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CLOUD EVOLUTION WITH OBLIQUE FIELD
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Fig. 10.—Same as Fig. 5 (left), but for model C45. The lower left inset is an
enlarged view of the center.
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Future

an angle of !B ’ 90! . On the other hand, the rotation axis hardly
changes its direction from the initial state and remains directed
along the z-axis. The disk normal is also oriented along the
z-axis (i.e., the rotation axis). From Figure 8b, it can be seen that
a disk forms by the effect of the rotation and the disk normal
direction coincides with the rotation axis.
Figure 8c shows the central region at the core formation epoch
(nc ¼ 2:3 ; 1011 cm#3 ). It can be seen from this figure that a
nonaxisymmetric structure has formed and the central core has
changed its shape from a circular disk (bottom panels of Figs. 8a
and 8b) to a bar (Fig. 8c, bottom). The magnetic field lines run
laterally, i.e., jBr j, jB" j 3 jBz j, in the adiabatic phase (Figs. 8c
and 8d ). Figure 8d shows an adiabatic core when the central
density has reached nc ¼ 6:9 ; 1014 cm#3 . A spiral structure is
seen in this figure, which indicates that a nonaxisymmetric
pattern has formed, even if no explicit nonaxisymmetric density
perturbation is assumed at the initial stage. (Although the nonaxisymmetric patterns also appear in some models of Papers I,
II, and III, it should be noted that these patterns are due to a
nonaxisymmetric perturbation added to the density and magnetic
field at the initial stage.) The magnetic field lines are considerably
twisted in Figure 8d . It should be noted that in this model, the
inclined magnetic field induces nonaxisymmetric perturbations,
on behalf of the initial explicit perturbation.
Figure 11 shows the magnetic field lines, the shape of the
core, and the velocity vectors on the z ¼ 0 plane in the adiabatic
phase for model C00. This figure shows that a ring is formed, as
found in Paper III, without any growth of a nonaxisymmetric
pattern. In Papers I, II, and III, we assumed a cylindrical cloud in
hydrostatic equilibrium, in which the magnetic field and angular
velocity are functions of the radius r in cylindrical coordinates.
On the other hand, the cloud is assumed to be spherical with a
uniform magnetic field and angular velocity at the initial stage
in model C00. In spite of these differences, a similar ring structure appears in both models C00 and CS of Paper II. Figure 9
(bottom) plots the evolution of the axis ratio against the central
density for group C. The axis ratios for models C30, C45, and
C60 begin to grow after a thin disk is formed (nc k 5 ; 106 cm#3 )
and reach "ar ’ 0:5 at the core formation epoch. The axis ratio
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Will ALMA see toroidally wrapped B-fields (or mm-wave
dust scattering?!) at ~25 AU disk scales in these sources?
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Fig. 11.—Same as Fig. 1, but for C00 at the core formation epoch.

grows to "ar ’ 1 at nc ¼ 1012 cm#3 in models C30, C45, and
C60, while no nonaxisymmetric pattern appears in model C00.
This shows that the nonaxisymmetric pattern arises from the
anisotropy of the Lorentz force around the rotation axis. A bar
structure is formed by the nonaxisymmetric force exerted by the
inclined magnetic field, as shown in Figures 8b–8d . This is
confirmed by the fact that the short axis of the density distribution on the z ¼ 0 plane (the disk midplane) and the bar pattern
rotate together with the magnetic field lines. The axis ratio (the
nonaxisymmetry) grows in proportion to #1=6 (107 cm#3 P nc P
1010 cm#3 in Fig. 9, bottom), as found by Hanawa & Matsumoto
(1999). Since the lateral component of the magnetic field
(jBjsin !0 ) is large (Fig. 9, bottom), the axis ratio grows more in
models with large !0 .
The evolution of the angles !B , !! , !P , and "B for group C is
plotted against the central density in Figure 12. The angle between the magnetic field and z-axis becomes !B ’ 90! even in
the early phase of isothermal collapse for all the models C30,
C45, and C60. The rotation axis and the disk normal maintain
their angles !! ; !P ’ 0! . Figures 4 and 12 show that in both
magnetic- and rotation-dominant models the directions of the
magnetic field, rotation axis, and disk normal are qualitatively
the same for models with the same $ and !, irrespective of !0 in
the range 30! $ !0 $ 60! .
Figure 13 shows the magnetic field lines, velocity vectors,
and density distribution for the epoch t ¼ 1:52 ; 106 yr (nc ¼
1:5 ; 109 cm#3 ) for model C30. Note that the box scale and
level of grid are different for each panel. The spatial scale of
each successive panel is different by a factor of 4, and thus the
scale between Figures 13a and 13d is different by a factor of 64.
The magnetic field has an angle !B0 % 30! in Figure 13a, where
!B0 is defined as the angle between the volume average magnetic
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ALMA figure panels (top-left, top-right, bottom-right): 850 micron observations of dust
polarization toward Serpens SMM1, Ser-emb 8(N), and Ser-emb 8, three Class 0 young stellar
objects in the Serpens star-forming region (d = 415 pc). Yellow line segments are magnetic field
orientations, rotated by 90° from the polarization orientations. Grayscale is polarized thermal
dust emission. Black contours are total intensity (Stokes I) dust emission, starting at 3𝜎 and
increasing logarithmically (SMM1 has a gray 3𝜎 contour to highlight a “hole” in the dust in the
SE). Blue and red arrows indicate outflow orientations. The black ellipse in the lower-left is the
synthesized beam (resolution element), which is ~0.3ʺ (or ~100 AU). Data are from ALMA
Cycle 2 project 2013.1.00726.S. Figures were produced using APLpy.
The main free parameter of the final model for the HL Tau disk
polarization discussed in § 3 is the characteristic scattering optical depth ⌧ s,c , which controls the polarization fraction. In order to produce the observed polarization fraction of ⇠ 1%, a
value of ⌧ s,c ⇡ 0.07 is required. This value yields a scattering
opacity  sca ⇡ 10 3 cm2 g 1 (cross section per unit total, rather
than dust, mass) at 1.3 mm (the wavelength of the HL Tau disk
polarization observation), using the characteristic column density
⌃0 = 68 g cm 2 from the best-fit disk mass of 0.13 M of Kwon et
al. (2011). This scattering opacity can put constraints on the grain
size distribution, although they depend on the dust composition,
which is uncertain. As an illustration, we consider the model of dust
grains adopted by Kataoka et al. (2015), which are spheres with a
mixture of silicate (8%), water ice (62%) and organics (30%). All
fractional abundances are in volume and are taken from Pollack et
al. (1994). We assume a canonical gas-to-dust mass ratio of 100,
and use the Mie theory to calculate the absorption and scattering
opacities (Bohren & Hu↵man 1983). The inferred scattering opacity corresponds to a grain radius a = 37 µm for grains of a single
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Figure 5. Model for the polarization of HL Tau disk. Plotted are the polarized intensity (color map, in units of 2⌃20 abs  sca ⌫2 kT 0 /c2 ) and polarization
vectors (line segments, with length proportional to the polarization fraction
of the total intensity) for i = 45 . A characteristic scattering optical depth
⌧ s,c ⇡ 0.07 is needed to bring the high polarization fraction of tens of
percent relative to the scattered intensity (shown in the lower-left panel of
Fig. 2) down to the observed level of ⇠ 1% relative to the total intensity.
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Kwon et al. (2011) obtained a best-fit value 0.73 for the spectral
index of the dust opacity abs / ⌫ for the HL Tau disk based
mostly on CARMA observations at 1.3 and 2.7 mm. It is in agreement with the spatially averaged value obtained from ALMA observations from 0.87 to 2.9 mm (ALMA Partnership: Brogan et
al. 2015). This value is significantly lower than the typical ISM
value of ⇠ 1.5 2. The di↵erence is usually taken as evidence
for grain growth to millimeter size or larger (Testi et al. 2014),
although other interpretations are possible. For example, Ricci et
al. (2012) showed that a value of ⇠ 1 or lower can be obtained
without mm/cm sized grains if part of the disk is optically thick.
Some support for this possibility is provided by the spatially resolved distribution of derived from the ALMA data, which shows
⇠ 0 indicative of optically thick emission at the central continuum peak and two rings (B1 and B6, ALMA Partnership: Brogan
et al. 2015, see their Fig. 3). Another possibility is that the index
is sensitive to not only the size but also the shape of the grains.
Indeed, Verhoe↵ et al. (2011) was able to reproduce the spectral
energy distribution (SED) of the disk of HD 142527 (with ⇠ 1
in the millimeter regime) with irregular grains of sizes up to only
2.5 µm; the grain shape was treated with the distribution of hollow
spheres Min et al. (2005). The grains inferred in our model of dust
scattering-induced polarization for the HL Tau disk have a significantly larger maximum size (of order tens of microns). They may
still be able to reproduce the observed (averaged) opacity spectral
index of ⇠ 0.73 if the grains are irregular and/or part of the disk
is optically thick. Detailed exploration of this possibility is beyond
the scope of the present work.
If large, mm/cm sized, grains are responsible for the relatively
low value of observed in the HL Tau disk, it is natural to ask
whether they can produce a polarization pattern that matches the
observed one through scattering. It is unlikely, because the key to
producing the observed pattern is the polarization degree of the
scattered light peaking near 90 (as in the Rayleigh limit), and this
requirement is not satisfied for mm/cm sized grains. For example,
for the grain model adopted by Kataoka et al. (2015), the polarization degree (defined as the ratio of the two elements in the scattering matrix, Z12 /Z11 , which is essentially the polarization fraction but can be either positive or negative) is nearly zero at 0.87
mm for all scattering angles except around 135 , where it reaches
a (negative) “peak” value of ⇠ 0.2 for amax = 1 mm and 1 cm
(see the right panel of their Fig. 2). The negative value is known
as the polarization reversal (e.g., Murakawa 2010; Kirchschlager &
Wolf 2014) which, together with the shift of the polarization “peak”
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the low polarized intensity near the edge. This trend was present in
our model when only the scattered radiation was considered (see
Fig. 2 and 3), but was washed out by the total intensity in Fig. 5.
The semi-analytic theory that we have developed so far under
the assumption of geometrically thin disk, optically thin emission,
and only Rayleigh scattering is independent of the detailed properties of dust grains. This independence makes the broad agreement
between our model and the main polarization features observed in
HL Tau rather robust. In the next section, we will try to put constraints on the grain size distribution in the HL Tau disk, which is
much more uncertain.
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size. For the MRN-type power-law distribution n(a) / a 3.5 (Mathis
et al. 1977), we obtain a maximum grain size of amax = 108 µm.
The increase of this maximum over the single size case comes from
averaging over the grain size. In both cases, the dimensionless parameter x = 2⇡a/ ⌧ 1, so that the Rayleigh limit used for treating
the scattering in the previous sections is self-consistent (see Fig. 6
below).
In summary, to reproduce the ⇠ 1% polarization fraction observed in the disk of HL Tau through dust scattering, the grains
must have grown to tens of microns (the exact value depends on
the assumed grain size distribution and composition). However, this
picture is complicated by the opacity spectral index inferred for
HL Tau, as we discuss next.
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CARMA/ALMA/simulation comparison (bottom-left): comparison of CARMA data (right),
ALMA data (left), and an AREPO simulation (bottom). CARMA: black and gray line segments
are inferred magnetic field orientation; contours are 1mm dust emission; arrows indicate
outflows. ALMA: colorscale is total intensity 850 micron dust emission at the same scale as the
CARMA map. Simulation: a slice from a simulation of a star-forming core produced using
AREPO (credit: Phil Mocz); colorscale is gas density; white line segments are magnetic fields;
magenta vectors are velocity vectors; white line is a shock front created by colliding flows.
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