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Turbulence and magnetic field in SF

• Strong turbulence in ISM.

– Size-linewidth relation (e.g., Larson 81)

• Strong magnetic field in ISM

– Mass-to-flux ratio is roughly critical value.
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Fig. 1.—Composite relationship from PCA decompositions of 12COdv, l
imaging observations of 27 individual molecular clouds. The smallJ p 1–0

scatter of points attests to the near invariance of interstellar turbulence within
molecular clouds that exhibit a large range in size, environment, and star
formation activity. The large filled circles are the global velocity dispersion
and size for each cloud derived from the first principal component. These are
equivalent to the global velocity dispersion and size of the cloud as would be
measured in the cloud-to-cloud size/line width relationship (Larson 1981; Sol-
omon et al. 1987). The light solid line shows the bisector fit to all points from
all clouds. The heavy solid line shows the bisector fit to the filled circles
exclusively. The similarity of these two power laws explains the connection
of Larson’s cloud-to-cloud scaling law to the structure functions of individual
clouds.

mental conditions. Monte Carlo models are constructed that
place upper limits to the variation of the scaling coefficient and
exponent. Finally, we discuss the consequences of an invariant
turbulent spectrum in the context of the formation of interstellar
molecular clouds, sources of turbulent energy, and star formation.

2. THE COMPOSITE STRUCTURE FUNCTION

Following Brunt & Heyer (2002), PCA is applied to spec-
troscopic data cubes of 12CO emission frommolecularJ p 1–0
clouds that are part of recent wide field imaging surveys at the
Five College Radio Astronomy Observatory (Heyer et al. 1998;
Brunt & Mac Low 2004) or targeted studies of individual giant
molecular clouds. Heyer & Schloerb (1997) and Brunt (2003)
show that there is little difference in the relationshipsdv, l
derived from 12CO emission and the lower opacity 13CO emis-
sion. For each cloud, a power-law is fitted to the pointsdv, l
to determine the PCA scaling exponent, aPCA, and coefficient,
. For the sample of 27 molecular clouds, the mean and standardvo
deviation for the scaling exponent are 0.62 and 0.09, respectively.
On the basis of models with little or zero intermittency, this PCA
scaling exponent corresponds to a structure function exponent
equal to (Brunt et al. 2003). The mean and standard0.49! 0.15
deviation of the scaling coefficient are 0.90 and 0.19 km s!1.
These rather narrow distributions of g and reemphasize thev"

results of Brunt (2003) that there is not much variation in the
structure function parameters betweenmolecular clouds. In Fig-
ure 1, we overlay the PCA points from the sample ofdv, l
clouds. The composite points reveal a near-identical form of
the inferred structure functions. The solid line shows the power-
law bisector fit to all points, . This0.65!0.01dv p (0.87! 0.02)l
PCA-derived exponent corresponds to a structure function scal-
ing exponent of .0.56! 0.02
The global velocity dispersion of each cloud and the cloud

size are determined from the scales of the first eigenvector and
eigenimage, respectively. Basically, the global velocity dis-
persion, , is the value of the velocity structure function mea-Dv
sured at the size scale, L, of the cloud. These points, marked
as filled circles within Figure 1, are equivalent to the global
values used by Larson (1981) and Solomon et al. (1987) that
define the cloud-to-cloud size/line width relationship. A power-
law bisector to this subset of points is Dv p (0.96!

. The similarity of this cloud-to-cloud relationship0.59!0.070.17)L
with that of the composite points is a consequence of the uni-
formity of the individual structure functions. Within the quoted
errors, it is also similar to the cloud-to-cloud size/line width
relationships: and . Therefore, Larson’s global ve-g ≈ G v ≈ Co
locity dispersion versus cloud size scaling law follows directly
from the near-identical functional form of velocity structure
functions for all clouds. If there were significant differences of
g or between clouds, then the cloud-to-cloud size/line widthvo
relationship would exhibit much larger scatter than is measured
by Larson (1981) and Solomon et al. (1987).

3. THE DEGREE OF TURBULENCE UNIVERSALITY

The cloud-to-cloud size/line width relationships measured
by Larson (1981) and Solomon et al. (1987) and the composite
structure functions shown in Figure 1 do exhibit some degree
of scatter about the fitted lines. The scatter is quantified by the

mean square of the velocity residuals, , for each data set2jobs
where

N G 2S (Dv ! CL )i ii2 2 !2j p km s . (2)obs N

Here N is the number of clouds in the sample, and C and G are
the parameters derived by fitting a power law to the observed

points. The value for for the sample of clouds in Larson2Dv, L jobs
(1981) using only the 12CO and 13CO measurements is 1.41 km2

s!2. The Solomon et al. (1987) sample is a larger, more homo-
geneous set of clouds and therefore provides a more accurate
measure of the variance within the cloud-to-cloud size/line width
relationship. The corresponding is 0.88 km2 s!2. The value of2jobs

for the points in Figure 1 is 1.93 and 0.35 km2 s!2 for2j Dv, Lobs
the composite collection of points.dv, l
The measured scatter, described by , of the size/line width2jobs

relationships is a critical constraint to the degree of invariance
of turbulence within the molecular interstellar medium. The
scatter arises from several sources. There are basic measure-
ment errors in the global velocity dispersion owing to the ve-
locity resolution of the measurements and the cumulative sta-
tistical error of the individual spectra. Deriving cloud sizes from
complex projected distributions of the molecular gas may also
introduce some scatter. These measurement errors are rarely
shown in any cloud size/line width plots. A secondary source
of scatter is limited or biased mapping of the molecular cloud.
If a given map was limited in angular extent and centered on
a region within the cloud that is actively forming stars, then

Size-linewidth relation

3

Heyer+04

c.f., Larson 81 

L46 HEYER & BRUNT Vol. 615

Fig. 1.—Composite relationship from PCA decompositions of 12COdv, l
imaging observations of 27 individual molecular clouds. The smallJ p 1–0

scatter of points attests to the near invariance of interstellar turbulence within
molecular clouds that exhibit a large range in size, environment, and star
formation activity. The large filled circles are the global velocity dispersion
and size for each cloud derived from the first principal component. These are
equivalent to the global velocity dispersion and size of the cloud as would be
measured in the cloud-to-cloud size/line width relationship (Larson 1981; Sol-
omon et al. 1987). The light solid line shows the bisector fit to all points from
all clouds. The heavy solid line shows the bisector fit to the filled circles
exclusively. The similarity of these two power laws explains the connection
of Larson’s cloud-to-cloud scaling law to the structure functions of individual
clouds.

mental conditions. Monte Carlo models are constructed that
place upper limits to the variation of the scaling coefficient and
exponent. Finally, we discuss the consequences of an invariant
turbulent spectrum in the context of the formation of interstellar
molecular clouds, sources of turbulent energy, and star formation.

2. THE COMPOSITE STRUCTURE FUNCTION

Following Brunt & Heyer (2002), PCA is applied to spec-
troscopic data cubes of 12CO emission frommolecularJ p 1–0
clouds that are part of recent wide field imaging surveys at the
Five College Radio Astronomy Observatory (Heyer et al. 1998;
Brunt & Mac Low 2004) or targeted studies of individual giant
molecular clouds. Heyer & Schloerb (1997) and Brunt (2003)
show that there is little difference in the relationshipsdv, l
derived from 12CO emission and the lower opacity 13CO emis-
sion. For each cloud, a power-law is fitted to the pointsdv, l
to determine the PCA scaling exponent, aPCA, and coefficient,
. For the sample of 27 molecular clouds, the mean and standardvo
deviation for the scaling exponent are 0.62 and 0.09, respectively.
On the basis of models with little or zero intermittency, this PCA
scaling exponent corresponds to a structure function exponent
equal to (Brunt et al. 2003). The mean and standard0.49! 0.15
deviation of the scaling coefficient are 0.90 and 0.19 km s!1.
These rather narrow distributions of g and reemphasize thev"

results of Brunt (2003) that there is not much variation in the
structure function parameters betweenmolecular clouds. In Fig-
ure 1, we overlay the PCA points from the sample ofdv, l
clouds. The composite points reveal a near-identical form of
the inferred structure functions. The solid line shows the power-
law bisector fit to all points, . This0.65!0.01dv p (0.87! 0.02)l
PCA-derived exponent corresponds to a structure function scal-
ing exponent of .0.56! 0.02
The global velocity dispersion of each cloud and the cloud

size are determined from the scales of the first eigenvector and
eigenimage, respectively. Basically, the global velocity dis-
persion, , is the value of the velocity structure function mea-Dv
sured at the size scale, L, of the cloud. These points, marked
as filled circles within Figure 1, are equivalent to the global
values used by Larson (1981) and Solomon et al. (1987) that
define the cloud-to-cloud size/line width relationship. A power-
law bisector to this subset of points is Dv p (0.96!

. The similarity of this cloud-to-cloud relationship0.59!0.070.17)L
with that of the composite points is a consequence of the uni-
formity of the individual structure functions. Within the quoted
errors, it is also similar to the cloud-to-cloud size/line width
relationships: and . Therefore, Larson’s global ve-g ≈ G v ≈ Co
locity dispersion versus cloud size scaling law follows directly
from the near-identical functional form of velocity structure
functions for all clouds. If there were significant differences of
g or between clouds, then the cloud-to-cloud size/line widthvo
relationship would exhibit much larger scatter than is measured
by Larson (1981) and Solomon et al. (1987).

3. THE DEGREE OF TURBULENCE UNIVERSALITY

The cloud-to-cloud size/line width relationships measured
by Larson (1981) and Solomon et al. (1987) and the composite
structure functions shown in Figure 1 do exhibit some degree
of scatter about the fitted lines. The scatter is quantified by the

mean square of the velocity residuals, , for each data set2jobs
where

N G 2S (Dv ! CL )i ii2 2 !2j p km s . (2)obs N

Here N is the number of clouds in the sample, and C and G are
the parameters derived by fitting a power law to the observed

points. The value for for the sample of clouds in Larson2Dv, L jobs
(1981) using only the 12CO and 13CO measurements is 1.41 km2

s!2. The Solomon et al. (1987) sample is a larger, more homo-
geneous set of clouds and therefore provides a more accurate
measure of the variance within the cloud-to-cloud size/line width
relationship. The corresponding is 0.88 km2 s!2. The value of2jobs

for the points in Figure 1 is 1.93 and 0.35 km2 s!2 for2j Dv, Lobs
the composite collection of points.dv, l
The measured scatter, described by , of the size/line width2jobs

relationships is a critical constraint to the degree of invariance
of turbulence within the molecular interstellar medium. The
scatter arises from several sources. There are basic measure-
ment errors in the global velocity dispersion owing to the ve-
locity resolution of the measurements and the cumulative sta-
tistical error of the individual spectra. Deriving cloud sizes from
complex projected distributions of the molecular gas may also
introduce some scatter. These measurement errors are rarely
shown in any cloud size/line width plots. A secondary source
of scatter is limited or biased mapping of the molecular cloud.
If a given map was limited in angular extent and centered on
a region within the cloud that is actively forming stars, then
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Model

• Initial condition
– Critical Bonner-Ebert sphere¬uniform envelope

• Critical BE x 2 to be unstable against gravitational collapse

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

• Mean Mach number

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

– Model parameters
• Turbulence ªMach 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⇥ 1012cm�3

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

nsink = 2.62⇥ 1013cm�3
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M,↵

Rc = 0.06 pc

µ = 2.81, 1.12



On the cloud core scale
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1000 yr after the protostar formation
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Core edge is disturbed by 

turbulence.
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On cloud core scale
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Initial condition (velocity dispersion)
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Initial condition (centroid velocity)
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1000 years after protostar formation
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1000 years after protostar formation

on cloud core scale
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Weak field case μ = 2.81
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Weak field case μ = 2.81 

on cloud core scale
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Centroid velocity
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On envelope scale
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On envelope scale
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momentum j , indicating that the disk is aligned with the
rotation axis. The outflow is accelerated on the 10au scale, and
it extends along the magnetic field, up to the 100au scale. The
outflow is therefore misaligned with the rotating disk, but it is
aligned with the flattened envelope.
The ejection mechanism for this outflow is different from the

ordinal magnetocentrifugal wind (Blandford & Payne 1982;
Pudritz & Norman 1986); this outflow mechanism is a spiral
flow (see Figure 15(b)). The model here demonstrates that the
spiral flow reproduces a bipolar outflow. Similar spiral flows
have been observed (see Figure21 of Matsumoto & Hanawa
2011). To confirm that the spiral flow mechanism continues to
drive the outflow on the timescale of 104years, further long-
term simulations are necessary (e.g., Seifried et al. 2012, 2013).
For model M1B025, the outflow is driven by the magneto-

centrifugal wind on the ∼100au scale (see Figure 15(a)), and
the flow direction is aligned with the local magnetic field B , as
shown in Figures 13 and 14. On this scale, the flattened envelope
is also aligned with the magnetic field. On the scale of 10 au,
the disk normal vector n is aligned with the mean angular

Figure 9. Outflows, magnetic field, and density distribution at tp=700 years for models M05B01, M1B01, M05B025, and M1B025, from left to right. The upper,
middle, and lower panels show the regions of (800 au)3, (200 au)3, and (25 au)3, respectively. The blue isosurfaces indicate where the radial velocity is vr=2 cs
(vr = 0.38 km s−1) in the upper and middle panels, and vr=5 cs (vr = 0.95 km s−1) in the lower panels. The green isosurfaces indicate where the density is

r r =( )log 30 (n = 2.6 × 108 cm−3) in the top panels, and 4.5 (n = 8.3 × 109 cm−3) in the middle panels; this indicates the infalling envelopes. The yellow
isosurfaces indicate where the density is r r =( )log 6.50 (n = 8.3 × 1011 cm−3) in the lower panels, representing the circumstellar disks. The tubes indicate the
magnetic field lines.

Figure 10. Outflow length as a function of time following the formation of sink
particles (tp) for the magnetized models. For comparison, the dotted black lines
indicate lengths extending at speeds of 1 and 2km s−1.
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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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Summary

• Linewidth depends on direction of magnetic fields on 
star forming core scale.
– Large Δv and disturbed vlos for LOS// B

– Narrow Δv and smooth vlos for LOS�B

• Envelopes exhibit complex features
– by turbulence, magnetic field, infall, outflow.

– Simulations show smoother structure than observations do.
• Open question

• Many realizations are necessary for statistical analysis.
– Many models with low resolution are enough.
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