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44. Dust Polarization Toward Embedded Protostars in Ophiuchus with ALMA. I. VLA 
1623, Sarah I. Sadavoy et al.

• diskのpolarizationの起源
• dust alignment by magnetic field
• dust alignment by radiation flux (Tazaki et al. 2017)
• self scattering (Kataoka et al. 2015)

• diskのpolarizationが何によって起こっているのかを明らかにしたい
• ALMAによるOphiuchusの26のClass 0/Iのsurvey観測
• VLA 1623についてreport
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tended emission has a ring-like morphology, although we
detect no dips in an azimuthally-averaged intensity pro-
file. We call this region an “extended dust ring” to dis-
tinguish it from the more compact emission centered on
VLA 1623-A and VLA 1623-B.

Figure 1. ALMA 1.3 mm Stokes I observations of VLA 1623. The
field is centered on the VLA 1623A and VLA 1623B sources. The
thick black lines show the direction of the collimated outflow lobes
(position angle is -55◦; Santangelo et al. 2015). The synthesized
beam size is in the lower-left corner.

Figure 2 shows the Stokes Q and U maps and the po-
larized intensity map. Note that the three figures use dif-
ferent logarithmic scales to highlight extended features.
VLA 1623-A and VLA 1623-B are each well detected in
the individual Stokes Q and U maps and in polarized
intensity. The extended ring, however, is less prominent
and appears partially traced in polarized intensity. The
Stokes V map does not have any detections.
The polarized intensity map in Figure 2 corresponds

to the debiased polarized intensity. In brief, polarized
intensity is measured from the quadrature sum of the
Stokes Q and U maps (PI ,uncorr =

√

Q2 + U2). This
quadrature sum always produces a positive value, even
though the Stokes Q and U maps may be negative (e.g.,
see Figure 2). The resulting polarized intensities are then
biased to higher values as sign differences in Stokes Q
and U are not translated to polarized intensity. This
bias must be removed from observations to determine
the true polarized intensity.
The most common approach to debias dust polariza-

tion observations follows a basic maximum likelihood
characterization (Simmons & Stewart 1985; Vaillancourt
2006):

PI =
√

Q2 + U2 − σP I
2, (1)

where Q and U are the Stokes Q and U intensities at each
pixel and σP I is the noise in the polarization map. We
assume σP I ≈ σQ ≈ σU for simplicity. Since the maxi-
mum likelihood method is reliable only for well-detected

dust polarization, we limit our analysis to only those data
with PI/σP I > 4 (Vaillancourt 2006).
We calculate the position angle of the polarization vec-

tors, θ, with

θ =
1

2
tan−1 U

Q
, (2)

and the polarization fraction, PF , with

PF =
PI

I
. (3)

All polarization position angles are measured from −90◦

to 90◦, North to East. The 180◦ ambiguity in the position
angle from Equation 2 is resolved from identifying the
appropriate Cartesian quadrants based on the values of
U and Q. For PI/σP I > 4, the uncertainty in polarization
position angle is ! 7◦ (e.g., Hull et al. 2014). We assume
a 1 σ polarization fraction uncertainty of 0.1%, which is
appropriate for extended emission within the inner third
of the primary beam.
Figure 3 shows the observed polarization morphology

of VLA 1623 overlayed on maps of Stokes I and polarized
intensity. The polarization vectors12 are scaled by the
polarization fraction with a reference of 2% given in the
lower-right corner. Hereafter, we use the term “e-vector”
to correspond to the observed polarization vectors (e.g.,
no rotation has been applied).

4. POLARIZATION MORPHOLOGY

Figures 2 and 3 shows substantial polarization struc-
ture toward VLA 1623 for the first time. In particular,
the e-vectors appear to follow different morphologies for
the inner compact objects around each protostar and the
extended dust ring. The inner compact objects show rel-
atively uniform polarization position angles, whereas the
extended dust ring appears to have an azimuthal polar-
ization pattern that traces the general curvature of the
ring over roughly three-quarters of its extent. Hereafter,
we call the compact density peaks at the position of each
protostar “inner protostellar disks” although we cannot
be sure both of these structure are genuine disks. For
VLA 1632-A, there is evidence that its compact dust
emission may be tracing a Keplerian disk (Murillo et al.
2013). For VLA 1623-B, however, we argue that it is also
a disk candidate based on its compact shape and density
constrast.
Figure 4 compares the distribution in position angle

for the inner protostellar disks (open histogram) and
the extended ring (filled histogram). We describe how
these two regions were differentiated below. The two
histograms have very different profiles with little over-
lap. The two inner disks have a narrow distribution in
angle that peaks around -50◦, whereas the extended ring
has a broader distribution that peaks at roughly 30◦.
This figure illustrates that the inner protostellar disks
and the extended ring have distinctly different polariza-
tion morphologies, which could indicate different mech-
anisms producing their polarization.
To study the mechanisms of polarization, we consider

the inner protostellar disks and the extended dust ring

12 Dust polarization gives a position angle only, whereas true vec-
tors also have a direction. Some studies use the term “half-vector”
(e.g., Ward-Thompson et al. 2017) or “polar” (e.g., Hull et al.
2014). We prefer the term “vector” and use it here.

背景

観測
• ALMA in Band 6 (1.3 mm)
• 空間分解能 ~ 0.25’’ ~ 30 au

• @ Ophiuchus ~ 120 pc
• Class 0のtriplet (1つはwide)
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stokes I
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Figure 2. VLA 1623 in Stokes Q (left), Stokes U (middle), and debiased polarized intensity (right). Note that the three maps use different
logarithmic scaling.

Figure 3. The polarization morphology of VLA 1623. The e-vectors correspond to only those data with I > 3 σI and PI > 4 σPI . The
e-vectors are also scaled by the (debiased) polarization fraction. A reference scale of PF = 2% is given in the lower-right corners. The
background images are (left) Stokes I as shown in Figure 1 and (right) polarized intensity map as shown in Figure 2 for PI > 4 σPI .

as two separate subregions. Figure 5 shows the outline
of these two subregions in black and brown contours on
maps of polarization angle and polarized intensity. We
produce these boundaries using 4 σPI contours in po-
larized intensity with a slight modification based on the
polarization angle map to separate the disk of VLA 1623-
A from the extended dust ring. We use these regions to
produce the angle distributions in Figure 4 and to dis-
cuss the polarization structure for the inner protostellar
disks and extended dust ring in the next two sections.

4.1. The Inner Protostellar Disks

Table 1 lists the positions, fluxes, semi-major axes (a),
semi-minor axes (b), and position angles of the two pro-
tostellar disks (see Figure 5) based on Gaussian fits to
the Stokes I data. We fit the disks using the imfit task in
MIRIAD (Sault et al. 1995). The values for semi-major
axis, semi-minor axis, and position angle have been de-
convolved with the beam, with errors estimated by the
largest absolute difference between the best-fit decon-
volved parameters and the range of deconvolved param-
eters when considering the errors in the observed Gaus-
sian fit from imfit. These peak and flux errors correspond
to statistical uncertainties, whereas the observation un-
certainties are likely 10%. The disk position angle is
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Figure 4. Histograms for polarization position angle. The solid
histogram corresponds to angles associated with the extended dust
ring and the open histogram corresponds to angles associated with
the compact, inner protostellar disks. For definitions on how the
regions were defined see the text and Figure 5.

measured from North to East. We do not subtract a
background level from these measurements.

Table 1
Results from Gaussian Fits to the Inner Protostellar Disks

VLA 1623-A VLA 1623-B
RA (J2000) 16:26:26.396 16:26:26.306
Dec (J2000) -24:24:30.86 -24:24:30.72
adecon (arcsec) 0.368± 0.041 0.314± 0.011
bdecon (arcsec) 0.188± 0.041 0.102± 0.020
PA (degree) 75.3± 10.0 42.4± 2.7
peak (mJy beam−1) 60.6± 3.6 67.0± 1.3
flux (mJy) 141.8± 5.9 127.3± 1.9

The polarization pattern of both disks shows very uni-
form morphologies with orientations of roughly −50◦

(see Figure 4) and median polarization fractions of 1.7%.
This polarization morphology is aligned with the larger-
scale collimated outflow (see Figure 1) at a position angle
of −55◦ (e.g., Santangelo et al. 2015). If the e-vectors
trace grain alignment from an external magnetic field,
then the magnetic field would be perpendicular to the
axis of rotation as traced by the outflow. Misaligned
magnetic fields are significant in ideal magnetic hydrody-
namical (MHD) simulations, because they mitigate mag-
netic braking and allow large disks to form at early times
in the star formation process (e.g., Hennebelle & Ciardi
2009; Machida et al. 2011; Joos et al. 2012).
Polarization from magnetically-aligned dust grains is

best detected when the dust emission is optically thin.
Yang et al. (2017) showed that dust polarization from
aligned dust grains decreases rapidly for large optical
depths (see Figure 3 in Yang et al. 2017). We can es-
timate the optical depth of the two disks using their
spectral indices, α (e.g., with nterms=2 in clean). Both
disks have α ≈ 2 (uncertainties ! 0.02), which sug-
gests that their dust emission is consistent with optically
thick dust that is radiating like a pure blackbody. The
two protostellar disks show absorption features in un-
published high-resolution 13CO (2-1), C18O (2-1), and
DCO+ (3-2) from ALMA Cycle 2 observations (project
code 2013.1.01004.S). Figure 6 shows integrated intensity

of the high density tracer, DCO+ (3-2), in cyan contours
at levels of -10.5, -17.5, -24.5, and -31.5 mJy beam−1

km s−1. On larger scales, DCO+ (3-2) is seen in emis-
sion outside of the disk (e.g., Murillo et al. 2015), indi-
cating that these disks are consistent with optically thick
structures.
For τ > 1, polarization from self-scattering is ex-

pected to dominate over polarization from grain align-
ment (Yang et al. 2017). A number of studies have ex-
amined models of dust scattering with a variety of disk
properties, such as gaps, dust settling, asymmetries, and
different inclinations (e.g., Kataoka et al. 2015, 2016a;
Pohl et al. 2016; Yang et al. 2016a,b, 2017). These mod-
els tend to show distinct polarization morphologies based
on variations in the anisotropic radiation field. For exam-
ple, face-on disks generally produce self-scattering polar-
ization patterns with azimuthal morphologies, whereas
highly inclined disks have uniform e-vectors that are
primarily aligned with the minor axis of the disk (e.g.
Pohl et al. 2016; Yang et al. 2016a). Polarization frac-
tions from these dust scattering models are generally a
few percent.
Most of the aforementioned studies use disk models

with optical depths of τ ! 1, whereas the inner pro-
tostellar disks around VLA 1623-A and VLA 1623-B
appear optically thick. Yang et al. (2017) modeled self-
scattering toward an inclined (45◦) optically thick disk
and found polarization morphologies along the direction
of the minor axis similar to the τ ≈ 1 disks. Yang et al.
(2017) also found that the viewing angle affected the
plane-of-sky polarized intensities. For an inclined, op-
tically thick disk, the near-side of the disk should have a
higher fraction of polarized light than the far-side. This
asymmetry should manifest as higher polarized intensi-
ties and fractions on one side of the disk minor axis.
Qualitatively, VLA 1623-A and VLA 1623-B have po-

larization morphologies and fractions that are consistent
with the optically thick model from Yang et al. (2017).
First, the disks have median polarization fractions of
1.7%, which is consistent with dust self-scattering mod-
els. Second, they have uniform polarization orienta-
tions within 35◦ (VLA 1623-A) and 5◦ (VLA 1623-B)
of their minor axes. Both disks are more inclined than
the model presented in Yang et al. (2017), although disks
with steeper inclinations should still have their e-vectors
mostly aligned with their minor axes. We estimate in-
clination angles of i = 60◦ for VLA 1623-A and i = 70◦

for VLA 1623-B, assuming cos i = b/a (see Table 1). We
also see evidence of asymmetric polarized intensities in
VLA 1623-A (see Figure 5), although the asymmetry is
present along both the major and minor axes. The polar-
ized intensities of VLA 1623-B are more Gaussian-like,
but we may lack the resolution to definitively trace any
asymmetries in its disk.
Overall, the dust polarization seen toward the inner

protostellar disks of both VLA 1623-A and VLA 1623-
B are more consistent with signatures of self-scattering
than grain alignment. These two disks join a growing list
of systems with strong evidence of dust scattering from
high-resolution observations; HD 142527 (Kataoka et al.
2016a), Cepheus A HW2 (Fernández-López et al. 2016),
HL Tau (Stephens et al. 2014, 2017), HH 212 / HH
111 (Lee et al. 2018), and several embedded sources in
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size of 1.44′′ × 0.83′′ and a position angle of 30◦ by eye
using an ellipse that approximates the center of the ring.
Assuming this ellipse is an inclined circle, we find an in-
clination of 55◦, which is similar to the inclination of the
inner protostellar disk. The inner disk, however, has a
di! erent position angle (75◦) from the ring, which makes
their relationship more complex. Based on higher resolu-
tion Band 7 observations of VLA 1623 (Harris et al., in
preparation), VLA 1623-A may contain an unresolved,
tight binary system that could be related to the o! set in
position angle.
The ring also coincides with red- and blue-shifted C18O

(2-1) line emission from earlier ALMA observations. Fig-
ure 6 shows contours of red- and blue-shifted C18O (2-1)
integrated intensities from ALMA Cycle 2 observations
on our map of the ring. Murillo et al. (2013) used Cycle
0 C18O (2-1) emission to identify a pure Keplerian disk
with a (minimum) radius of 50 au and used models to
estimate the Keplerian disk extends to at least 150 au.
Using the C18O (2-1) kinematics, Murillo et al. (2013)
estimated an inclination of 55◦ assuming circular sym-
metry. This inclination matches our estimate based on
the geometry of the ring.
Figure 3 shows an azimuthal polarization morphol-

ogy over roughly three-quarters of the ring with a typi-
cal polarization fraction of 2.4% (see also BHB07-11 in
Alves et al. 2018). The north-east region of the ring is
not detected in polarization. For this non-detection, we
estimate a 4-σ upper limit of 2%, which is comparable
to the typical polarization fraction for the entire ring.
Even if we lower our threshold to 3-σ (upper limit po-
larization is 1.5%), we do not detect any polarization in
the north-east quadrant (see also, Figure 2). Thus, this
non-detection is significant and indicates that the north-
east quadrant of the ring has genuinely lower polarization
than the rest of the ring.
Models of dust scattering primarily focus on disks

rather than rings. Nevertheless, we can approximate the
ring as the outer portion of a disk with a large gap be-
tween in the inner and outer extents. Pohl et al. (2016)
modeled dust self-scattering in disks with gaps and found
that the outer ring shows an azimuthal polarization mor-
phology when viewed face-on and a morphology mostly
aligned with the minor axis when viewed at a steep incli-
nation. This result is similar to those models with contin-
uous disks (e.g., Kataoka et al. 2015, 2016b; Yang et al.
2016a, 2017). At an inclination of ∼ 55◦, the model disk
with a large gap should have e-vectors that are skewed
toward the minor axis (Pohl et al. 2016). Since we see an
azimuthal polarization pattern, we do not attribute the
observed polarization in the ring to pure self-scattering.
We consider instead polarization from grain alignment

due to magnetic fields or an anisotropic radiation field.
For magnetic grain alignment, we rotate the e-vectors
toward the ring by 90◦ (hereafter, called b-vectors) to
infer the magnetic field direction. Figure 8 shows the
b-vectors associated with the ring in blue. (Note that
the black vectors toward the inner protostellar disks
are unrotated e-vectors.) The b-vectors appear radial,
which is inconsistent with a pure toroidal or poloidal
magnetic field structure. Instead, a radial magnetic
field may correspond to more complicated field geome-
tries like hourglass or quadrupole shapes (Frau et al.

2011; Reissl et al. 2014). Hourglass morphologies in par-
ticular are expected for contracting clouds with flux-
frozen magnetic fields (e.g., Mestel & Strittmatter 1967;
Mouschovias 1976; Galli & Shu 1993a).

Figure 8. Magnetic field orientation for the ring around VLA
1623-A. The blue b-vectors toward the ring have been rotated by
90◦. The black e-vectors toward the inner protostellar disks are
not rotated. Note that the vector lengths are shortened relative to
Figure 3 to highlight the b-vector morphology.

Figure 8 shows hints of curvature in the b-vectors that
could represent an hourglass morphology. We may not
cover a wide enough range of spatial scales to fully trace
the pinching pattern from a flux-frozen field, however.
Theoretical predictions suggest the hourglass morphol-
ogy should trace scales of hundreds to a few thousand AU
(e.g., Galli & Shu 1993a; Allen et al. 2003; Frau et al.
2011; Kataoka et al. 2012), which matches the hourglass
shapes detected in observations (e.g., Girart et al. 2006;
Rao et al. 2009; Stephens et al. 2013). We estimate a
maximum recoverable scale of 2.6′′ using the fifth per-
centile13 baseline (102.275 m) and an average elevation of
80◦. At a distance of 120 pc, this maximum recoverable
scale spans only 310 au. Additional short spacings may
help qualitatively trace the possible hourglass structure.
We discuss an hourglass field geometry in more detail in
Section 5.1.
For grain alignment from an anisotropic radiation field

(Lazarian & Hoang 2007; Tazaki et al. 2017), dust grains
precess due to torques from the radiation field and align
with their long axes perpendicular to it. For most disks,
the radiation field is generally radial (e.g., the gradi-
ent of radiation decreases outward from the central star)
and dust grains in this radiation field will produce an
azimuthal polarization pattern at (sub)millimeter wave-
lengths.
Qualitatively, the polarization morphology seen in the

13 This is the same percentile used in the ALMA Technical Guide
when outlining the maximum recoverable scale for each array con-
figuration.

polarization vector

magnetic field 
(rotated by 90º)

peaky
peak ~ -50º
minor axisに垂直に整列

broad
peak ~ 30º
azimuthal方向に整列

• inner disksのpolarizationはself scatteringと主張
• minor axisにaligned
• inner diskはoptically thick (index α>2)

• 見積もられるダスト ~ 200µm
• dust growthのtimescaleと一致

• outer ringのpolarizationは何が原因？
• magnetic field
• radiation field
• another mechanism
それぞれについて考察

どちらか，もしくは両方
だろうと主張
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we view the ring as an ellipse with an aspect ratio of
1.7, we incline the spheroid and its associated field lines
through a polar angle of θ = 54◦ from the plane of the
sky toward the line of sight. The field line coordinates in
Equations 4 and 5 are then transformed to give a tilted
hourglass shape. Further details of this procedure and
these models are described in a forthcoming publication
(Myers et al. 2018, in preparation). We note that our
model polarization pattern agrees well with the numeri-
cal simulations from Kataoka et al. (2012, see their Fig-
ures 6 and 7).

5.1.2. Model Results

To produce a realistic model, we need to estimate the
peak density and scale height of the oblate spheroid. We
approximate the peak density by scaling the mean den-
sity of the ring by the ratio of peak density to mean
density in a critical Bonnor-Ebert sphere. We deter-
mine the mean density of the ring from estimates of
its total mass and volume. First, we subtract the the
best-fit Gaussians for VLA 1623-A and VLA 1623-B
(see Table 1) from our Stokes I continuum observations
using imfit in MIRIAD. Second, we use this source-
subtracted image to measure the 1.3 mm flux of the ring,
S1.3 = 0.6 Jy. Third, we calculate a total mass for the
ring M = S1.3d2/B(T )κ = 0.1 M⊙, where d is the dis-
tance to Ophiuchus, B(T ) the the blackbody function,
and κ is the dust opacity per unit dust and gas mass.
We assume T = 20 K and κ = 0.024 cm2 g−1 at 1.3 mm
(Andrews et al. 2009). Finally, we divide the estimated
mass in the ring by the volume of the oblate spheroid to
get a mean density of ∼ 1 × 1010 cm−3 and an adopted
peak density of ∼ 6 × 1010 cm−3. For the scale length,
we adopt a size of r0 = σ/

√
4πGµHmHn0 = 40 au, as-

suming σ is the thermal velocity dispersion for hydrogen
gas at a temperature of 20 K, G is the gravitational con-
stant, µH = 2.33 is the mean molecular mass per free
particle, mH is the atomic hydrogen mass, and n0 is our
estimated peak density.
We qualitatively match our model by eye to the ob-

servations. Figure 9 shows our matched magnetic field
structure in the plane of the sky for the inclined oblate
spheroid. The red curves show the field lines and the
black ellipse outlines the plane-of-sky shape for the in-
clined spheroid. The flux tubes are selected to give simi-
lar spacings as the observed polarized data (e.g., follow-
ing Nyquist sampling within the observed beam). We
also adopt a ratio of peak density to background density
of ν0 = 60 to approximately match the observed polar-
ization directions. As expected for a flux-frozen magnetic
field, we find a pinched morphology. Since we assume a
uniform background for our model, this density ratio is
highly idealized and not a realistic description of the true
density contrast between the disk and dense core envi-
ronment. The model should only be applied to the inner
regions of VLA 1623 associated with the scales where
we have ALMA observations. The simple model is com-
pletely scalable, however, and can be adjusted to a dif-
ferent density ratio when more data are made available.
Figure 10 shows an overlay of the model magnetic field

structure (Figure 9) rotated by a position angle of 30◦

with our observed b-vectors toward the ring (Figure 8).
We find good by eye agreement between the observed and
modeled plane-of-sky magnetic field orientations, partic-

Figure 9. Model magnetic field for an oblate spheroid inclined by
54◦. The red solid lines show the plane-of-sky magnetic field struc-
ture assuming the flux pattern is comprised of four concentric flux
tubes. The black ellipse shows the outline of the model spheroid.

ularly in the north-west quadrant and south-east quad-
rant. There are noticeable departures in the north-east
and south-west quadrants, however. The former is where
we detect no dust polarization. These deviations may be
linked to our assumption of axisymmetry. The intensity
distribution for the ring is clearly asymmetric, which sug-
gests its mass distribution may also be asymmetric.

Figure 10. Overlay of our model magnetic field with our observa-
tions of VLA 1623. The background image is the same as 8, where
black vectors are e-vectors and blue vectors are b-vectors. The red
solid lines are the same as in Figure 9, but have been rotated to
match the position angle of the ring. The black ellipse shows the
outline of the model spheroid.
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model
重力収縮により磁場が引きずられるモデル
Plummer spheroid (index p=2)

ringのfluxから平均密度を導出

Bonnor-Ebert球でpeak密度を推定
n0~6x1010 cm-3

磁場

輻射場
• 偏光はstokes I の勾配と垂直になるはず
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Nevertheless, even with our simple assumption of ax-
isymmetry, the model approximates the inferred b-vector
morphology. This agreement implies that the emission
around VLA 1623-A corresponds to a disk with evidence
of magnetization and that the magnetic field axis is pri-
marily aligned with the direction of the large-scale, col-
limated outflow. Under the assumption of ideal MHD,
this field orientation should suppress disk formation (e.g.,
Hennebelle & Ciardi 2009; Machida et al. 2011). Since
Murillo et al. (2013) identified Keplerian rotation out
to 180 au toward VLA 1623-A and we see a resolved
compact disk-like structure toward VLA 1623-B, ideal
MHD may not be applicable to full radial extent of
VLA 1623. Recent observations of the Class 0 source
B 335 from ALMA (Maury et al. 2018) are well-matched
with models of non-ideal MHD collapse. Moreover, non-
ideal MHD simulations readily produce disk structures
with Keplerian rotation profiles, even in cases with rel-
atively strong magnetic fields (e.g., Tomida et al. 2015;
Masson et al. 2016; Hennebelle et al. 2016; Vaytet et al.
2018). Thus, VLA 1623-A is an excellent candidate to
study the e! ects of non-ideal MHD in the formation and
evolution of a large disk ∼ 200 au in diameter.
As previously stated, our simple model excludes ro-

tation. VLA 1623-A has a large rotating disk that fol-
lows a Keplerian profile (Murillo et al. 2013) and rota-
tion is expected to draw a vertical magnetic field into
a toroidal field on < 100 au scales (Tomisaka 2011;
Kataoka et al. 2012). Nevertheless, other models sug-
gest that the toroidal component is either localized or
weak. Masson et al. (2016) produced an 80 au disk with
Keplerian-like rotation in non-ideal MHD simulations
and found that it had a weak toroidal component and
strong poloidal component in spite of its rotation (see
also, Tomida et al. 2015; Zhao et al. 2018). In non-ideal
MHD simulations at the formation of the second core,
Vaytet et al. (2018) produced a strong toroidal compo-
nent only in the vicinity of the second core (r ! 1 au),
which is on scales too small for us to probe. Thus, it
is unclear how rotation influences magnetic field direc-
tions and the subsequent polarization on the scales we
can observe. We require more detailed models that in-
clude rotation and non-ideal MHD e! ects to fully repre-
sent the observed polarization structure in VLA 1623-A
(e.g., Maury et al. 2018).

5.2. Radiation Field Alignment

Dust polarization can also arise from grain align-
ment due to anisotropic radiative torques from the ra-
diation field itself. Based on theoretical studies, large
(" 100 µm) dust grains are more e" ciently aligned by
the radiation field than magnetic fields (e.g., see Fig-
ure 5 in Tazaki et al. 2017), although the precession
rate for the latter depends on the amount of param-
agnetic material in the dust grains (Hoang & Lazarian
2016). Observations of disks at millimeter wavelengths
trace primarily these large dust grains, so radiative grain
alignment should expected (e.g., Kataoka et al. 2017;
Stephens et al. 2017).
A simple test for radiative grain alignment is to com-

pare the direction of polarization to the gradient of ra-
diation. Grains with their long axes perpendicular to
the radiation field will primarily have 90◦ di! erences be-
tween Stokes I intensity gradient and the polarization

position angles. Figure 11 shows these relative angles for
the ring only. The distribution peaks at roughly 80◦ and
decreases sharply at relative angles ! 45◦, suggesting
that the Stokes I intensity gradient is primarily perpen-
dicular to the polarization pattern. Thus, the observa-
tions are also consistent with grain alignment from an
anisotropic radiation field.

Figure 11. Normalized distribution of relative angles between
the Stokes I intensity gradient and the polarization position angles
for the ring around VLA 1623-A. We consider only those pixels
I > 3 σI and PI > 4 σP I associated with the ring (see Figure 5).

Figure 11, however, is also relatively broad. A large
fraction of the ring has relative angles of 50− 60◦, which
indicates that the polarization is neither strongly aligned
nor strongly perpendicular to the direction of the radi-
ation field. These di! erences could indicate that more
than one mechanism is a! ecting the polarization pat-
tern (e.g., magnetic fields, see Section 5.1). Alterna-
tively, the broadness could mean that grain alignment
from the anisotropic radiation field is less e" cient. This
mechanism is expected to a! ect mainly large dust grains,
and VLA 1623 (a Class 0 system) may not have had
enough time to produce a large population of these grains
although low measurements of the dust emissivity in-
dex, ! , indicate that some level of grain growth should
be expected in Class 0 systems (e.g., Kwon et al. 2009;
Chiang et al. 2012).
If the polarization pattern in the ring is due to radiative

grain alignment, then we can expect large dust grains in
the ring as small grains are more a! ected by gaseous
damping and will not align e" ciently. Tazaki et al.
(2017) modeled both magnetic and radiative grain align-
ment in a protoplanetary disk. Assuming thermal dust
emission of 20 K in the disk midplane (" ≈ 140 µm),
they found that the radiative torques are most e" cient
for grain sizes " 80 µm at radial distance of 50 au. If
the gas surface density is lower then gaseous damping
will be weaker. Thus, radiative torques may be more
e" cient for smaller grains in the surface layers of disks
(e.g., if the disks have some thickness) or at larger radial
extents (e.g., 100 au).
Models of dust growth in disks (e.g., Brauer et al. 2008;

Birnstiel et al. 2010) show that the time scale for grain
growth to ∼ 100 µm sizes depends significantly on the
local density of the disk, which is strongly a function

• 大部分は~90º
• 輻射場による整列とconsistent

• 一方で分布は広がっている
→強くalignしていないか他のmechanismも
効いている
• grain size ~ 80µmが必要

Mechanical grain alignment
• gas流の向きにdustが揃う
• 早いgas流が必要
• outflowが考えられるが向きが違う

nu, Bu: uniform back ground
n0: peak density
r0: scale length
A=10 (aspect比 ) → (T=20 K, κ=0.024 cm2 g-1)



1. Magnetic field in a circumbinary disk around a Class I YSO, 
F.O. Alves et al.

• diskのpolarizationのメインのメカニズムを知りたい
• Class I 原始星 BHB07-11@Pipe Nebula (~ 145 pc) をALMAで観測

• Band 3, 6, and 7 (97.5, 
233, and 343.5 GHz)

• 分解能: ~0.2’’
• Band 3 - 7で同じような

P.A.



偏光の原因
• self scattering

• polarization fractionは小さい
• disk minor axisに揃う/リング円盤で
は動径方向に揃う

• サイズ依存性が強い
→違いそう

• 輻射場によるdust整列
• 中心星からの輻射による整列をモデ
リング

• binaryの片方，VLA 5aからの輻射が
メインのときbest fit

• 北西部が大きくずれる
• spiral likeな形状が再現できない



F. O. Alves et al.: Magnetic field in a circumbinary disk around a Class I YSO

! PA=26.8º   " =9.2º

! PA=25.0º   " =8.1º

! PA=23.4º   " =7.5º

! PA=31.0º   " =6.0º

! PA=52.9º   " =7.5º

N

Fig. 8. Left panels show synthetic magnetic field lines (red vectors) plotted on top of observed Band 7 Stokes I contours (5 to 45 mJy beam�1 in
steps of 5 mJy beam�1), polarized intensity (grey scale with same intensity levels of Fig. 1) and magnetic fields (blue vectors, which are 90�-rotated
with respect to Fig. 1). The red vectors result from our rotating disk modeling assuming di↵erent k = Bp/B� values. Fig. 6 is shown in the upper
left panel for reference. The right panels show the residuals from each case, with mean �PA = PAdata�PAmodel values and standard deviation �
indicated on each histogram panel.

fields that are radially advected by accretion and azimuthally
twisted by di↵erential rotation. At steady state, the inward ad-
vection of field lines is balanced by the outward di↵usion asso-
ciated to the turbulent viscosity of the disk, and the large-scale
field reaches a configuration characterized by an inclination with
respect to the disk normal of i = 50 � 60� and a poloidal- to-
toroidal ratio k = Bp/B� of order unity. In our modelling, we
adopted i = 55�and considered k as a free parameter.

We ran DustPol assuming a frequency of 343 GHz as in
Band 7 observations. The disk model has the normal to the
disk plane inclined by 52� with respect to the line of sight
and it is then rotated by 138� in the plane of the sky (East of
North). DustPol creates a set of FITS files of the Stokes pa-
rameters that can be straightforwardly used as an input for the
simobserve/simanalyze tasks of CASA. For these tasks we
assumed an antenna configuration corresponding to the observa-
tions carried out in Band 7.

In Fig. 8 we show the fit results for the 90�-rotated polari-
sation produced by thermal dust emission for k values ranging
from 1 (k1, poloidal and toroidal magnetic field components are
equally strong) to infinite k (kin f , purely poloidal field). The

best fit is represented by the k = 3 case, with mean residual
�PA= 23.4� and standard deviation � = 7.5�. This case corre-
sponds to a toroidal component a third of the poloidal one. The
extreme cases of purely poloidal and strong toroidal field do not
fit the data. Our results are consistent with the rotation seen in
our molecular line maps, where the sense of rotation is the same
as the sense of the B-field twist. The existence of the poloidal
component indicates that the field is being advected inward by
an accretion flow. Indeed, this is a reasonable interpretation be-
cause, as a young source, infall gas motions and outflow ejection
are expected to happen and, indeed, were reported through ex-
tended H2CO (30,3�20,2) emission and CO (2�1) lines in Alves
et al. (2017).

6.3. Interpreting the modelling results

As shown by Fig. 7 and 8, the di↵erences between the ob-
served polarization angles and the model predictions for radia-
tive alignment and magnetic alignment are similar. In both cases
the agreement is generally good, but some discrepancies remain
between our data and the synthetic maps for some regions of
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• 磁場によるdust整列
• accreting disk + 磁場モデル（Shu et al. 2007）
• k=Bp/Bφ

best fit (k=3)

磁場の向き（偏光を90º回転）

• 輻射場による整列
も否定はできない
が，観測のspiral 
likeな形状と波長
依存のなさから磁
場整列がもっとも
らしい



5. Fragmentation and disk formation during high-mass star formation: The IRAM 

NOEMA (Northern Extended Millimeter Array) large program CORE, H. Beuther et 
al.

背景
• cluster内でのhigh-mass star formationについて知りたい

• fragmentation, disk formation, outflow, chemical process, and etc.
• high mass coreのsurvey観測を行った（CORE Program）
• 本論文ではfragmentationの特徴を決めることを目指している

the IRAM large program CORE
• 20のhigh mass coreをNOEMAで観測

• L > 104 Lsun; hosting high mass protostellar objects (HMPOs)
• およそpre-hot coreからhot coreか，もう少し進化した段階
• 6 kpc以内のcores（~1000 auの分解能を達成できるように）

• NOEMAでの観測
• 1.3 mm bandでcontinuumとlines
• 分解能: ~ 0.32’’ – 0.5’’ (~ 1000 au)
• 短基線配列も組み合わせ
• Maximum recoverable scales: 16’’ – 20’’
• + IRAM 30m for lines (not for continuum)

H. Beuther et al.: CORE: Fragmentation and disk formation

Fig. 3. Example wide-band spectrum extracted toward AFGL2591. The most important lines in the bandpass are marked.

While the majority indeed qualified as IR-bright, a few sources
fall in the IR-quiet category. Maybe slightly surprising, a few
of our line-brightest sources are categorized as IR-quiet (e.g.,
CepA and W3(H2O)). Therefore, the differentiation in these
two categories only partly implies that the IR-quiet sources are
potentially younger, but it suggests at least that these sources
are still very deeply embedded into their natal cores. In this
embedded stage, they are already capable of driving dynamic
outflows, have high luminosities and produce a rich chemistry.

A different evolutionary time indicator sometimes used is the
luminosity-over-mass ratio L/M of the regions (see Table 1, e.g.,
Sridharan et al. 2002; Molinari et al. 2008, 2016; Ma et al. 2013;
Cesaroni et al. 2017; Motte et al. 2017). The CORE sample
covers a relatively broad range in this parameter space between
roughly 20 and 700 L⊙/M⊙. However, this ratio is not entirely
conclusive either. For example, the region with our lowest ratio
(S87IRS1 with L/M ∼ 18 L⊙/M⊙), that could be indicative of
relative youth, is classified otherwise as IR-bright which seems
counterintuitive at first sight. Since the various age-indicators
are derived from parameters averaged over different scales, it is
possible that they are averaging over sub-regions with varying
evolutionary stages and are hence not giving an unambiguous
evolutionary picture.

In summary, the CORE sample consists of regions contain-
ing HMPOs/MYSOs above 104 L⊙ from the pre-hot-core stage
to typical hot-cores and also a few more evolved regions that
have likely already started to disrupt their original gas core. The
evolutionary stages are comparable to the sample by Palau et al.
(2013, 2015) with the difference that they had a large fraction of
sources below 104 L⊙ and even below 103 L⊙ (only four regions
above 104 L⊙).

3. CORE large program strategy

Based on our experience with NGC7538IRS1 and NGC7538S
(Beuther et al. 2012, 2013), we devised the CORE survey in a
similar fashion. The full sample is observed in the 1.3 mm band,
and a sub-sample of five regions will also subsequently be ob-
served at 843 µm. Here we focus on the 1.3 mm part of the sur-
vey for the full sample. The shorter wavelength study will be
presented after its completion.

Several aspects were considered to achieve the goals
of the project: (i) The most extended A-configuration of
NOEMA was used for the highest possible spatial resolution
(ii) Complementary observations with more compact configura-
tions of the interferometer recover information on larger spatial
scales. Simulations showed that adding the B and D configura-
tions provided the best compromise between spatial information
and observing time. (iii) To also cover very extended spectral
line emission, short spacing observations from the IRAM 30m
telescope were added. (iv) Spectrally, among other lines our sur-
vey covers CH3CN to trace high-density gas as might be found
in accretion disks and/or toroids (e.g., Cesaroni et al. 2007) and
H2CO which traces lower-density, larger-scale structures. Both,
CH3CN and H2CO are also well known temperature tracers (e.g.,
Mangum & Wootten 1993; Zhang et al. 1998; Araya et al. 2005).
Furthermore, outflow tracers like 13CO and SO are included. A
plethora of additional lines are also covered to investigate the
chemical properties of the regions. An early example of such
investigation can be found in the paper about the pilot study
sources NGC7538IRS1 and NGC7538S by Feng et al. (2016).

With the wide-band correlator units WIDEX, a spectral
range from 217.167 to 220.834 GHz was covered at a spectral
resolution of 1.95 MHz, corresponding to a velocity resolution
of ∼2.7 km s−1 at the given frequencies. Figure 3 shows an exam-
ple spectrum from AFGL2591. These wide-band units are used
to extract the line-free continuum as well as to get a chemical
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observed lines

本論文ではcontinuumの結果について議論
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Fig. 2. Large-scale overview images for the whole CORE sample. The color-scale show 3-color images with blue, green and red from Spitzer
3.6, 4.5 and 8.0 µm for all sources except IRAS 23033, IRAS21078, G100, G094 and IRAS 23385 for which WISE 3.4, 4.6 and 12 µm data are
presented. Furthermore, W3IRS4 uses Spitzer 3.6, 4.5 µm and MSX 8 µm. The contours show SCUBA 850 µm continuum data (di Francesco et al.
2007; contour levels 20, 40, 60, 80% of the peak emission) for all sources except G100, G084 and G108 where these data do not exist.

AU. Smaller-scale disk fragmentation will also be addressed by
the CORE program (see section 3) through the spectral line anal-
ysis of high-mass accretion disk candidates (e.g., Ahmadi et al.,
subm.).

The previous investigations of NGC7538IRS1 and
NGC7538S (Beuther et al. 2012, 2013; Feng et al. 2016)
can be considered as a pilot study for the CORE survey
presented here. With an overall sample of 20 high-mass
star-forming regions (see sample selection below) observed at
uniform angular resolution (! 0.3"" # 0.4"") in the 1.3 mm wave-
length band with NOEMA, we can investigate how (un)typical
such fragmentation properties on core scales are. Fragmentation
signatures to be investigated are, for example, the fragment
mass, size and separation distributions, and how they relate to
basic underlying physical processes.

In this paper, we present the sample selection, the general
survey strategy as well as the observational characteristics. The
rest of the paper will then focus on the continuum data and the
fragmentation properties of the sample. The other scientific as-
pects of this survey will be presented in separate publications

(e.g., Ahmadi et al. subm., Mottram et al. in prep., Bosco et al. in
prep.).

2. Sample

Our sample of young high-mass star-forming regions was se-
lected to fulfill several criteria: (a) luminosities > 104 L$ indi-
cating that at least an 8 M$ star is forming, (b) distance-limited
to below 6 kpc to ensure high linear resolution (! 1000 AU), (c)
high-declination sources (decl.>24%) to obtain the best possible
uv-coverage (implying that they are either not at all or at most
poorly accessible with the Atacama Large Millimeter Array,
ALMA). Furthermore, only sources with extensive complemen-
tary high-spatial resolution observations at other wavelengths
were selected to better characterize their overall properties. In
this context, the sample is also part of a large e-Merlin project led
by Co-I Melvin Hoare to characterize the cm continuum emis-
sion of the sample at an anticipated spatial resolution of down to
30 mas. The initial luminosity selection was based on luminos-
ity and color-color criteria. Figure 1 presents the corresponding
luminosity-color plot. We use the luminosity-color plot as a sam-
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▶targets
コントア: SCUBA 850 µm
カラー: Spitzer, WISE 3.4 - 12 µm

H. Beuther et al.: CORE: Fragmentation and disk formation

Fig. 6. Compilation of 1.37 mm continuum images for CORE sample converted to linear resolution elements. The contouring is in 5σ steps (see
Table 3). The sources are labeled in each panel, and the synthesized beams are shown at the bottom-left of each panel.

5.2. Source extraction

To extract the sources from our 20 images, we used the classi-
cal clumpfindalgorithm by Williams et al. (1994) on our self-
calibrated images. As input parameters we used the 5σ contour
levels presented in Figures 5 and 6 as well as in Appendix B.
These images sometimes also show negative 5σ contours, in-
dicating that the interferometric noise is neither uniform nor
really Gaussian. Therefore, we inspected all sources identified
by clumpfind individually and only included those where the
peak flux density is ! 10σ (two positive contours minimum in
Appendix B). The derived positional o! sets from the phase cen-
ter, peak flux densities S peak, integrated flux densities S int and
equivalent core radii (calculated from the measured core area as-
suming a spherical distribution) are presented in Table 5 (S peak

and S int are derived from the primary-beam corrected data).

To estimate the amount of missing flux filtered out by
the interferometric observations, we extracted the 850 µm peak
flux densities from single-dish observations, mainly from the
SCUBA legacy archive catalogue (Di Francesco et al. 2008).
Since this dataset has a final beam size of 22.9"" it covers our
primary beam size very well. Scaling this 850 µm data with a
typical ν3.5 dependency to the approximate flux at our observing

frequency of 220 GHz, we can compare these values to the sum
of the integrated fluxes measured for each target region from our
previous clumpfindanalysis. Table 3 presents the corresponding
missing flux values (mf in percentage) for the sample (for two
regions – G100 & G108 – we did not find corresponding single-
dish data). The amount of missing flux varies significantly over
the sample, typically ranging between 60 and 90%. The only
extreme exception is W3(H2O) where only 25% of the flux is
filtered out. This implies that for this region the flux is strongly
centrally concentrated without much of a more extended enve-
lope structure. For the remaining sources, even with the compa-
rably good uv-coverage (Fig. 4) a significant fraction of the flux
is filtered out. The variations from source to source indicate that
the spatial density structure varies strongly from region to region
as well (see also discussion in section 6).

There is a broad distribution in the number of cores identi-
fied in each region. We find between 1 and 20 cores among the
di! erent regions (see Table 4). To check whether this range of
identified cores is related to our mass sensitivity, in Figure 7 we
plot the 5σ mass sensitivity (Table 3 and section 5.3) versus the
number of identified cores (excluding NGC7538IRS1 because
of its unusually poor mass sensitivity limit, Table 3). While there
might be a slight trend of more cores towards lower mass sensi-
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� 20000 au ~ 0.1 pc

▼NOEMA results
• CLUMPFIND algorithmでclumpを同定
• gas to dust mass ratio =150, κv = 0.9 cm2g-1, 

H2COから平均温度
→ core massとcolumn densityを導出

H. Beuther et al.: CORE: Fragmentation and disk formation

Fig. 11. Core masses versus equivalent radii for all detected cores. The
color-coding shows the distances of the sources. The dashed lines show
constant column density with levels of 1023, 1024 and 1025 cm−2 from
right to left.

106 cm−3 (e.g., Beuther et al. 2002; Palau et al. 2014) and a
temperature range between 20 and 50 K, typical for regions in
the given evolutionary stages. For such conditions, the estimated
Jeans length is between ∼5500 and 27700 AU. For comparison,
the corresponding Jeans masses in this parameter range vary be-
tween 0.3 and 3.5 M⊙. While a large fraction of the core masses
lies within the regime of the Jeans masses, a non-negligible num-
ber of sources also have higher masses (∼ 36%) in excess of the
Jeans mass of the original cloud. Since our mass estimates are
lower limits, even more cores may exceed the estimated Jeans
masses. However, since the mass estimates are affected by many
uncertainties (in addition to the missing flux, the assumed dust
properties and temperatures are adding an uncertainty of factors
2-4), the core separations may be a better proxy for analyzing
the fragmentation properties of the gas clumps.

Fig. 12. Nearest neighbor separation histogram from minimum span-
ning tree analysis

Table 4. Linear Minimum Spanning Tree Analysis

Source #cores mean sep min sep max sep
(AU) (AU) (AU)

IRAS23151 5 3763 2195 5264
IRAS23033 4 12185 5124 22616
AFGL2591 3 15012 8284 21739
G75.78 4 4392 3202 5924
S87IRS1 11 4564 1728 18625
S106 2 5029 5029 5029
IRAS21078 20 1482 710 2491
G100.3779 20 3027 1573 7247
G084.9505 8 6810 4247 9406
G094.6028 4 9175 4521 18397
CepAHW2 2 2382 2382 2382
NGC7538IRS9 9 3087 1558 4524
W3H2O 7 2583 1410 6071
W3IRS4 6 3785 1069 7298
G108.7575 3 13774 8341 19206
IRAS23385 3 7413 6918 7909
G138.2957 3 22088 16537 27640
G139.9091 2 32468 32468 32468
NGC7538IRS1 1
NGC7538S 6 7828 1520 13663

5.4. Core separations

To quantify the core separations in all 20 sample regions, we em-
ployed the minimum spanning tree algorithms available within
the astroML software package (VanderPlas et al. 2012) which
determines the shortest distances that can possibly connect each
of the cores in the sampled field. From this, the minimum, maxi-
mum and mean separations of the cores in each field were deter-
mined, and are presented in Table 4, with the distribution of near-
est neighbor separations shown in Figure 12. Since our data are
2D projections of 3D distributions, these measured separations
are necessarily lower limits. The minimum core separations are
typically on the order of a few 1000 AU (peak at ∼2000 AU, sim-
ilar to Palau et al. 2013) with only a few core separations for the
most nearby sources being measured below 1000 AU. However,
this lower limit is most likely not a real physical lower separa-
tion limit but associated with the spatial resolution. With typical
resolution elements around 0.3′′ − 0.4′′ (Table 3) at distances
of several kpc (Table 1), the linear spatial resolution is below
1000 AU for the most nearby sources (Table 3).

In contrast to likely not resolving all sub-structures within
the regions, we nevertheless observe strong fragmentation in
many targets. In particular, given the above estimated Jeans
length between ∼5500 and 27700 AU (depending on density and
temperature), most regions appear to fragment at or below this
thermal Jeans length scale. Alternatively, the cores could have
initially fragmented on Jeans length scales, and then the frag-
ments could have approached each other even further due to the
ongoing bulk motions from the global collapse of the regions.
In contrast to that, the turbulent Jeans analysis, which includes
the turbulent contributions to the sound speed, results in signif-
icantly larger mass and length scales (e.g., Pillai et al. 2011;
Wang et al. 2014) than the classical thermal Jeans analysis.

6. Discussion

Fragmentation occurs in general on various spatial scales and
is likely a hierarchical process. Within our CORE project, we
investigate the fragmentation processes on clump scales in high-
mass star-forming regions. We concentrate on the dense cen-

12



H. Beuther et al.: CORE: Fragmentation and disk formation

Fig. 8. Histograms of masses (top panel) and column densities (bottom
panel) for all detected cores.

more lower-column-density environmental gas. This smoothing
slightly decreases the measured column densities with increas-
ing distance. The other way round, increasing the covered area
with distance also increases the measured masses. Hence, part of
the scatter in Fig. 9 is caused by the distance range of our sample.
For smaller distance bins, the scatter is significantly reduced.

Using the derived equivalent radii of the cores from the
clumpfind analysis (Table 5), we can also derive mean densities
for all cores under the assumption of spherical symmetry. Figure
10 plots these mean densities against the corresponding core
masses, again color-coded with distance. While these average
densities are rather high, typically between 106 and 108 cm−3,
there is no clear trend between the densities and the masses.
Taking again the distances into account the scatter is reduced
but identifying trends within distance-limited ranges is still dif-
ficult. Hence, in this sample, the core densities are similar over
the whole range of observed core masses. Having a correlation
between mass and column density but less good correlation be-

Fig. 9. Gas column densities versus masses for all detected cores. The
color-coding shows the distances of the sources.

tween mass and average density implies that the core masses
should correlate with their sizes, i.e., equivalent radii. Figure
11 presents the corresponding data again color-coded with dis-
tance. And indeed mass and size are well correlated for the sam-
ple, again much tighter if one looks at limited distance ranges.
Figure 11 also plots lines of constant column densities between
1023 and 1025 cm−2. While most regions scatter between the
1023 and 1024 cm−2 lines, also sub-samples between limited dis-
tance ranges do not follow constant column density distributions
but increase in column density with increasing mass, as already
shown in Fig. 9.

Fig. 10. Mean core densities versus masses for all detected cores. The
color-coding shows the distances of the sources.

To estimate the typical Jeans fragmentation lengths and
masses for the clump scales, we assume mean densities of
the original larger-scale parental gas clumps between 105 and
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Fig. 8. Histograms of masses (top panel) and column densities (bottom
panel) for all detected cores.

more lower-column-density environmental gas. This smoothing
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Taking again the distances into account the scatter is reduced
but identifying trends within distance-limited ranges is still dif-
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the whole range of observed core masses. Having a correlation
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masses for the clump scales, we assume mean densities of
the original larger-scale parental gas clumps between 105 and
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Fig. 11. Core masses versus equivalent radii for all detected cores. The
color-coding shows the distances of the sources. The dashed lines show
constant column density with levels of 1023, 1024 and 1025 cm−2 from
right to left.

106 cm−3 (e.g., Beuther et al. 2002; Palau et al. 2014) and a
temperature range between 20 and 50 K, typical for regions in
the given evolutionary stages. For such conditions, the estimated
Jeans length is between ∼5500 and 27700 AU. For comparison,
the corresponding Jeans masses in this parameter range vary be-
tween 0.3 and 3.5 M⊙. While a large fraction of the core masses
lies within the regime of the Jeans masses, a non-negligible num-
ber of sources also have higher masses (∼ 36%) in excess of the
Jeans mass of the original cloud. Since our mass estimates are
lower limits, even more cores may exceed the estimated Jeans
masses. However, since the mass estimates are affected by many
uncertainties (in addition to the missing flux, the assumed dust
properties and temperatures are adding an uncertainty of factors
2-4), the core separations may be a better proxy for analyzing
the fragmentation properties of the gas clumps.

Fig. 12. Nearest neighbor separation histogram from minimum span-
ning tree analysis

Table 4. Linear Minimum Spanning Tree Analysis

Source #cores mean sep min sep max sep
(AU) (AU) (AU)

IRAS23151 5 3763 2195 5264
IRAS23033 4 12185 5124 22616
AFGL2591 3 15012 8284 21739
G75.78 4 4392 3202 5924
S87IRS1 11 4564 1728 18625
S106 2 5029 5029 5029
IRAS21078 20 1482 710 2491
G100.3779 20 3027 1573 7247
G084.9505 8 6810 4247 9406
G094.6028 4 9175 4521 18397
CepAHW2 2 2382 2382 2382
NGC7538IRS9 9 3087 1558 4524
W3H2O 7 2583 1410 6071
W3IRS4 6 3785 1069 7298
G108.7575 3 13774 8341 19206
IRAS23385 3 7413 6918 7909
G138.2957 3 22088 16537 27640
G139.9091 2 32468 32468 32468
NGC7538IRS1 1
NGC7538S 6 7828 1520 13663

5.4. Core separations

To quantify the core separations in all 20 sample regions, we em-
ployed the minimum spanning tree algorithms available within
the astroML software package (VanderPlas et al. 2012) which
determines the shortest distances that can possibly connect each
of the cores in the sampled field. From this, the minimum, maxi-
mum and mean separations of the cores in each field were deter-
mined, and are presented in Table 4, with the distribution of near-
est neighbor separations shown in Figure 12. Since our data are
2D projections of 3D distributions, these measured separations
are necessarily lower limits. The minimum core separations are
typically on the order of a few 1000 AU (peak at ∼2000 AU, sim-
ilar to Palau et al. 2013) with only a few core separations for the
most nearby sources being measured below 1000 AU. However,
this lower limit is most likely not a real physical lower separa-
tion limit but associated with the spatial resolution. With typical
resolution elements around 0.3′′ − 0.4′′ (Table 3) at distances
of several kpc (Table 1), the linear spatial resolution is below
1000 AU for the most nearby sources (Table 3).

In contrast to likely not resolving all sub-structures within
the regions, we nevertheless observe strong fragmentation in
many targets. In particular, given the above estimated Jeans
length between ∼5500 and 27700 AU (depending on density and
temperature), most regions appear to fragment at or below this
thermal Jeans length scale. Alternatively, the cores could have
initially fragmented on Jeans length scales, and then the frag-
ments could have approached each other even further due to the
ongoing bulk motions from the global collapse of the regions.
In contrast to that, the turbulent Jeans analysis, which includes
the turbulent contributions to the sound speed, results in signif-
icantly larger mass and length scales (e.g., Pillai et al. 2011;
Wang et al. 2014) than the classical thermal Jeans analysis.

6. Discussion

Fragmentation occurs in general on various spatial scales and
is likely a hierarchical process. Within our CORE project, we
investigate the fragmentation processes on clump scales in high-
mass star-forming regions. We concentrate on the dense cen-
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• core massとcolumn densityに正の相関
• 距離が遠いとcolumn densityをunder estimate
• core massをover estimate

• fragmentation率とcore massに相関なし
• core半径とcore massに正の相関

相関なし

mass vs column denisty mass vs mean density

破線: column densityが一定（右から1023, 1024, 1025 cm-2）

radius vs mass
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Fig. 11. Core masses versus equivalent radii for all detected cores. The
color-coding shows the distances of the sources. The dashed lines show
constant column density with levels of 1023, 1024 and 1025 cm−2 from
right to left.
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ber of sources also have higher masses (∼ 36%) in excess of the
Jeans mass of the original cloud. Since our mass estimates are
lower limits, even more cores may exceed the estimated Jeans
masses. However, since the mass estimates are affected by many
uncertainties (in addition to the missing flux, the assumed dust
properties and temperatures are adding an uncertainty of factors
2-4), the core separations may be a better proxy for analyzing
the fragmentation properties of the gas clumps.
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To quantify the core separations in all 20 sample regions, we em-
ployed the minimum spanning tree algorithms available within
the astroML software package (VanderPlas et al. 2012) which
determines the shortest distances that can possibly connect each
of the cores in the sampled field. From this, the minimum, maxi-
mum and mean separations of the cores in each field were deter-
mined, and are presented in Table 4, with the distribution of near-
est neighbor separations shown in Figure 12. Since our data are
2D projections of 3D distributions, these measured separations
are necessarily lower limits. The minimum core separations are
typically on the order of a few 1000 AU (peak at ∼2000 AU, sim-
ilar to Palau et al. 2013) with only a few core separations for the
most nearby sources being measured below 1000 AU. However,
this lower limit is most likely not a real physical lower separa-
tion limit but associated with the spatial resolution. With typical
resolution elements around 0.3′′ − 0.4′′ (Table 3) at distances
of several kpc (Table 1), the linear spatial resolution is below
1000 AU for the most nearby sources (Table 3).

In contrast to likely not resolving all sub-structures within
the regions, we nevertheless observe strong fragmentation in
many targets. In particular, given the above estimated Jeans
length between ∼5500 and 27700 AU (depending on density and
temperature), most regions appear to fragment at or below this
thermal Jeans length scale. Alternatively, the cores could have
initially fragmented on Jeans length scales, and then the frag-
ments could have approached each other even further due to the
ongoing bulk motions from the global collapse of the regions.
In contrast to that, the turbulent Jeans analysis, which includes
the turbulent contributions to the sound speed, results in signif-
icantly larger mass and length scales (e.g., Pillai et al. 2011;
Wang et al. 2014) than the classical thermal Jeans analysis.

6. Discussion

Fragmentation occurs in general on various spatial scales and
is likely a hierarchical process. Within our CORE project, we
investigate the fragmentation processes on clump scales in high-
mass star-forming regions. We concentrate on the dense cen-
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Fig. 13. Fragment masses against nearest neighbor separation from the
minimum spanning tree analysis. The full line corresponds to the Jeans
lengths and Jeans masses calculated at 50 K for a density grid be-
tween 105 and 107 cm! 3. For comparison, the dashed line corresponds
to the Jeans lengths and Jeans masses calculated at a fixed density of
5 " 105 cm! 3 (Beuther et al. 2002) with temperatures between 10 and
100 K. The color-coding shows the distances of the sources.

cloud G11.11 and the Orion integral shape filament) that the
fragmentation properties appear to show distinct signatures at
di! erent spatial scales. In particular for the infrared dark cloud,
Kainulainen et al. (2013) argue that filament fragmentation dom-
inates on large spatial scales (# 1 pc), whereas on smaller spatial
scales thermal Jeans fragmentation takes over ($ 0.2 pc). With
respect to our CORE sample, analyzing the filamentary proper-
ties on larger spatial scales is beyond the scope of this paper.
However, it is clear that the CORE study deals with massive
star-forming regions at high densities and not with the larger-
scale, potentially filamentary clouds. In relation to the work by
Kainulainen et al. (2013, 2017), we are in the second regime
that would be dominated by Jeans fragmentation. Therefore, our
general result that the CORE sample is more consistent with
thermal Jeans fragmentation is in agreement with the results by
Kainulainen et al. (2013, 2017).

6.2. Fragmentation diversity

Our sample clearly shows that the fragmentation properties
within high-mass star-forming regions are not uniform, finding a
diversity from highly fragmented regions to those that host one
or only very few cores (see also Bontemps et al. 2010; Palau
et al. 2013; Csengeri et al. 2017). While this sample seems in
general largely consistent with thermal Jeans fragmentation (see
previous subsection), it should be noted that we also find a few
massive cores in excess of 10 M% (sec. 5.3 and Fig. 8). A high
level of fragmentation with many low-mass cores favors high-
mass star formation scenarios in the framework of competitive
accretion (e.g., Clark & Bonnell 2006; Bonnell et al. 2007b;
Smith et al. 2009), whereas individual massive cores are more
strongly needed in the turbulent core picture (e.g., McKee & Tan
2003; Tan et al. 2014). Because we find examples for both pic-
tures in our CORE sample, this may indicate that di! erent high-

mass star formation scenarios are possible or even interplay with
each other.

Since the sample is selected to host high-mass protostel-
lar objects (HMPOs), the range of evolutionary stages is not
broad. Nevertheless, as discussed in section 2, within the HMPO
category, we cover regions with varying IR-brightness and
luminosity-to-mass ratios. Hence, while evolution is unlikely to
be the main explanation for the observed fragmentation diver-
sity, it cannot be entirely excluded. Furthermore, as discussed
in the previous subsection, di! erent levels of initial turbulence
are also unlikely to be the underlying cause. Other possibilities
to explain the di! erent levels of fragmentation are variations in
the initial density profiles and/or variations in the magnetic field
properties. Di! erences in the density profiles could also arise
from environmental e! ects like global collapse where the cen-
tral gas clumps are continuously fed by some larger-scale cloud
envelope.

Since the whole sample is observed with rather uniform uv-
coverages, one wonders whether the amount of missing flux may
be related to density structure of the parental gas clump and
by that to the observed fragmentation properties of the cores.
Therefore, we compare a few extreme cases: The two compa-
rably isolated regions AFGL2591 and NGC7538IRS1 (both at
similar distances at 3.3 and 2.7 kpc, Table 1) show very di! erent
amounts of missing flux with values of 84% and 50% of the flux
being filtered out. At the other extreme, two highly fragmented
sources like S87IRS1 and IRAS21078 (at distances of 2.2 and
1.5 kpc, Table 1) also exhibit very di! erent values of 87% and
53% of flux being filtered out. Hence, the overall fraction of flux
being lost because of the interferometric observations – or rather
the amount of mass in a di! use, larger-scale reservoir – appears
not to be an important issue for the observed fragmentation dif-
ferences.

Girichidis et al. (2011) have shown with simulations of star-
forming regions how the density profile a! ects the level of frag-
mentation: While flat profiles (ρ &constant) resulted in many
fragments, they find that density profiles like ρ & r! 2 (over
cloud radii of $0.1 pc) quickly lead to the formation of a sin-
gle object at the center where further fragmentation is prohib-
ited. In their simulations, the intermediate case with ρ & r! 1.5 is
also dominated by a central object but additional fragments can
form depending on their initial turbulence field. Observations of
the density profiles of high-mass gas clumps by di! erent groups
typically find density slopes ρ & r! α with α between 1.5 and
2.6 (e.g., Beuther et al. 2002; Mueller et al. 2002; Fontani et al.
2002; Hatchell & van der Tak 2003). Furthermore, Palau et al.
(2014) find a weak inverse trend between level of fragmentation
and steepness of density profile, i.e., less fragmentation for steep
density profiles. Hence, it seems reasonable that a range of initial
density profiles can at least partly explain the observed diversity
of fragmentation properties in our CORE sample. In future work,
we are going to follow up on that and will investigate the density
structure of the regions based on the combination of single-dish
data with the interferometer data in more depth.

In addition to this, di! erent magnetic field properties in the
parental gas clumps can cause similar e! ects. Typically, the
ratio between gravity and magnetic field is phrased in terms
of the critical mass-to-flux ratio (e.g., Tilley & Pudritz 2007).
Commerçon et al. (2011) modeled the collapse of high-mass
star-forming regions with a range of magnetic field strengths.
While their low-magnetic field case results in a larger number
of fragments, the high-magnetic field case is dominated by a
central massive object (see also Fontani et al. 2016). Similarly,
Peters et al. (2011) also find reduced fragmentation with increas-
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large scaleのgas密度 105 – 106 cm-3
温度 20 – 50 K
Jeans length ~ 5500 – 27700 au
Jeans mass ~ 0.3 – 3.5 Msun
→多くのcoreのseparationはJeans length以下

実線と破線はJeans lengthとJeans massの関係

• 乱流を考えると，線は右上に大きく移動
→観測とより合わないセンス

• 乱流を支持する過去の研究との違い
• 過去の研究は感度が足りない，

massiveなcoreしか見ていない
• 若い段階を見ているので，low 

mass coreがまだ作られていない
• fragmentの多様性について

• 進化段階ではない
• initial density profile

• ρ∝r-αのαが大きいと，fragment
は少なくなる

• magnetic field
• 磁場が強いとfragment数は小さ
くなる
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ABSTRACT

We present Spitzer Space Telescope time-series photometry at 3.6 and 4.5 µm of 2MASS
J11193254! 1137466AB and WISEA J114724.10! 204021.3, two planetary-mass, late-type (" L7) brown
dwarf members of the" 10 Myr old TW Hya Association. These observations were taken in order to
investigate whether or not a tentative trend of increasing variability amplitude with decreasing surface
gravity seen for L3-L5.5 dwarfs extends to later-L spectral types and to explore the angular momen-
tum evolution of low-mass objects. We examine each light curve for variability and Þnd a rotation
period of 19.39+0.33

�0.28 hours and semi-amplitudes of 0.798+0.081
�0.083% at 3.6 µm and 1.108+0.093

�0.094% at 4.5
µm for WISEA J114724.10! 204021.3. For 2MASS J11193254! 1137466AB, we Þnd a single period of
3.02+0.04

�0.03 hours with semi-amplitudes of 0.230+0.036
�0.035% at 3.6 µm and 0.453± 0.037% at 4.5µm, which

we Þnd is possibly due to the rotation of one component of the binary. Combining our results with 12
other late-type L dwarfs observed with Spitzer from the literature, we Þnd no signiÞcant di↵erences
between the 3.6µm amplitudes of low surface gravity and Þeld gravity late-type L brown dwarfs at
Spitzer wavelengths, and Þnd tentative evidence (75% conÞdence) of higher amplitude variability at
4.5 µm for young, late-type Ls. We also Þnd a median rotation period of young brown dwarfs (10Ð300
Myr) of " 10 hr, more than twice the value of the median rotation period of Þeld age brown dwarfs
(" 4 hr), a clear signature of brown dwarf rotational evolution.

Keywords: stars: brown dwarfs

1. INTRODUCTION

Several large-scale surveys have found that infrared
variability is common in L, T, and Y-type brown dwarfs
as evinced by ground-based (Radigan et al. 2014, Wil-
son et al. 2014) and space-basedSpitzer and HST sur-
veys (Buenzli et al. 2014, Metchev et al. 2015, Cush-
ing et al. 2016). Such variability is typically attributed
to the rotational modulation of inhomogeneous cloud
cover. In the standard paradigm, the L to T transi-
tion is believed to arise from a rapid loss of the liquid
iron and silicate clouds over a narrow range in e↵ective

Corresponding author: Adam C. Schneider

aschneid10@gmail.com

temperature by some unknown mechanism. This loss
could produce patchy surface coverage, which would re-
sult in photometric and spectroscopic variability (Ack-
erman & Marley 2001, Burgasser et al. 2002). Radi-
gan et al. (2014) found that while variability can occur
for a wide range of spectral types, high-amplitude varia-
tion ( > 2%) is preferentially found at the L/T transition,
evidence that supports this prediction. An alternative
explanation, presented inTremblin et al. (2016), shows
that a temperature gradient reduction caused by Þnger-
ing convection can reproduce the near-infrared colors
of brown dwarfs across the L-T transition without the
need for clouds, thoughLeconte (2018) argue that this
mechanism cannot account for features across the L-T
transition. Analyses of brown dwarf light curves have al-
lowed for sophisticated modeling of brown dwarf surface
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• Spitzerによる2つのbrown dwarfのlight curveを調査
• 変光から回転周期と変光度合いを求めた
• 他の12のL dwarfの観測も含めて議論



46. A universal spin-mass relation for brown dwarfs and planets, 
Aleks Scholz et al.

• Taurusの18のbrown dwarfsのspinを調査
• diskをもつbrown dwarfのspin 周期はdiskなしのものより2倍長い

• diskによるbreaking
• Taurusでのspin周期は他のより年齢のいった星形成領域でのspin周期より長い

• 収縮か角運動量保存のため進化とともにspin-up
• 質量に対して回転周期が線形増加することを確認



47. Extended Millimeter Emission in the HD 141569 Circumstellar Disk Detected with ALMA, 

Jacob Aaron White and A.C. Boley

• ALMA archive dataからHerbig Ae/Be star 
HD 141569の円盤構造を調査

• 3つの異なるBandのビジビリティにモデ
ルをフィット

• spectral indexの異なるinner diskとouter 
diskでよく説明できる

• outer diskの方がよりsteepなgrain size分
布をもつ



48. New member candidates of Upper Scorpius from Gaia DR1, 
S. Wilkinson, B. Merin, and P. Riviere-Marichalar

• Gaia (DR1) のデータからUpper Sco subgroupの新しいメンバーを探す
• 固有運動，距離の情報にアプライできるclustering algorithmを用いた手法
• 167のmember candidate（78はnew）を同定



2. Planet-driven spiral arms in protoplanetary disks: I. Formation mechanism, 
Jaehan Bae and Zhaouhuan Zhu

• planetによるdiskのspiralをシミュレーション



3. Planet-driven spiral arms in protoplanetary disks: II.Implications, 
Jaehan Bae and Zhaouhuan Zhu

• 2.の論文の続き
• spiralの特徴から直接観測できないplanetのmassを制限できるという内容



4. The Galactic Census of High- and Medium-mass Protostars. IV. Molecular Clump 

Radiative Transfer, Mass Distributions, Kinematics, and Dynamical Evolution, 
Peter J. Barnes et al.

• Galactic Census of High- and Medium-mass Protostars (CHaMP) project
• ~ 300のmassive clumpに対してtauやTex，Σ，conversion factor Xを求めた
• ほとんどのclumpがdynamically ununiformなことを確認

• 遅いaccretionやdispersionが存在
• accretion rateはlocalなsurface densityに強く依存


