of equilibrium, while the environ-
ment of that core is of a more temporary and turbulent
nature.

5. DISCUSSION

5.1. A Self-Consistent V iew of Cores and their Environs
For the purposes of discussion, consider a region like the

one pictured in On large scales, what is oftenFigure 10.
called a ““ cloud ÏÏ consists of gas we label ““ cha† ÏÏ. The cha†
has a low Ðlling factor and is presumed to be distributed in
a self-similar way, even though the illustration emphasizes a
particular scale. This cha† is likely comprised of material
whose kinematics are dominated by turbulence and whose
distribution is self-similar (see & FalgaroneElmegreen

and references therein). The cha†, having self-similar1996,
structure, is not taken to represent a uniformly low-density
““ intercloud ÏÏ medium. There is dense gas in the cha†, just
not very much of In some small region immersed in theit.8
cha†, the Ðlling factor of the gas increases substantially and
the gas settles down to a single velocity dispersion. We will
call this small region of high Ðlling factor and roughly con-
stant velocity dispersion a coherent core.

8 This hypothesis is supported by recent observations of CO isotopes in
the Rosette molecular complex et al.(Schneider 1996).

This situation can arise if the outer scale of the coherent
core is taken to represent a boundary between physicalR

cohregimes. In applying this cartoon to the conditions in a real
molecular cloud, can be incorporated into several rele-R

cohvant theoretical pictures (see Since the nonthermal° 5.3).
line width associated with is usually close to theR

cohthermal line width, we might expect that is related toR
cohthe radius at which thermal and nonthermal velocityR

TNT
,

dispersion are exactly equal & Fuller see also(Myers 1992 ;
More potential transition points become relevantTable 3).

when magnetic Ðelds are explicitly included in the picture.
For the static Ðeld, ambipolar di†usion will reduce the
ability of magnetic forces to support gas against collapse
when the ionization fraction drops below a critical value.
And, for the varying Ðeld, poor ion-neutral coupling causes
a minimum size scale cuto† in the spectrum of Alfve� n waves
which permeate the ISM (e.g., & MaxArons 1975 ; Zweibel
& Josafatsson & Pudritz We will1983 ; Carlberg 1991).
return to discussion of these possible physical transitions in

after we have demonstrated how this picture of a° 5.3,
transition to coherence is empirically justiÐed by our data.

Inside the core, the gas is not necessarily as featureless as
an isothermal sphere. The ““ coherent blob ÏÏ is still subject to
fragmentation by instabilities, and it can easily harbor
forming stars with accompanying circumstellar disks and
envelopes.

Simulations of turbulent cores w/ AMR

• A core becomes smooth when the collapse begins.
• Grids are refined safely AFTER the core becomes smooth.

– This may be because of pressure.
– Coherent core (Goodman+ 98)

• Other ideas?
– Multiphase in the turbulent cores.

• Uniform grid 
(10,000)^3 higher order simulation.  e.g., 5th order
10au / 0.01pc = 4.e-3
• SPH
• Moving mesh

– Very cold cores may include turbulence during the collapse. 
• This is rejected by observations.
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Simulation w/ moving mesh

14

826 V. Springel

Figure 23. Time evolution of the density field in a 2D Taylor–Sedov blast wave calculation with the moving-mesh code. The time of each snapshot is indicated
in the panels. The evolving Voronoi mesh is overplotted, and has a resolution of 45 × 45 cells. Roughly at time t = 0.19, the shock reaches the periodic
boundaries of the domain of unit side length L = 1, and effectively collides with the blast wave of the periodic grid of explosions described by this set-up. This
compresses much of the matter into the corners of the domain, a process that is well followed by the moving mesh.

the allowed time-steps are significantly larger than close to the shock
wave and in the heated central bubble. The time-steps are restricted
in a sequence of spherical shells even ahead of the shock, such that
the arriving shock wave is guaranteed to be integrated accurately
in time, even though the cold gas far away can be integrated on
time-steps that can in principle be orders of magnitude larger. This
choice of time-steps is made possible by our tree-based scheme to
estimate the earliest possible arrival time for every cell of a signal
from any other cell.

We note that the results of the individual time-step scheme are
essentially indistinguishable from a fixed time-step integration, but
require significantly less computational effort. Compared to the
equivalent calculation with a global time-step (set equal to the min-
imum of the local time-step constraint of all cells), 4.3 times fewer

flux computations and Riemann problems have to be calculated
over the course of a calculation from t = 0 to t = 0.1. For higher
resolution or in 3D, the saving would be still larger. In fact, many
physical applications in cosmic structure formation feature such a
large dynamic range in time-scales that individual time-steps are
mandatory to make large simulations still tractable.

8.5 The Gresho vortex problem

An interesting test for the conservation of vorticity and angular
momentum is provided by the ‘triangle vortex’ problem of Gresho
& Chan (1990), which we apply here to the Euler equations in 2D,
following Liska & Wendroff (2003). The vortex is described by an

C⃝ 2009 The Author. Journal compilation C⃝ 2009 RAS, MNRAS 401, 791–851

AREPO code
Springel 10

2D blast wave
w/ moving mesh + AMR

that leads to the observed density and magnetic field
morphology at ∼100 au scales. In Figure 2, we show AREPO
magnetohydrodynamic (MHD) simulations of star-forming
cores in a turbulent medium that achieve the same resolution
as the ALMA observations.

We find that changing the initial magnetic field strength in
the AREPO simulations at the 5 pc scale of the cloud
dramatically alters the morphology of both the density and
the magnetic field on spatial scales four orders of magnitude
smaller (see Figure 2). In the strong-field case (i.e., the sub-
Alfvénic case where magnetic energy dominates turbulent
energy and 1A% < ), the field shapes the collapse, creating an
obvious filamentary structure aligned perpendicular to the
overall magnetic field orientation. However, in the weak-field
cases (i.e., the super- or trans-Alfvénic cases where turbulent
energy dominates magnetic energy; 1A% > ) there are no
clear, magnetically induced filaments; rather, the magnetic field
is shaped by the dynamic properties of the gas, as expected for
super-Alfvénic turbulence (Burkhart et al. 2009). We note
that in the three simulations with super- or trans-Alfvénic

(weak-field) initial conditions, 1A% » at the ∼104 au scale of
the collapsed cores. Furthermore, the ALMA-scale simulations
show significantly more fragmentation in the weak-field cases:
this is consistent with the ALMA observations—which show
several smaller companions near the main source—and
confirms that fragmentation is more effectively suppressed in
the strong-field case (e.g., Vázquez-Semadeni et al. 2005;
Lewis & Bate 2017). These results argue that the relative
importance of the magnetic field and turbulence at large
(∼5 pc) scales is critical for determining the structure of a
forming star all the way down to the ∼100 au spatial scales
probed by our simulations and the ALMA observations.

4.1. Histogram of Relative Orientation

Recently, the Planck satellite team assessed the role of the
magnetic field in cloud dynamics by quantifying the relation-
ship between the dust density structure and magnetic field
orientation (Planck Collaboration et al. 2016). The HRO
method (Soler et al. 2013) can be used to study how

Figure 2. Multi-scale projections of simulated data. Shown are the column densities and the magnetic field orientation of protostellar cores that formed in our AREPO
simulations. As indicated, the initial mean magnetic field is oriented in the vertical direction. The initial magnetic field strength increases from the left to the right
columns, corresponding to Alfvén Mach numbers 35, 3.5, 1.2, 0.35A,mean field% =‐ (see Table 1). The top row shows the full-scale AREPO simulations, centered on
the cores shown in the bottom row. The full simulation boxes are 5.2 pc in extent (cloud scale). The middle row shows zoom-ins between JCMT and CARMA scales
(core scale). The bottom row shows zoom-ins of cores at ALMA scales (protostar scale). By allowing the magnetic field orientations and zoom boxes to be toggled on
and off, the interactive figure enables the reader to compare more easily the background grayscale column density maps with the foreground magnetic field
orientations.

(An interactive version of this figure is available.)
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Model
• Initial condition

– Critical Bonner-Ebert sphere ＋uniform ambient gas
• Critical BE x 2 to be unstable against gravitational collapse
• R = 0.06 pc,  M = 2.5 M_sun,  n0 = 2.6e5 cm-3

– Turbulence
• Uniform turbulence with scaling law of Larson (1981) 
• Mean Mach number

– Magnetic field
• Uniform Bz
• The strength （Bz/Bcr)

– Model parameters
• Turbulence （Mach 0.5, Mach 1）, B-field (25μG, 64μG）

• Assumption
– Barotropic EOS：
– Ohmic dissipation：
– Sink particle：
– Periodic boudary condition

M =
1

csV

Z

V
|v|dV

↵ =
Bz

Bcr

Rem < 1 for n > 2⇥ 10

12
cm

�3

nsink = 2.62⇥ 1013cm�3

16

M,↵

P (⇢) = c2s⇢+ ⇢7/5, ncr = 2.62⇥ 1010cm�3

Matsumoto+ 17



On the cloud core scale
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On the envelope scale
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On the disk scale
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Envelope(green), disk（yellow）, outflow(blue)
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Cavity

Outflow

Outflow

Cavity in the envelope (magnetic wall)
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Cavity in envelope → arc-like structure?
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Arc-like structure in MC27（ALMA Cycle0)

23

arc-like structure ~2000 AU

Protostar MMS-1
dense gas MMS-3

dense gas MMS-2

back ground： Spitzer
green： dust
red： HCO+ (J=3-2)

Tokuda et al. (2014)



Model w/o magnetic field.
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Arc-structures
The Astrophysical Journal Letters, 789:L4 (6pp), 2014 July 1 Tokuda et al.

Figure 4. Images of HCO+ (J = 3–2) emission of a red velocity component toward MC27/L1521F. Black contour shows an image of velocity-integrated intensity
of HCO+(J = 3–2) with a velocity range of 6.8–7.0 km s−1. Both the lowest contour and subsequent contour step are 0.020 Jy beam−1 km s−1. The first-moment
intensity-weighted velocity map of the red velocity component with a range of 6.5–14.0 km s−1 is shown in color scale. The magenta contour is the image of 1.1 mm
dust continuum emission with the same contour levels as Figure 1. The black cross is the position of the Spitzer source. The angular resolution of the HCO+(J = 3–2)
is given by the ellipse in the lower right corner, 1.′′0 × 0.′′8.

We note that no SiO (J = 6–5) emission was detected, which
means that there is no strong shock to excite the line and is
consistent with the fact that the Spitzer source is very young.

3.3. Arc-like Structure

Figure 3 shows the velocity channel maps of the HCO+

(J = 3–2) and H13CO+ (J = 3–2) emission. The systemic
velocity of MC27/L1521F with single-dish observations is
about 6.5 km s−1 (e.g., Onishi et al. 1999), and we can observe
no significant emission of HCO+ (J = 3–2) around the velocity.
The lack of the emission is due to a combination of the optical
thickness of the line and the extended emission missing due to
the interferometry observation. The striking feature is seen in the
red component around 7 km s−1; we see a long arc-like structure
with a few core-like features (Figure 4). The length of the arc-
like structure is ∼2000 AU, and there is a slight velocity shift
along and across the arc. The arc-like structure of HCO+(J =
3–2) on 1000 AU scale can be considered as a consequence of
the dynamical interaction between the small dense cores and
the surrounding gas on that scale. The typical velocity of the
arc-like structure is ∼0.5 km s−1 with respect to the systemic
velocity, and it is comparable to the dynamical velocity on that
scale, e.g., the Kepler velocity for a mass of 0.1 M⊙ and a radius
of 1000 AU is 0.3 km s−1.

Similar arc-like structures have been reported in the previous
numerical simulations of the turbulent fragmentation models
(Bate et al. 2002; Goodwin et al. 2004; Offner et al. 2008), where
turbulence promotes fragmentation of cloud cores during the
collapse and dynamical interaction of the fragments provide arcs
or spiral arms in the envelopes. This indicates that in MC27 the

turbulence plays an important role in undergoing fragmentation
in the central part of the cloud core, which is different from
the classic scenarios of fragmentation in massive disks (Larson
1987; Boss 2002; Machida et al. 2008). The driving source of the
turbulence may be the complex velocity structure in the larger
scale surrounding gas observed in the previous observation
(Tobin et al. 2011). A possible scenario is an interaction of cloud
cores, which are formed by the fragmentation of a filamentary
cloud. The filamentary structures in many interstellar clouds are
revealed by the recent Herschel observations (Andrè et al. 2013),
and the interaction of the cloud cores is a natural consequence
of fragmentation of the filamentary cloud (Inutsuka & Miyama
1997).

3.4. Possible Site of Multiple Star Formation

All of these facts above indicate that there are many regions
with different evolutionary states even just within ∼1000 AU.
There is a very low-luminosity source with a very compact out-
flow, and there are at least two high-density cores detected both
in dust continuum emission and H13CO+(J = 3–2), indicating
a possible formation site of multiple stars with separations of a
few hundred AU. There are also a few lower-density cores as
shown in the HCO+(J = 3–2) data. Some gas components are
dynamically interacting as seen in HCO+(J = 3–2), and the
compact outflow has an indication of interaction with the sur-
rounding gas. These complex spatial and velocity structures
indicate that the initial condition of low-mass star formation is
highly dynamical. The dynamical interaction of the gas may
be also important for the determination of the stellar mass.
Actually, the lack of intensity enhancement in the observed
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Summary

• AMR simulations of collapse of cloud cores taking into account of 
magnetic field and turbulence.

• A cloud core becomes smooth shape when it starts to collapse.
– After that, the collapse can be followed by AMR.

• In the case of multiphase gas, any ideas?

• Misaligned systems are formed.
• Arc-like structure in MC27 can be explained by both the HD and 

MHD models.
– Waves caused by gravitational torque of multiple system.
– Magnetic falls.  Are they real?
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