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Take home message:
Radiative torque alignment theory predicts that 
alignment axis is not necessary to be B-field!
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Grain alignment and polarization
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In reality one has to consider additional complications (like, say, incomplete grain alignment) and

variations in the direction of the alignment axis relative to the line of sight. (In most cases the alignment axis
coincides with the direction of magnetic field.) To obtain an adequate description, one can (see [6]) consider an
electromagnetic wave propagating along the line of sight (the ẑo axis, as on Fig. 1b). The transfer equations for
the Stokes parameters depend on the cross section Cxo and Cyo for linearly polarized waves with the electric
vector, E, along the x̂o and ŷo axes perpendicular to ẑo [26].

To calculate Cxo and Cyo, one transforms the components of E to the principal axes of the grain, and takes
the appropriately weighted sum of the cross sections Ck and C? for E polarized along the grain axes (Fig. 1b
illustrates the geometry of observations). When the transformation is carried out and the resulting expressions
are averaged over the precession angles, one finds (see transformations in [26] for spheroidal grains, and in [27]
for the general case) that the mean cross sections are

Cxo ¼ Cavg þ 1
3RðC? $ CkÞð1$ 3 cos2 zÞ, (2)

Cyo ¼ Cavg þ 1
3RðC? $ CkÞ, (3)

z being the angle between the polarization axis and the x̂o ŷo plane, and Cavg & ð2C? þ CkÞ=3 being the
effective cross section for randomly oriented grains. To characterize the alignment, we used in Eq. (3) the
Rayleigh reduction factor [28] defined as

R & hGðcos2 yÞGðcos2 bÞi, (4)

where angular brackets denote ensemble averaging, GðxÞ & 3=2ðx$ 1=3Þ, y is the angle between the axis of the
largest moment of inertia (henceforth the axis of maximal inertia) and the magnetic field B, while b is the angle
between the angular momentum J and B. To characterize the alignment with respect to the magnetic field, the
measures QX & hGðyÞi and QJ & hGðbÞi are employed. Unfortunately, these statistics are not independent and
therefore R is not equal to QJQX (see Lazarian [6,134,141]). This considerably complicates the description of
the alignment process.

2.2. Polarized emission from aligned grains

Aligned grains emit polarized radiation (see Fig. 2b). The difference in tk and t? for aligned dust results in
the emission polarization:

Pem ¼
ð1$ e$tk Þ $ ð1$ e$t?Þ
ð1$ e$tk Þ þ ð1$ e$t?Þ

'
tk $ t?
tk þ t?

, (5)

ARTICLE IN PRESS

Fig. 2. (a) Polarization of starlight passing through a cloud of aligned dust grains. The direction of polarization (E) is parallel to the plane
of the sky direction of magnetic field. (b) Polarization of radiation from a optically thin cloud of aligned dust grains. The direction of
polarization (E) is perpendicular to the plane of the sky direction of magnetic field.

A. Lazarian / Journal of Quantitative Spectroscopy & Radiative Transfer 106 (2007) 225–256228
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Tracing tool of B-field structure 
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P. Palmeirim et al.: Herschel view of the Taurus B211/3 filament and striations: evidence of filamentary growth?

Fig. 3. a) Herschel/SPIRE 250 µm image of the B211/B213/L1495 region in Taurus. The light blue and purple curves show the crests of the
B213 and B211 segments of the whole filament discussed in this paper, respectively. b) Display of optical and infrared polarization vectors from
Heyer et al. (2008), Heiles (2000), and Chapman et al. (2011) tracing the magnetic field orientation in the B211/L1495 region, overlaid on our
Herschel/SPIRE 250 µm image. The plane-of-the-sky projection of the magnetic field appears to be oriented perpendicular to the B211/B213
filament and roughly aligned with the general direction of the striations overlaid in blue. The green, blue, and black segments in the lower right
corner represent the average position angles of the polarization vectors, low-density striations, and B211 filament, respectively.

and most of the compact cores. Figure 2 shows that the B211
filament is surrounded by a large number of lower-density fila-
ments or striations which are oriented roughly perpendicular to
the main filament. It is important to stress that the striations can
also be seen in the original maps (cf. Figs. 1a and 3a) and that
the curvelet transform was merely used to enhance their con-
trast. Some of these striations are also visible in the 12CO(1–0)
and 13CO(1–0) maps of Goldsmith et al. (2008) at 4500 resolu-
tion. Following André et al. (2010), the column density map of
Fig. 2 was also converted to an approximate map of mass per
unit length along the filaments by multiplying the local column
density by the characteristic filament width of 0.1 pc (see color
scale on the right of Fig. 2). It can be seen in Fig. 2 that the
mass per unit length of the main B211 filament exceeds the ther-
mal value of the critical line mass, Mline,crit = 2 c2

s/G, while the
mass per unit length of the striations is an order of magnitude be-
low the critical value. Assuming that the non-thermal component
of the velocity dispersion inside the filaments is small compared
to the sound speed, as suggested by the results of millimeter line
observations (see Hacar & Tafalla 2011, for the L1517 filament
and Arzoumanian et al., in prep.) we tentatively conclude that
the whole B211 filament is gravitationally unstable, while the
perpendicular striations are not.

3.1. A bimodal distribution of filament orientations

To analyze the distribution of filament orientations in a quantita-
tive manner, we applied the DisPerSE algorithm (Sousbie 2011)
to the original column density map (Fig. 1a), in order to produce
a census of filaments and to trace the locations of their crests.
DisPerSE is a general method based on principles of computa-
tional topology and it has already been used successfully to trace

the filamentary structure in Herschel images of star-forming
clouds (e.g., Arzoumanian et al. 2011; Hill et al. 2011; Peretto
et al. 2012; Schneider et al. 2012). Using DisPerSE with a rel-
ative “persistence” threshold of 1021 cm�2 (⇠5� in the map –
see Sousbie 2011 for the formal definition of “persistence”) and
an absolute column density threshold of 1–2 ⇥ 1021 cm�2, we
could trace the crests of the B211 filament and 44 lower density
filamentary structures (see Fig. 3). Due to di↵ering background
levels on either side of the B211/3 filament (see Fig. 1a), we
adopted di↵erent column density thresholds on the north-eastern
side (2⇥1021 cm�2) and south-western side (1021 cm�2). The re-
sults of DisPerSE were also visually inspected in both the origi-
nal and the curvelet column density map, and a few doubtful fea-
tures discarded. The mean orientation or position angle of each
filament was then calculated from its crest (see Appendix A of
Peretto et al. 2012, for details). Figure 4 shows the resulting his-
togram of position angles. In this histogram, the low-density stri-
ations are concentrated near a position angle of 34� ±13�, which
is almost orthogonal to the B211 filament (PA = 118� ± 20�).
Interestingly, the position-angle distribution of available opti-
cal polarization vectors (Heiles 2000; Heyer et al. 2008), which
trace the local direction of the magnetic field projected onto the
plane-of-sky, is centered on PA = 26�±18� and thus very similar
to the orientation distribution of the low-density striations (see
Fig. 4). Figure 3b further illustrates that the low-density stria-
tions are roughly parallel to the B-field polarization vectors and
perpendicular to the B211 filament.

3.2. Density and temperature structure of the B211 filament

Using the original column density and temperature maps derived
from the Herschel data (see Appendix A), we produced radial
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Figure 1
(a) The amount of polarization p as a function of extinction AV is bounded by the relation p/AV < 3% mag−1 (solid line), indicating a
correlation between polarization and dust. However, the broad distribution indicates that not all environments produce the same
amount of polarization. Reproduced from Andersson (2015) with permission of Springer Science+Business Media. (b) The orientation
of the optical/near-IR polarization (blue bars) is systematically orthogonal to that of synchrotron radiation ( yellow bars), which itself is
known to be orthogonal to the projected magnetic field (courtesy T.J. Jones).

POLARIZATION REDUCTION FACTORS

Several effects reduce the observed polarization from the ideal estimated from theory. One way to capture this
information is the polarization reduction factor (i.e., Lee & Draine 1985),

! = RF cos2 γ ,

where γ is the inclination of the magnetic field to the line of sight, R is the Rayleigh reduction factor (a function of
the angle between the magnetic field and the precession axis of the grain; Greenberg 1968), and F is the reduction
factor due to a turbulent part of the magnetic field. The measured polarization is then

pmeas(λ) =
∫

F · p intrdτ =
∫

F · [ε(λ)R cos2 γ p0(λ)] dτ ,

where p0 (Equation 4) corresponds to the ideal case, and pintr is the polarization per unit column density. The
fraction of aligned grains, ε(λ), has an explicit wavelength dependence because the alignment may vary with grain
size and because the extinction and emission cross sections are functions of grain size. However, there is no such
dependence on !, as it depends only on the magnetic field geometry. Hence, multiwavelength observations provide
a natural way to remove the effects of the field geometry, both for O/NIR and FIR observations.
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STAR FORMATION, PLANETARY NEBULAE, RADIO SUPERNOVAE

PARTICIPATING RESEARCHERS Josep Miquel Girart, José-María Torrelles, Pau Frau, Felipe Alves,
Aina Palau, Marco Padovani, Carmen Juárez 

CONTACT Josep Miquel Girart 

RESEARCH

Our group is studying different aspects of the first stages of star formation. The main topics that our research
covers are: (1) The study of the magnetic fields in star forming regions from mm and sub-mm
spectro-polarimetric observations; (2) The study of the interaction process between the powerful protosetllar
winds and the dense molecular environment in star forming regions. In particular we are carrying out a
detailed observational and theoretical study of the molecular regions illuminated by Herbig-haro objects; (3)
The study of the properties of molecular clouds with and without star formation at high angular resolution. The
research is mainly done using interferometers (VLA, VLBA, SMA), and single-dish radio telescopes. The
research is being doing in collaboration with a large group of theoretical and observational astronomers: Drs.
R.Estalella, M.T. Beltrán (Universitat de Barcelona), Prof. G. Anglada, Dr. Mayra Osorio, J.F Gómez (IAA,
CSIC; Spain), Dr. S.Viti, Prof. D.A.Williams (University College London), , O.Morata (LAEFF) and P.T.P.Ho
(SMA). 
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High-angular-resolution measurements of
polarized dust emission toward the
low-mass protostellar system NGC 1333
IRAS 4A shows that the observed
magnetic field morphology is in agreement
with the standard theoretical models of the
formation of Sun-like stars in magnetized
molecular clouds at scales of a few
hundred astronomical units; gravity has
overcome magnetic support, and the
magnetic field traces a clear hourglass
shape. The magnetic field is substantially
more important than turbulence in the
evolution of the system, and the initial
misalignment of the magnetic and spin
axes may have been important in the
formation of the binary system.
Girart et al. 2006, Science, Vol. 313. no.
5788, pp. 812 - 814 

1/6

Girart+ (2006) 
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Linear polarization of HL Tau by ALMA
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2015), the Class 0 disk candidate of NGC 1333 IRAS 4A
(Cox et al. 2015), the Herbig AE late-stage protoplane-
tary disk HD 142527 (Kataoka et al. 2016), and the disk
candidate of the high-mass protostar Cepheus A HW2
(Fernández-López et al. 2016). Polarization toward disks
have also been detected at mid-infrared wavelengths of
8.7, 10.3, and 12.5µm (Li et al. 2016, 2017). However,
polarized emission at mid-infrared wavelengths can occur
due to absorption, emission, and sometimes scattering,
causing di�culty in interpreting the polarization mor-
phology.
Despite these detections, the polarization morpholo-

gies usually were not consistent with what would be ex-
pected from magnetically aligned dust grains. In particu-
lar, Stephens et al. (2014) used the Combined Array for
Research in Millimeter-wave Astronomy (CARMA) to
measure the 1.3 mm polarization morphology in HL Tau.
The morphology was inconsistent with grains aligned
with the commonly-expected toroidal magnetic fields
(polarization/E-field vectors distributed radially in the
disk). Instead, the E-vectors were oriented more or less
along the minor axis of the disk. Kataoka et al. (2015,
2016) and Yang et al. (2016) suggested that the polariza-
tion morphology is actually consistent with that expected
from self-scattering (also see Pohl et al. 2016; Yang et
al. 2017). Indeed, several disks where polarization is
detected show consistency with the polarization mor-
phology expected from self-scattering rather than grains
aligned with the magnetic field. However, except for
the ALMA observations of HD 142527 (Kataoka et al.
2016) and HL Tau (Kataoka et al. 2017), the published
observations are too coarse to resolve more than a few
independent beams across the disk, making it di�cult
to distinguish between scattering and other polarization
mechanisms.
The high-resolution ALMA observations of HD 142527

by Kataoka et al. (2016) resolved polarization for many
10s of independent resolution elements across the disk.
The polarization was radial throughout most of the disk,
which is expected for grains aligned with a toroidal field,
but toward the edges the morphology changed from ra-
dial to azimuthal, which is more consistent with scatter-
ing. Models in Kataoka et al. (2016) found that scatter-
ing can broadly reproduce the features observed in parts
of the disk – especially where the polarization orienta-
tions change sharply – but not everywhere. A complete
understanding of this interesting case is still missing.
HL Tau is one of the brightest Class I/II in the sky at

(sub)millimeter wavelengths, and thus the polarization
morphology can be determined at high resolution with
reasonable integration times. Kataoka et al. (2017) fol-
lowed up on the Stephens et al. (2014) observations with
3mm observations of HL Tau. Surprisingly, they found
that the polarization morphology was azimuthal, which
suggests grains aligned with their long axes perpendicu-
lar to the radiation field, as predicted by Tazaki et al.
(2017). Henceforth, we will call this grain alignment
mechanism “alignment with the radiation anisotropy.”
The very di↵erent polarization morphologies observed

at 1.3mm (0.006 resolution, Stephens et al. 2014) and 3mm
(0.004 resolution, Kataoka et al. 2017) suggest that the
morphology of the polarization emission is strongly de-
pendent on the wavelength. This Letter presents ALMA
observations at both 1.3 mm and 870µm at resolutions

Figure 1. ALMA polarimetric observations at 3mm (top,
Kataoka et al. 2017), 1.3mm (middle), and 870µm (bottom),
where the red vectors show the >3� polarization morphology (i.e.,
vectors have not been rotated). Vector lengths are linearly propor-
tional to P . The color scale shows the polarized intensity, which is
masked to only show 3� detections. Stokes I contours in each panel
are shown for [3, 10, 25, 50, 100, 200, 325, 500, 750, 1000]⇥�I , where
�I is 44, 154, and 460µJy bm�1 for 3mm, 1.3mm, and 870µm,
respectively.

of 0.003 and 0.004, respectively.

AASTEX wavelength-dependent polarization 5

100 AU

Figure 2. Comparison of the polarization images between � = 1.3 mm (CARMA Stephens et al. 2014) and � = 3.1 mm

(ALMA, this observation). The ALMA image is smoothed to have the same beam size of CARMA, where the beam size is

0.6500 ⇥ 0.5600 with the PA of 79.5 degrees. The color scale represents the polarized intensity while the grey contours represent

the continuum emission. The levels of the grey contours are (10, 20, 40, 80, 160, 320, 640, 1280) ⇥ �
I

where �
I

= 2.1 mJy/beam

for the CARMA data and �
I

= 0.017 mJy/beam ALMA data.

Figure 3. Schematic illustrations for the di↵erences of polarization vectors of each mechanism of polarization of thermal dust

emission. The major axis is in the horizontal direction. Note that each panel represents E-vectors. (a) Grain alignment with

the toroidal magnetic fields. (b) Grain alignment with the radiation fields. (c) Self-scattering of the thermal dust emission

By modeling the scattered components of the polariza-
tion, we can constrain the grain size in the HL Tau disk.
To model the scattering components in polarization, we
consider the total polarization fraction across HL Tau.
If we integrate the polarization all over the disk, the
axisymmetric vectors are canceled out. The scattering-
induced polarization provides the vectors parallel to the
minor axis, which resides as the total polarization frac-
tion. However, the alignment with the radiative flux is
almost axisymmetric and thus does not contribute so
much on the integrated polarization fraction. We esti-
mate the contribution of the radiative flux alignment to
the total polarization fraction assuming that the disk is
geometrically and optically thin, the local alignment ef-
ficiency p is the same in the entire disk (Fiege & Pudritz

2000; Tomisaka 2011), and there is no wavelength depen-
dence. The contribution is calculated to be 0.114⇥p and
the polarization vectors are parallel to the major axis.
We have already discussed that the upper limit of

the total polarization fraction is 0.1 % at 3.1 mm with
our ALMA observations. The polarization fraction with
SMA is reported to be 0.86±0.4% at 0.87 mm (Stephens
et al. 2014). Note that the detection was 2 sigma signifi-
cance, which might be an upper limit of the polarization
fraction while we use the reported value in Stephens
et al. 2014 in this paper. We calculate the total de-
gree of polarization observed with CARMA at 1.3 mm
with the data reported by Stephens et al. 2014, which is
0.52± 0.1%.

HL Tau (λ=3.1 mm)HL Tau (λ=870 µm)
Stephens+17’ Kataoka+17’

＊ E-vectors are shown!

Does grain alignment with B-field really happen?

astronomical silicate (Weingartner & Draine 2001), organics
(Pollack et al. 1994), and water ice (Warren 1984) and calculate
the mixture of them with the effective medium theory using the
Maxwell-Garnett rule (e.g., Bohren & Huffman 1983; Miyake
& Nakagawa 1993). A different abundance may lead to a
different absolute value of polarization degree, which should be
investigated in future studies. The adopted value for the fiducial
run is κabs(amax=150 μm, λ= 1.3 mm)=0.24 cm2g−1. In
the fiducial case, therefore, the dust surface density Σd has a
profile of
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We perform the radiative transfer simulations with a public
code RADMC-3D to obtain the dust continuum, the polarized
intensity, and the polarization degree. To obtain the vertical
density distribution, we assume the Gaussian density distribu-
tion with a dust scale height hd such that

h z h2 exp 2d d d
2

d
2( ) ( )r p= S - . To reproduce the geometri-

cally flat disk observed with ALMA, we set h h fd g settle= ,
where hg is the gas pressure scale height and fsettle=10 (see
the Appendix). Here, we do not use the thermal Monte Carlo
simulations to determine the temperature, but use the simple
power-law temperature model described above. We assume
that the distance to HL Tau is 140 pc, so 1 arcsec corresponds
to 140 au in the figures. The inclination is assumed to be 40°.

Note again that this modeling is not a unique solution to
reproduce the emission of the HL Tau disk. However, the main
goal of this paper is to constrain the grain size from the
polarization observations. As we discuss in the following
sections, the polarization degree is mainly determined by the
combination of the observed wavelengths and the grain size,
which does not depend so much on the detailed modeling of
temperature and the surface density.

3. RESULTS

We show the results in the case that the maximum grain size
is amax=150 μm as a fiducial case. Figure 2(a) shows the dust
continuum, where we confirm that the continuum image well

reproduces the multiple-ring structure observed with ALMA.
Figure 2(b) shows that the polarized intensity overlaid with the
polarization vectors. Figure 2(c) shows the polarized degree
overlaid with the polarization vectors.
The basic feature of the polarized intensity and the

polarization vectors can be explained with the self-polarization
with the anisotropy of the thermal dust emission (Kataoka
et al. 2015). The thermal emission from dust grains are
originally unpolarized. The unpolarized light is scattered by
other grains because of the high scattering opacity. Due to the
ring-like structure of the emission and the inclination of the
disk, the distribution of the incoming flux to the scattering dust
grains has anisotropies (see also Yang et al. 2016). As a result,
the total flux has a residual polarization corresponding to the
anisotropic radiation field. Note that the scattered emission
comes mainly from the midplane because the disk is optically
thin or marginally thick in the vertical direction (see
Equation (2)).
The polarized intensity is centrally concentrated. This infers

that if we detect the polarization with a marginal sensitivity, we
can detect the central part of the disk. This is consistent with
the results of polarization observation with CARMA (Stephens
et al. 2014), which show the centrally concentrated polarized
intensity. In addition, the polarization vectors are directed from
top left to bottom right (northeast to southwest). This is also
consistent with the polarization observation with CARMA
(Stephens et al. 2014). Figure 2(c) shows the polarization
degree overlaid with polarization vectors. The polarization
degree is two times higher in the gap regions than that in ring
regions. At present, the polarization image of CARMA does
not have a spatial resolution high enough to resolve the rings.
Future observations of ALMA with spatial resolution as high as
the long baseline campaign (ALMA Partnership et al. 2015)
would reveal these structures even in the polarization.
The reinterpretation of the polarization puts a strong

constraint on the size of dust grains. Figure 3 shows the
theoretical model of the net polarization degree at the
wavelength of λ=1.3 mm as a function of the maximum
grain size amax. The top of Figure 3 shows the total polarization
degree for several radiative transfer calculations at λ=1.3 mm
as indicated black dots overlaid with the theoretical model. The
theoretical model is calculated as the product of polarization
degree at 90° scattering P90 and the albedo ω (Kataoka

Figure 2. (Left) The intensity map of the radiative transfer calculations in units of Jy arcsec2[ ]. (Center) The polarized intensity map in units of mJy arcsec2[ ],
overlaid with the polarization vectors. (Right) The map of the polarization degree in units of %, overlaid with the polarization vectors, which is the same as the middle
panel.

3

The Astrophysical Journal, 820:54 (8pp), 2016 March 20 Kataoka et al.

Model (Kataoka+15’)
Scattering polarization alignment…?
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• Dissipation results in non-zero magnetic torque (M×B), which acts 
to reduce the component of angular momentum perpendicular to B.

Classical theory: Paramagnetic dissipation

7

Initial state Final state

※ assume angular momentum vector || minor axis 
(so-called “internal alignment”)

Davis & Greenstein (1951), see also Spitzer  (1978)

�J

J�

J|| �J

�

�MJ�

tDG � 1.5 � 106yr
�

a
0.1 µm

�2
>> gas collision(damping) timescale

• But, this alignment process takes place slowly…
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• Dolginov & Mitrophanov (1976):  
Spin-up of helical grains by left- and right-handed photons

8

Fast alignment mechanism? → radiative torque (RAT)

RAT alignment can be understood by a 
simple helical grain model!  The role of RAT 

is spin-up (down), alignment, and induce 
precession. RATs often tend to spin-down 

the grains (see also Weingartner & Draine 2003).

AA53CH13-Andersson ARI 23 July 2015 16:20

a b

ê2
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Figure 3
(a) The orientation of a grain, described by three principal axes â1, â2, and â3, in the laboratory coordinate system (scattering reference
system with axes ê1, ê2, and ê3) is defined by three angles, !, β, and ", in which the direction of the incident photon beam k is along
ê1. The symmetry axis of the grain, â1, is at an angle ! with respect to the radiation, and " is the precession angle of the grain axis
about the radiation direction. (b) A model of a helical grain used to analytically compute radiative alignment torques induced by
radiation in the same scattering coordinate system, in which ! = 0 for simplicity only. A perfectly reflecting oblate spheroid is
connected to a weightless mirror of length l2 by a rod l1. The vector normal to the mirror, N, lies in the plane â1â2 with angle α to â2.
Both panels are reproduced from Lazarian & Hoang (2007a). Abbreviation: AMO, analytical model.

on the direction of radiation with respect to the magnetic field. The numerical calculations for
three simple, irregular grain shapes in Draine & Weingartner (1997) indicated that the alignment
tends to occur with the long axes perpendicular to the magnetic field, for most directions of the
impinging radiation, similar to DG alignment. However, this study did not consider grain flipping
(see Section 2.1.1). Additionally, because the radiative torques for the three grain shapes were so
dissimilar, it was unclear what exactly caused the tendency to produce the correct alignment
and whether this tendency was a universal feature of RATs. A subsequent numerical study by
Weingartner & Draine (2003) completed the description of the alignment process in Draine &
Weingartner (1997), establishing that RATs not only accelerate grains but can also decelerate
them and force them into states of slow, near-thermal, rotation rates.

Numerical calculations provide evidence that RATs are important in grain dynamics and yield
results in agreement with observations for a limited number of specific cases. However, they do not
naturally lend themselves to identifying the underlying physical mechanisms of the grain behavior
or its functional dependence on grain and radiation field characteristics. Resolving this problem
by a brute force numerical approach, by calculating the interaction between hundreds of grain
shapes with radiation of varying wavelength, would be prohibitively difficult.

This problem was resolved by Lazarian & Hoang (2007a), who circumvented the need for
detailed knowledge of the grain shape by identifying the helicity of an irregular grain, interacting
with the radiation, as the key property for evaluating the effects of RATs. Because neither spherical
nor spheroidal prolate/oblate grains have helicity, the Lazarian & Hoang (2007a) model uses an
oblate grain with a weightless mirror attached at an angle to its body (Figure 3b), a shape that
does have helicity. In this analytical model (AMO), changing the angle at which the mirror is
attached produces both left-handed and right-handed model grains. It is obviously not possible
to describe all the properties of irregular grains with such a simple model. In particular the model
does not attempt to represent the entire complex process of light scattering by such a grain (cf.
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• Lazarian & Hoang (2007)

RAT is important! RATs from anisotropic 
radiation field result in rapid grain alignment 

with B-field even in the absence of the 
paramagnetic dissipation!

Radiative torques: analytical model 915

! = 90◦, we have

Qabs · e2 ∼ k cos βRe
∑

j

[p j Einc]e
ikx j . (22)

Since x j = rsin αsin β, it follows

Qabs · e2 ∼
∑

j

cos β cos(A sin β)[p j Einc], (23)

where the term [p j Einc] is a function that is independent of β. It is

obvious that Qabs · e2 is a function of β which is zero when averaging

is performed for β over [0, 2π]. We calculated Qabs · e2 for different

λ/a and grain shapes, and found that Qe2 is indeed close to zero at

cos ! = 0, which is consistent with our analytical expectation.

4.3 DDSCAT calculations

Fig. 4 presents the test grain shapes that we have calculated RATs

for using DDSCAT. Parameters for calculations are given in Table 1.

Shapes 1, 2 and 3 have been used in DW97. We added to them

shapes 4 and 5. In addition, we created a mirror symmetric shape of

shape 1, namely, shape 1* and provided the DDSCAT calculations for

a spheroidal grain (see more details in Table 1). We adopt dielectric

functions for astronomical silicate in which a feature in the ultra-

violet is removed (see DW97; Weingartner & Draine 2001; Cho &

Lazarian 2005).

We discussed for AMO that the sign of helicity can be changed

by taking the mirror image of the grain. We performed a similar

procedure to the irregular grains and obtained results similar to the

ones obtained for AMO (see Figs 7 and 8).

Note that we observe that Qe1 and Qe2 change synchronously

when we calculate torques for a mirror image of a grain. We see that

the shape 1 has one type of helicity, while shapes 4, 5 and mirror

symmetric image of shape 1, that is, shape 1*, have another type of

helicity.

Figure 4. Geometry of grains under study: shapes 1–3 are similar to those of DW97, shapes 4 and 5 are created from 15 and 11 cubic blocks, respectively, and

an ellipsoidal shape.

Table 1. Grain shapes and parameters for calculation of RATs.

Grain shapes Dipole # Size (µm) Wavelength (µm) Helicity

Shape 1 832000 0.05–0.2 ISRF Right-handed

Shape 1∗ 53248 0.2 1.2 Left-handed

Shape 2 45056 0.2 ISRF Left-handed

Shape 3 102570 0.2 ISRF Left-handed

Shape 4 15000 0.2 1.2 Left-handed

Shape 5 11000 0.2 1.2 Left-handed

Hollow 1 832000 1.0 0.1 Right-handed

For all calculations here, we adopt the dielectric function for astronomical

silicate.

Fig. 5 provides a comparison of normalized RATs between AMO

and DDSCAT calculations performed for two irregular grains induced

by monochromatic radiation field of λ = 0.2 µm (see more in Sec-

tion 4.4). It can be seen that they possess the same symmetric proper-

ties as well as zero-points. Also, the functional form of normalized

Qe1 and Qe2 calculated for the irregular grains and AMO are re-

markably similar, in particular for the Qe2 component. Typically,

the RAT components for shape 2 are similar to those of AMO with

Qmax
e1 /Qmax

e2 = 1 ratio, while RATs of shape 4 are similar to those

of AMO with Qmax
e1 /Qmax

e2 = 0.78. Hence, by changing the ratio of

amplitudes of the RAT components for AMO, we can obtain an-

alytical expressions of RATs for a number of irregular grains. To

have RATs appropriate to irregular grains, it is necessary to use

DDSCAT to estimate the magnitude of RATs. Combining functional

forms from AMO and magnitude from DDSCAT, we can obtain an-

alytical approximate expressions for RATs components of irregu-

lar grains. Note that in Figs 3 and 5, we normalized RATs over

|Qmax
e1 | = |Qe1(! = 0)|, so Qmax

e1 is the same for all realizations

of AMO and the irregular grains. It is easy to see that with this

choice, AMO reproduces very well Qe2 for irregular grains, but gets

C⃝ 2007 The Authors. Journal compilation C⃝ 2007 RAS, MNRAS 378, 910–946

• Draine & Weingartner (1996, 1997)

https://web.astro.princeton.edu/people/bruce-draine

http://www.astro.wisc.edu/~lazarian/
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DISSIPATION OF ENERGY

Both the Barnett effect and paramagnetism (the ordering of internal spins in response to an applied, external field)
involves a finite response time in the solid, requiring the reordering of spins in response to external forces. If the
time variation of the external process (e.g., grain rotation, nutation, etc.) is faster than the response of the material,
the imaginary part of the magnetic susceptibility becomes dynamically important, resulting in dissipation of the
energy stored in the magnetization into heat (Purcell 1979, Lazarian & Draine 1999b).

Figure 5, we denote the torque component parallel to the grain angular momentum as the spin-up
torque H, and the component perpendicular to J and in the plane of the figure as the alignment
torque F. The alignment is described in terms of only these two torques. Due to the Barnett
effect, a spinning paramagnetic grain acquires a magnetic moment, thereby causing the angular
momentum J to precess around the magnetic field B (with the angle ξ in Figure 5). Because the
alignment torque F is perpendicular to J, the fast precession of the grain causes the average value
of F to approach zero as J approaches B (i.e., as ξ decreases). Thus the positions corresponding
to J parallel with B (ξ = 0 and ξ = π) are stationary points, regardless of the functional forms of
the radiative torques. The detailed dynamics of the grain, including whether the stationary points
are stable, attractor points, require the full solution of the equations of motion (cf. Draine &
Weingartner 1997, Lazarian & Hoang 2007a). Addressing the question of whether the alignment
can occur with J perpendicular to B requires use of the actual AMO expressions for the torque
efficiencies with respect to the radiation direction. The narrow range of radiation-to-magnetic

F is alignment torque (⊥ to J )
H is spin-up torque (II to J )

dF/dξ < 0 is an attractor point
If spin-up torques H > 0, we have high-J attractor
If spin-up torques H < 0, we have zero-J attractor

Grain

Light b
eam

Magnetic field B

F

H
J||a1

Stationary points:
F = 0 for ξ = 0 or π

Fast precession
about B

ξΨ

Figure 5
A simplified explanation of the grain alignment by radiative torques. The grain, depicted here as an ellipsoid,
should, in fact, be irregular in order to generate nonzero radiative torques. The grain has aligned (via
internal alignment) with its spin axis J parallel to its maximal moment of inertia, a1, and precesses about the
magnetic field B with angle ξ . Due to the incident radiation field, at angle " with respect to B, the grain
experiences a net torque with components H ∥ J and F ⊥ H. As shown by Lazarian & Hoang (2007a), the
positions J parallel (or antiparallel) to B correspond to stationary points in which the alignment torque F,
which changes the angle ξ , vanishes and the grain becomes aligned with the long axis perpendicular to B.
Reprinted from Lazarian & Hoang (2011) with permission of the Astronomical Society of the Pacific.
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Magnetic field Larmor precession

Magnetic moment

ISRF

Andersson et al. 2015

AA53CH13-Andersson ARI 23 July 2015 16:20

a b

ê2

ê1

k
ê3

â2

â1

Θ

Φ
β

αRadiation beam

A helical grain–AMO

ê3

ê2
â2

ê1

â1
l1

l2
N

Figure 3
(a) The orientation of a grain, described by three principal axes â1, â2, and â3, in the laboratory coordinate system (scattering reference
system with axes ê1, ê2, and ê3) is defined by three angles, !, β, and ", in which the direction of the incident photon beam k is along
ê1. The symmetry axis of the grain, â1, is at an angle ! with respect to the radiation, and " is the precession angle of the grain axis
about the radiation direction. (b) A model of a helical grain used to analytically compute radiative alignment torques induced by
radiation in the same scattering coordinate system, in which ! = 0 for simplicity only. A perfectly reflecting oblate spheroid is
connected to a weightless mirror of length l2 by a rod l1. The vector normal to the mirror, N, lies in the plane â1â2 with angle α to â2.
Both panels are reproduced from Lazarian & Hoang (2007a). Abbreviation: AMO, analytical model.

on the direction of radiation with respect to the magnetic field. The numerical calculations for
three simple, irregular grain shapes in Draine & Weingartner (1997) indicated that the alignment
tends to occur with the long axes perpendicular to the magnetic field, for most directions of the
impinging radiation, similar to DG alignment. However, this study did not consider grain flipping
(see Section 2.1.1). Additionally, because the radiative torques for the three grain shapes were so
dissimilar, it was unclear what exactly caused the tendency to produce the correct alignment
and whether this tendency was a universal feature of RATs. A subsequent numerical study by
Weingartner & Draine (2003) completed the description of the alignment process in Draine &
Weingartner (1997), establishing that RATs not only accelerate grains but can also decelerate
them and force them into states of slow, near-thermal, rotation rates.

Numerical calculations provide evidence that RATs are important in grain dynamics and yield
results in agreement with observations for a limited number of specific cases. However, they do not
naturally lend themselves to identifying the underlying physical mechanisms of the grain behavior
or its functional dependence on grain and radiation field characteristics. Resolving this problem
by a brute force numerical approach, by calculating the interaction between hundreds of grain
shapes with radiation of varying wavelength, would be prohibitively difficult.

This problem was resolved by Lazarian & Hoang (2007a), who circumvented the need for
detailed knowledge of the grain shape by identifying the helicity of an irregular grain, interacting
with the radiation, as the key property for evaluating the effects of RATs. Because neither spherical
nor spheroidal prolate/oblate grains have helicity, the Lazarian & Hoang (2007a) model uses an
oblate grain with a weightless mirror attached at an angle to its body (Figure 3b), a shape that
does have helicity. In this analytical model (AMO), changing the angle at which the mirror is
attached produces both left-handed and right-handed model grains. It is obviously not possible
to describe all the properties of irregular grains with such a simple model. In particular the model
does not attempt to represent the entire complex process of light scattering by such a grain (cf.
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Helical grain 

alignment  
torque F

spin-up (down) 
torque H

Larmor precession + radiative torque 
→ alignment with respect to B 
＊ precession axis = alignment axis

Overview of RAT alignment
Lazarian & Hoang 2007

“Barnett effect”
Magnetization due  
to grain spinning

(Inverse effect of 
Einstein-de Haas effect)  (© M Matsuo)
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1

0.9
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0.1

0.01

Total grain size
distribution
(scaled)

a ≈ 0.045 µm

10–3

0.8

0.7

m
ax

 (µ
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)
λ*
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)a

AV (mag) <a> (µm)

0.6

0.5

0.4
0 0.01 0.1 11 2 3 4 5 6 7

AV = 0.4
AV = 2.4

AV = 21

AV = 0

a b

Figure 11
(a) The wavelength of maximum polarization, λmax, is correlated with the extinction, AV . Different color points correspond to data
from different nearby clouds. The data for each cloud have been shifted vertically to account for the different average grain sizes (via
⟨RV ⟩), such that λmax(AV = 0) = (0.166 ± 0.003) · RV . (For plotting purposes the dispersion in the observed values of λmax have also
been corrected for varying levels of measured high-mass star formation in each cloud, as indicated by the notation λ∗∗

max; see Andersson
& Potter 2007 for details.) Reproduced from Andersson & Potter (2007) with permission of the AAS. (b) Kim & Martin (1995) inverted
the interstellar extinction and polarization curves to estimate the total (black dotted line) and aligned (solid lines) grain-mass distributions.
They find that the larger grains are better aligned and that the small-size cutoff for aligned grains in the diffuse ISM is a ≈ 0.045 µm.
Only for those sightlines showing polarization in the 2175-Å extinction feature are smaller grains aligned (blue dashed line). The green,
red, and maroon curves are schematic cutoffs based on the radiative alignment torque condition a = λ/2 for the AV values shown.
Adapted from Kim & Martin (1995) with permission of the AAS.

polarization indicates aligned grains smaller than 0.04 µm, localized sources of short wavelength
radiation may intersect the line of sight to the background star. Such enhanced illumination is also
expected to result in a higher dust temperature. However, as noted in Section 2.1.2, Clayton et al.
(1995) report enhanced 60-µm emission only toward HD 197770 in their sample of stars with
enhanced UV polarization. Further work is required to address whether this is due to the relatively
poor sensitivity and spatial resolution of early FIR surveys or whether the UV polarization excess
is due to paramagnetic alignment.

More generally, the polarization curve parameters, in particular λmax, have been used to probe
grain alignment variations. Whittet et al. (2001) found a correlation of λmax with AV for lines of
sight probing Taurus and Chamaeleon I, albeit with somewhat poor statistical significance owing
to a number of outliers. Andersson & Potter (2007) extended this work to include six nearby
cloud complexes (Chamaeleon, Musca, Ophiuchus, the R CrA cloud, the Southern Coalsack, and
Taurus) and found a well-defined correlation between λmax and AV (Figure 11a). Comparing
visual extinctions with 60- to 100-µm color temperatures for large samples of field stars in each
cloud, they showed that the outliers in this λmax-AV relation were toward targets for which the
line-of-sight extinction was not an accurate measure of the radiation field experienced by the dust
grains.

With the tighter distribution of measurements they were able to show that though the slope of
λmax versus AV is universal for the clouds studied, its normalization, λmax(AV = 0), is proportional
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Test of RAT alignment by observations

• In the ISM, larger grains are better aligned. 
- minimum aligned grain size: a ~ 0.045 µm (Kim & Martin 1995) 

• In RAT alignment, small grains do not align.  
- minimum aligned grain size : ~ λ(rad field)/2 (Lazarian & Hoang 2007). 
- short wavelength end of ISRF: λ=912 Å (Lyman limit) 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λ /aeff λ /aeff

Shape 1, aeff = 0.2 µm
Shape 2, aeff = 0.2 µm
Shape 3, aeff = 0.2 µm
Shape 1, aeff = 0.05 µm
Shape 1, aeff = 0.1 µm

Shape 1, astronomical silicateΘ = 0˚

DDSCAT

aeff = 0.32 µm
aeff = 0.5 µm
aeff = 1.0 µm
aeff = 3.0 µm
Fit with α = 3
Fit with α = 4
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100

10–2

10–4

10–6

(λ/a
eff ) –1

a b

Figure 7
(a) Variation of the ratio qmax ≡ Qmax

∥ /Qmax
⊥ as a function of illuminating wavelength for various grain shapes and sizes as calculated by

DDSCAT. (b) Total torque efficiency Q! for grains of different sizes and wavelengths. The most efficient alignment occurs for the
larger grains (aeff > λ/2). However, the alignment of grains substantially smaller than the radiation wavelength can occur if the
radiation is strong enough. Both panels adapted from Lazarian & Hoang (2007a) with permission.

(Hoang & Lazarian 2008). External stochastic driving (e.g., arising from gaseous bombardment)
eventually bring the grains to the high-J attractor points, producing perfect alignment. The
AMO predicts alignment for cases of both high-J and low-J attractor points, as illustrated by the
examples in Figure 8.

The amplitude of the total torque efficiency Q! varies with grain size and with the wavelength of
the illuminating radiation field (Figure 7b). As discussed in Section 3.2, this provides a new class
of observational predictions. One should also note that the actual physical torque, as opposed
to the efficiencies, Q∥,⊥ and Q! , is proportional to the radiation field intensity (e.g., Draine &
Weingartner 1997, Lazarian & Hoang 2007a). As such, the alignment efficiency shall increase
with increasing radiation intensity (e.g., Cho & Lazarian 2005, 2007). This means that though
the torques decrease rapidly for λ < 2a, they do not, necessarily, become negligible.

2.3.4. Enhanced radiative alignment. The aligning torques arising within paramagnetic grains
from magnetic dissipation are negligible compared with RATs, but they are appreciable for
strongly magnetic grains. Such superparamagnetic, ferromagnetic, and ferrimagnetic grains are
expected to be present in the ISM (Goodman & Whittet 1995). For superparamagnetic grains,
an attractor point appears in the phase diagram for RAT for cases in which a repeller point was
present at high-J for paramagnetic grains (Lazarian & Hoang 2008; Figure 8a,b). In the pres-
ence of gaseous bombardment, all such grains are expected to reach the high-J attractor point
and, thus, a state of perfect alignment. Therefore, the alignment of superparamagnetic grains is
enhanced over that of paramagnetic-only grains. However, it is important to note that this is RAT
alignment, and not paramagnetic alignment, as the RATs still dominate the grain dynamics.

As discussed above, grains are subject to a number of systematic torques fixed in grain-body
coordinates. These so-called pinwheel torques arise from processes such as recoils from H2 for-
mation at catalytic surface sites, variations of the accommodation coefficient over a grain sur-
face, photoelectric emission of electrons (all suggested by Purcell 1979), and radiative torques

516 Andersson · Lazarian · Vaillancourt
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Radiative torques: analytical model 915

! = 90◦, we have

Qabs · e2 ∼ k cos βRe
∑

j

[p j Einc]e
ikx j . (22)

Since x j = rsin αsin β, it follows

Qabs · e2 ∼
∑

j

cos β cos(A sin β)[p j Einc], (23)

where the term [p j Einc] is a function that is independent of β. It is

obvious that Qabs · e2 is a function of β which is zero when averaging

is performed for β over [0, 2π]. We calculated Qabs · e2 for different

λ/a and grain shapes, and found that Qe2 is indeed close to zero at

cos ! = 0, which is consistent with our analytical expectation.

4.3 DDSCAT calculations

Fig. 4 presents the test grain shapes that we have calculated RATs

for using DDSCAT. Parameters for calculations are given in Table 1.

Shapes 1, 2 and 3 have been used in DW97. We added to them

shapes 4 and 5. In addition, we created a mirror symmetric shape of

shape 1, namely, shape 1* and provided the DDSCAT calculations for

a spheroidal grain (see more details in Table 1). We adopt dielectric

functions for astronomical silicate in which a feature in the ultra-

violet is removed (see DW97; Weingartner & Draine 2001; Cho &

Lazarian 2005).

We discussed for AMO that the sign of helicity can be changed

by taking the mirror image of the grain. We performed a similar

procedure to the irregular grains and obtained results similar to the

ones obtained for AMO (see Figs 7 and 8).

Note that we observe that Qe1 and Qe2 change synchronously

when we calculate torques for a mirror image of a grain. We see that

the shape 1 has one type of helicity, while shapes 4, 5 and mirror

symmetric image of shape 1, that is, shape 1*, have another type of

helicity.

Figure 4. Geometry of grains under study: shapes 1–3 are similar to those of DW97, shapes 4 and 5 are created from 15 and 11 cubic blocks, respectively, and

an ellipsoidal shape.

Table 1. Grain shapes and parameters for calculation of RATs.

Grain shapes Dipole # Size (µm) Wavelength (µm) Helicity

Shape 1 832000 0.05–0.2 ISRF Right-handed

Shape 1∗ 53248 0.2 1.2 Left-handed

Shape 2 45056 0.2 ISRF Left-handed

Shape 3 102570 0.2 ISRF Left-handed

Shape 4 15000 0.2 1.2 Left-handed

Shape 5 11000 0.2 1.2 Left-handed

Hollow 1 832000 1.0 0.1 Right-handed

For all calculations here, we adopt the dielectric function for astronomical

silicate.

Fig. 5 provides a comparison of normalized RATs between AMO

and DDSCAT calculations performed for two irregular grains induced

by monochromatic radiation field of λ = 0.2 µm (see more in Sec-

tion 4.4). It can be seen that they possess the same symmetric proper-

ties as well as zero-points. Also, the functional form of normalized

Qe1 and Qe2 calculated for the irregular grains and AMO are re-

markably similar, in particular for the Qe2 component. Typically,

the RAT components for shape 2 are similar to those of AMO with

Qmax
e1 /Qmax

e2 = 1 ratio, while RATs of shape 4 are similar to those

of AMO with Qmax
e1 /Qmax

e2 = 0.78. Hence, by changing the ratio of

amplitudes of the RAT components for AMO, we can obtain an-

alytical expressions of RATs for a number of irregular grains. To

have RATs appropriate to irregular grains, it is necessary to use

DDSCAT to estimate the magnitude of RATs. Combining functional

forms from AMO and magnitude from DDSCAT, we can obtain an-

alytical approximate expressions for RATs components of irregu-

lar grains. Note that in Figs 3 and 5, we normalized RATs over

|Qmax
e1 | = |Qe1(! = 0)|, so Qmax

e1 is the same for all realizations

of AMO and the irregular grains. It is easy to see that with this

choice, AMO reproduces very well Qe2 for irregular grains, but gets

C⃝ 2007 The Authors. Journal compilation C⃝ 2007 RAS, MNRAS 378, 910–946

see e.g.,  Andersson et al. 2015
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Grain alignment in PPDs (Previous works)

• In PPDs, radiation can be strong because of the presence of 
the central star. → RAT alignment is expected! (Cho & Lazarian 2007) 

• Too optimistic conditions for grain alignment with B-field 
are used in previous studies.  
e.g., grain precession is NOT included in Cho & Lazarian 07 model.

12

taken over the line of sight (see Chiang & Goldreich 1999 for
details). The SED of the disk surface is obtained from the integral

Lsurfk /k
Z rmax

!rmax

dx

Z y(x)

!y(x)

dy
X

Bk(Tds)

; 1! exp ! !"s

jn̂ = l̂j

 !" #
exp (! #k); ð19Þ

where n̂ and l̂ are unit vectors normal to the surface and parallel
to the line of sight, respectively, "s is the Planck averaged dust
emissivity at the surface. The summation is performed whenever
the line of sight intersects the surface (see Chiang & Goldreich
1999 for details).

In our calculations, we explicitly take care of the fact that the
grain symmetric axis is changing along a given line of sight. We
follow the description in Roberge & Lazarian (1999; see also
Lee & Draine 1985) to calculate this effect and we obtain optical
depths with respect to the x- and y-directions in the above in-
tegrals (eqs. [17] and [19]).3 After calculating the optical depths,
we calculate Lk; x and Lk; y. We obtain the luminosity for two more
directions, which are at 45$ with respect to x- and y-directions.We
calculate the direction and degree of polarization based on the
luminosity for these four directions.
Figure 10 shows the effects of the disk inclination. We cal-

culate the polarized emission from the disk interior. The viewing
angle $ (the angle of disk inclination) is the angle between the

Fig. 9.—Radial energy distribution. (a) k ¼ 10 %m. Inner part of the disk emits
substantial amount of radiation. But it emits negligible amount of polarized radia-
tion. Note that when r < 1 AU, grains in the surface layer are not aligned and only
negligible fraction of grains are aligned in the interior (see Figs. 3 and 4). (b) k ¼
50 %m. (c) k ¼ 100 %m. (d ) k ¼ 850 %m. The result for k ¼ 450 %m (not shown)
is very similar to that for k ¼ 850 %m.

Fig. 10.—Simulated observations. Degree of polarization is calculated for the total radiation (i.e., interior þ surface) from the disk. The disk inclination angle $ is the
angle between disk symmetry axis and the line of sight.

3 Let the z-axis be the direction of the line of sight and the y0-axis the direction
along the projection of the magnetic field on to the plane of the sky. The x0-axis is
perpendicular to both axes. Then, the cross sections Cx0 and Cy0 are

Cx0 ¼ Cavg þ 1
3 R C? ! Ck
! "

1! 3 cos2&
! "

;

Cy0 ¼ Cavg þ 1
3 R C? ! Ck
! "

;

where Cavg ¼ (2C? þ Ck)/3, C? and Ck are cross sections with respect to the
magnetic field, and & is the angle between themagnetic field and the plane of the sky.
We assume the Rayleigh reduction factor, R, is 1. For the x- and y-axes that also lie
in the plane of the sky,

Cx ' Cx0 cos
2$þ Cy0 sin

2$;

Cy ' Cx0 sin
2$þ Cy0 cos

2$;

where $ is the angle between the x- and x0-axis.

CHO & LAZARIAN1092 Vol. 669

L4 G. H.-M. Bertrang et al.

Figure 1. The ring state: Self-consistent radiative transfer simulations of the polarized emission of aligned aspherical dust grains at
1.3mm (top row), and simulated ALMA observations (bottom row; CASA v5.4.2, band 6, configuration C40-5, 1.5h integration time;
minimal displayed polarization degree is 1%, i.e., the 3� level of ALMA) at three di↵erent disk orientations (left: face-on, center: 45�,
right edge-on). The color map shows the total (unpolarized) intensity which is overplotted by polarization vectors.The vectors are plotted
with the spatial resolution indicated by the beam size given as white ellipses. The toroidal magnetic field topology is traced by its
characteristic polarization structure in all of the three orientations in the simulated ALMA observation.

Figure 2. The vortex state: As in Fig. 1. The toroidal magnetic field topology is traced by its characteristic polarization structure in
both orientations in the simulated ALMA observation, while the vortex is clearly detected in the simulated ALMA observation of a
face-on disk.

MNRAS 000, 1–5 (2016)

Bertrang+ (2016) 
MHD simulation 

+ perfectly aligned grains

Cho & Lazarian (2007)
Based on the old RAT alignment theory

B
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Grain alignment in PPDs (Our work)

• We apply RAT alignment theory (Lazarian & Hoang 2007)  
to PPDs, and calculate the expected polarization map  
to be compared with ALMA.

13

Central star：T-Tauri star (4000K, 2Rsun) 
Disk mass: 10-4 Msun

4 Tazaki, Lazarian & Nomura

of high-J attractor, only small fraction of grains get to high-
J attractor point due to RATs. However, Hoang & Lazarian
(2016) show that the grains in low-J attractors can be excited
to the high-J attractor by stochastic perturbation, such as ran-
dom gas bombardments. Eventually, if this stochastic pertur-
bation happens efficiently, substantial fraction of grains can
get to high-J attractor.

We write the degree of alignment R(a) of distribution of
dust grains as

R(a) = fhigh−J Qhigh−J
RATs Qhigh−J

int +(1− fhigh−J)Qlow−J
RATs Qlow−J

int (27)

where fhigh−J is the fraction of grains in the high-J attractor.
At the attractor with high-J, the degree of RATs alignment

does not depend on the internal relaxation (Lazarian & Hoang
2007; ?); hence we can approximately write

Qhigh−J
RATs =

⎧⎪⎪⎨
⎪⎪⎩

1, (trad,align < tgas)

0, (trad,align ≥ tgas).
(28)

On the other hand, at the attractor with low-J, degree of RATs
alignment depends on the internal alignment (Hoang & Lazar-
ian 2009). Then, we adopt

Qlow−J
RATs =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

0.2, (tint < trad,align < tgas)

0.1, (trad,align < tint < tgas)

0.1, (trad,align < tgas < tint)

0, (trad,align ≥ tgas),

(29)

Since perfect internal alignment minimizes its rotational ki-
netic energy, J⃗ of suprathermally rotating grains readily align
with â1 through transferring its rotational kinetic energy into
vibrational energy (e.g., Draine 2011). In addition, grains in
a state of high-J attractor does not change the angular mo-
mentum vector by gas collisions because each of gas parti-
cle deposits only small amount of angular momentum to the
dust grain than that of grains and the direction of collisions
is random. Therefore, gas collision does not affect on the
internal alignment. Hence, the degree of internal alignment
at high-J attractor is always expected to be almost perfect,
then Qhigh−J

int = 1. On the other hand, at low-J attractor, the
rotational kinetic energy can be affected by its own thermal
fluctuation and gas bombardment. Therefore, in this case,
the degree of internal alignment should not be perfect. In
the absence of internal alignment, two low-J attractors are
appeared; one low-J attractor corresponds to the right align-
ment (â1||J⃗ or θ = 0) and the other attractor corresponds to
the wrong alignment (â1 ⊥ J⃗ or θ = π/2) (Hoang & Lazarian
2008). We assume Qlow−J

int = 0.5.
Table 1 shows degree of alignment R(a) calculated with

Equation (27). The condition for the appearance of high-J at-
tractor depends on numbers of parameters, i.e., the grain mor-
phology, amount of magnetic inclusions and superparamag-
netic inclusions, anisotropy of radiation fields, angle between
the radiation and magnetic fields. In this paper, we simply
treat fhigh−J as a free-parameter.

3. DISK AND DUST MODELS

3.1. The disk model and method

Table 1
Model of Degree of alignment, R(a), defined by Equation (3)

timescales fhigh−J = 1 fhigh−J = 0.5 fhigh−J = 0
tgas < tp 0 % 0 % 0 %
tint < talign < tgas 100 % 55 % 10 %
talign < tint < tgas 100 % 52.5 % 5 %
talign < tgas < tint 100 % 50 % 0 %
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Figure 3. Dust opacity we adopt in the calculation. Optical constants are
taken from Miyake & Nakagawa (1993), which is a mixture of silicate and
H2O ice.

Surface density profile of dust grain in disk is assumed to
be self-similar solution, such that

Σd = (2 − γ) Md

2πR2
c

(
R
Rc

)−γ
exp

⎡
⎢⎢⎢⎢⎢⎣−

(
R
Rc

)2−γ⎤⎥⎥⎥⎥⎥⎦ (30)

where Md is the disk dust mass, rc is the cut-off radius, R is the
disk radius. For simplicity, vertical distribution of dust grain
is assumed to be gaussian, ρd = Σd/(

√
2πHd) exp[−(z2/2H2

d)],
where Hd is the dust scale height. The parameters are sum-
merized in Table 2. Note that the temperature structure and
density structure does not treated self-consistently. In this pa-
per, we assume

B(R) = 10 µG
( R
100 AU

)−2
(31)

(Okuzumi et al. 2014). We assume magnetic field is constant
in vertical direction.

In the radiative transfer calculation, the dust grain is as-
sumed to have spherical shape, then optical properties of dust
grains are calculated with Mie theory. In addition, we average
over the optical properties with respect to the power-law size
distribution,

n(a)da ∝ apda (amin < a < amax) (32)

where n(a)da is the number of dust grains having the size of a
to a+da. We adopt following parameters for the size distribu-
tion: amin = 0.005 µm, amax = 3 µm, p = −3.5. The dielectric
function of dust grains is a mixture of silicate and H2O ice
(?). The effective dielectric function is calculated using the
Maxwell-Garnett rule.

For a disk model described above, we calculate the equilib-
rium temperature of dust grain in the disk using 3D Monte-
Carlo radiative transfer calculation. This calculation is per-

・ Radiative transfer calculation (RADMC-3D, Dullemond et al. 2012)

・ Strength of toroidal magnetic field (Okuzumi et al. 2014)

Estimate the magnitude of radiative torque  
at each location of the disk

RT, Lazarian and Nomura (2017)
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• Smaller grains do not align  
due to inefficient RAT. 

• At r=50 au and midplane,  
grain size > 20 µm can align.  
 
 

• For such grain sizes, Larmor 
precession is suppressed by 
the gaseous damping.

Can grains align with B-field in PPDs?

14

Alignment  
is possible
a > ~20 µm

Gaseous damping

Radiative alignment

La
rm
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 pr

ec
es
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n

Gaseous  

damping

~FIR@midplane
　　 ~ λ(rad. field)/2

Grain alignment 
with B-field  
hardly occur!
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Radiative torques: analytical model 915

! = 90◦, we have

Qabs · e2 ∼ k cos βRe
∑

j

[p j Einc]e
ikx j . (22)

Since x j = rsin αsin β, it follows

Qabs · e2 ∼
∑

j

cos β cos(A sin β)[p j Einc], (23)

where the term [p j Einc] is a function that is independent of β. It is

obvious that Qabs · e2 is a function of β which is zero when averaging

is performed for β over [0, 2π]. We calculated Qabs · e2 for different

λ/a and grain shapes, and found that Qe2 is indeed close to zero at

cos ! = 0, which is consistent with our analytical expectation.

4.3 DDSCAT calculations

Fig. 4 presents the test grain shapes that we have calculated RATs

for using DDSCAT. Parameters for calculations are given in Table 1.

Shapes 1, 2 and 3 have been used in DW97. We added to them

shapes 4 and 5. In addition, we created a mirror symmetric shape of

shape 1, namely, shape 1* and provided the DDSCAT calculations for

a spheroidal grain (see more details in Table 1). We adopt dielectric

functions for astronomical silicate in which a feature in the ultra-

violet is removed (see DW97; Weingartner & Draine 2001; Cho &

Lazarian 2005).

We discussed for AMO that the sign of helicity can be changed

by taking the mirror image of the grain. We performed a similar

procedure to the irregular grains and obtained results similar to the

ones obtained for AMO (see Figs 7 and 8).

Note that we observe that Qe1 and Qe2 change synchronously

when we calculate torques for a mirror image of a grain. We see that

the shape 1 has one type of helicity, while shapes 4, 5 and mirror

symmetric image of shape 1, that is, shape 1*, have another type of

helicity.

Figure 4. Geometry of grains under study: shapes 1–3 are similar to those of DW97, shapes 4 and 5 are created from 15 and 11 cubic blocks, respectively, and

an ellipsoidal shape.

Table 1. Grain shapes and parameters for calculation of RATs.

Grain shapes Dipole # Size (µm) Wavelength (µm) Helicity

Shape 1 832000 0.05–0.2 ISRF Right-handed

Shape 1∗ 53248 0.2 1.2 Left-handed

Shape 2 45056 0.2 ISRF Left-handed

Shape 3 102570 0.2 ISRF Left-handed

Shape 4 15000 0.2 1.2 Left-handed

Shape 5 11000 0.2 1.2 Left-handed

Hollow 1 832000 1.0 0.1 Right-handed

For all calculations here, we adopt the dielectric function for astronomical

silicate.

Fig. 5 provides a comparison of normalized RATs between AMO

and DDSCAT calculations performed for two irregular grains induced

by monochromatic radiation field of λ = 0.2 µm (see more in Sec-

tion 4.4). It can be seen that they possess the same symmetric proper-

ties as well as zero-points. Also, the functional form of normalized

Qe1 and Qe2 calculated for the irregular grains and AMO are re-

markably similar, in particular for the Qe2 component. Typically,

the RAT components for shape 2 are similar to those of AMO with

Qmax
e1 /Qmax

e2 = 1 ratio, while RATs of shape 4 are similar to those

of AMO with Qmax
e1 /Qmax

e2 = 0.78. Hence, by changing the ratio of

amplitudes of the RAT components for AMO, we can obtain an-

alytical expressions of RATs for a number of irregular grains. To

have RATs appropriate to irregular grains, it is necessary to use

DDSCAT to estimate the magnitude of RATs. Combining functional

forms from AMO and magnitude from DDSCAT, we can obtain an-

alytical approximate expressions for RATs components of irregu-

lar grains. Note that in Figs 3 and 5, we normalized RATs over

|Qmax
e1 | = |Qe1(! = 0)|, so Qmax

e1 is the same for all realizations

of AMO and the irregular grains. It is easy to see that with this

choice, AMO reproduces very well Qe2 for irregular grains, but gets

C⃝ 2007 The Authors. Journal compilation C⃝ 2007 RAS, MNRAS 378, 910–946

RAT alignment in the absence of B-field

• RAT alignment with B → 0 
- No Larmor precession = No B-field alignment  
- RAT induces precession about radiative flux.  
  → alignment with respect to radiative flux happens.

15

Radiative torques: analytical model 925

Figure 15. Phase trajectory map for grain shape 1 for ψ = 0◦ shows the

alignment with one high-J attractor point C, two low-J attractor points A

and B corresponding to perfect alignment with k, and one repellor point D.

Figure 16. Coordinate systems used to study grain alignment in which the

external magnetic field B defines the alignment axis.

7 A L I G N M E N T W I T H R E S P E C T TO B

We showed in Section 6 that grains can be aligned with respect to

k. Below we consider the case when magnetic field is essential in

terms of grain precession (see Fig. 16). As earlier, we disregard the

paramagnetic relaxation. We make an extensive use of the physical

insight obtained with a more simple case of alignment in Section 6.

Indeed, because of the precession about magnetic field the analytical

treatment of the corresponding processes gets less transparent here

compared to that in Section 6.

7.1 Equations of motion in presence of B

In the presence of magnetic field, equations of motion in dimen-

sionless units become

dφ

dt
=

M

sin ξ
G(ξ, ψ, φ) − $B, (65)

dξ

dt
= M

F(ξ, ψ, φ)

J
, (66)

dJ

dt
= M H (ξ, ψ, φ) − J , (67)

where $B is the Larmor precession rate of J around the magnetic

field B. Here F, H, G are RAT components projected to three axes

ξ̂ , Ĵ , φ̂, which are given by (see DW97)

F(ξ, ψ, φ) = Qe1(%, 0)[− sin ψ cos ξ cos φ − cos ψ sin ξ ]

+ Qe2(%, 0)[cos &(cos ψ cos ξ cos φ

− sin ψ sin ξ ) + sin & cos ξ sin φ]

+ Qe3(%, 0)[cos & cos ξ sin φ + sin &(sin ψ sin ξ

− cos ψ cos ξ cos φ)], (68)

H (ξ, ψ, φ) = Qe1(%, 0)[− sin ψ sin ξ cos φ + cos ψ cos ξ ]

+ Qe2(%, 0)[cos &(sin ψ cos ξ

+ cos ψ sin ξ cos φ) + sin & sin ξ sin φ], (69)

G(ξ, ψ, φ) = Qe1(%, 0)[sin ψ sin φ]

+ Qe2[sin & cos φ − cos & cos ψ sin φ]

+ Qe3[cos & cos φ + sin & cos ψ sin φ]. (70)

Here % and & are related to ξ , ψ , φ via

cos % = cos ξ cos ψ − sin ξ sin ψ cos φ, (71)

& = 2tan−1 sin % − sin ξ sin ψ

sin ξ sin φ
. (72)

Equation (69) reveals explicitly that the component Qe3(%, 0) does

not contribute to spinning-up grains. On the other hand, we found

numerically that the last term containing Qe3(%, 0) in equation (68)

goes to zero after averaging over the precession angle φ. Therefore,

similar to the case of alignment with respect to k, the only effect of

Qe3(%, 0) is to induce the grain precession.

After averaging over the precession angle φ, the equations of

motion (65)–(67) are reduced to two equations for ξ and J, whereas

F(ξ , ψ , φ), H(ξ , ψ , φ) are replaced by ⟨F(ξ , ψ)⟩φ , ⟨H(ξ , ψ)⟩φ .

7.2 Stationary points for arbitrary shaped grains

While in this section we deal with AMO, some results can be ob-

tained in a general case of arbitrary shaped grains. More results of

this nature are presented in Section 8.

In the presence of magnetic field, aligning and spinning torques

are complicated functions of RATs, involving ψ , ξ , φ variables.

Therefore, it is not easy to derive general analytical expressions for

stationary points. However, we can find some particular physically

interesting situations that correspond to stationary points.

For instance, the perfect alignment corresponds to the maximal

inertia axis a1 parallel to the magnetic field, that is, sin ξ s = 0. For

this angle, from equations (71) and (72), we have % = ψ , and &

= 0 or π . Hence, Qe1(%, 0) = Qe1(ψ , 0), Qe2(%, 0) = Qe2(ψ , 0).

Equation (68) becomes

F(ξs, ψ, φ) = Qe1(ψ, 0) sin ψ cos φ + Qe2(ψ, 0) cos & cos φ

+ Qe3(ξ, 0) cos & sin φ. (73)

Obviously, F(ξ s, ψ , φ) is a function of the precession angle φ

about the magnetic field B. Thus, if the grain precesses rapidly

around B, then we can average F(ξ s, ψ , φ) over φ from 0 to 2π . As

C⃝ 2007 The Authors. Journal compilation C⃝ 2007 RAS, MNRAS 378, 910–946
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Lazarian & Hoang 2007
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Alignment  
is possible
a > ~20 µm

Gaseous damping

Radiative alignment
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precession

Alignment with radiation direction
• RAT induce precession 
around radiation direction. 
(Lazarian & Hoang 2007) 

• For grains > 20 µm, 
rad. precession is faster  
than Larmor precession and 
gaseous damping timescales.  
→ “radiation alignment”

16
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Figure 1. The ring state: Self-consistent radiative transfer simulations of the polarized emission of aligned aspherical dust grains at
1.3mm (top row), and simulated ALMA observations (bottom row; CASA v5.4.2, band 6, configuration C40-5, 1.5h integration time;
minimal displayed polarization degree is 1%, i.e., the 3� level of ALMA) at three di↵erent disk orientations (left: face-on, center: 45�,
right edge-on). The color map shows the total (unpolarized) intensity which is overplotted by polarization vectors.The vectors are plotted
with the spatial resolution indicated by the beam size given as white ellipses. The toroidal magnetic field topology is traced by its
characteristic polarization structure in all of the three orientations in the simulated ALMA observation.

Figure 2. The vortex state: As in Fig. 1. The toroidal magnetic field topology is traced by its characteristic polarization structure in
both orientations in the simulated ALMA observation, while the vortex is clearly detected in the simulated ALMA observation of a
face-on disk.

MNRAS 000, 1–5 (2016)

Millimeter wave polarization of disks

• Alignment theory predicts alignment with radiation direction  
happens, which results in azimuthal pol. vectors. 

• Polarization vectors at (sub-)mm wavelengths do not  
trace the magnetic field structure in PPDs!
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Figure 9. Same as Figure 7, but for different magnetic properties of dust. Top and bottom panels correspond to (i) moderate paramagnetic inclusion model
( fp = 0.1, φsp = 0), and (ii) superparamagnetic inclusion model ( fp = 0.1, φsp = 0.03, Ncl = 2000), respectively. amax = 103 µm, fhigh−J = 0.5, and α = 10−3 are
assumed.

the first scattering event produces linearly polarized light, and
this light is incident on other grains. The linearly polarized
light (Q ! 0,U = 0) for the first scattering coordinate can
be an obliquely polarized light (Q ! 0,U ! 0) for the sec-
ond scattering coordinate. As a result, S 43 can produce the
circular polarization by multiple scattering. Therefore, cir-
cular polarization can be produced by either single scattering
by aligned grains through non-zero S 41, or multiple scatter-
ing by randomly orientated grains through S 43. Since, at mil-
limeter wavelength, protoplanetary disks are often optically
thin, multiple scattering may not be important for many cases.
Hence, we focus on the circular polarization due to scattering
by aligned grains.

In the Rayleigh limit (dipole approximation), the
scattering matrix of an ellipsoid can be written as
(e.g., Bandermann & Kemp 1973; Dolginov et al. 1978;

Gledhill & McCall 2000)

S 41 =
1

2
ik6(α1α

∗
3 − α

∗
1α3)([(e⃗0 × e⃗1] · â1))(e⃗0 · â1) (74)

where e⃗0 and e⃗1 are the incident light and scattered light di-
rections; hence these two vectors define the scattering plane.
α is the polarizability of an ellipsoid with respect to each axis,
given by Equation (54). We can see from Equation (74) that
we do not expect circular polarization for (i) non-absorbing
particles (Im(α) ! 0), (ii) forward scattering and backward
scattering, (iii) grains’ minor axis being in the scattering plane
([(e⃗0× e⃗1] · â1) = 0), and (iv) grains’ minor axis being perpen-
dicular to the incident radiation.

Imaging observations of protoplanetary disks at
visible/near-infrared wavelengths is dominated by the
scattered light from disks. Since dust grains at the surface

Previous study
(assumed B-field alignment)

Our study
(Based on the alignment theory)

Bertrang et al. 2016 RT+2017
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Figure 1. The ring state: Self-consistent radiative transfer simulations of the polarized emission of aligned aspherical dust grains at
1.3mm (top row), and simulated ALMA observations (bottom row; CASA v5.4.2, band 6, configuration C40-5, 1.5h integration time;
minimal displayed polarization degree is 1%, i.e., the 3� level of ALMA) at three di↵erent disk orientations (left: face-on, center: 45�,
right edge-on). The color map shows the total (unpolarized) intensity which is overplotted by polarization vectors.The vectors are plotted
with the spatial resolution indicated by the beam size given as white ellipses. The toroidal magnetic field topology is traced by its
characteristic polarization structure in all of the three orientations in the simulated ALMA observation.

Figure 2. The vortex state: As in Fig. 1. The toroidal magnetic field topology is traced by its characteristic polarization structure in
both orientations in the simulated ALMA observation, while the vortex is clearly detected in the simulated ALMA observation of a
face-on disk.

MNRAS 000, 1–5 (2016)

Millimeter wave polarization of disks
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Figure 9. Same as Figure 7, but for different magnetic properties of dust. Top and bottom panels correspond to (i) moderate paramagnetic inclusion model
( fp = 0.1, φsp = 0), and (ii) superparamagnetic inclusion model ( fp = 0.1, φsp = 0.03, Ncl = 2000), respectively. amax = 103 µm, fhigh−J = 0.5, and α = 10−3 are
assumed.

the first scattering event produces linearly polarized light, and
this light is incident on other grains. The linearly polarized
light (Q ! 0,U = 0) for the first scattering coordinate can
be an obliquely polarized light (Q ! 0,U ! 0) for the sec-
ond scattering coordinate. As a result, S 43 can produce the
circular polarization by multiple scattering. Therefore, cir-
cular polarization can be produced by either single scattering
by aligned grains through non-zero S 41, or multiple scatter-
ing by randomly orientated grains through S 43. Since, at mil-
limeter wavelength, protoplanetary disks are often optically
thin, multiple scattering may not be important for many cases.
Hence, we focus on the circular polarization due to scattering
by aligned grains.

In the Rayleigh limit (dipole approximation), the
scattering matrix of an ellipsoid can be written as
(e.g., Bandermann & Kemp 1973; Dolginov et al. 1978;

Gledhill & McCall 2000)

S 41 =
1

2
ik6(α1α

∗
3 − α

∗
1α3)([(e⃗0 × e⃗1] · â1))(e⃗0 · â1) (74)

where e⃗0 and e⃗1 are the incident light and scattered light di-
rections; hence these two vectors define the scattering plane.
α is the polarizability of an ellipsoid with respect to each axis,
given by Equation (54). We can see from Equation (74) that
we do not expect circular polarization for (i) non-absorbing
particles (Im(α) ! 0), (ii) forward scattering and backward
scattering, (iii) grains’ minor axis being in the scattering plane
([(e⃗0× e⃗1] · â1) = 0), and (iv) grains’ minor axis being perpen-
dicular to the incident radiation.

Imaging observations of protoplanetary disks at
visible/near-infrared wavelengths is dominated by the
scattered light from disks. Since dust grains at the surface

Previous study
(assumed B-field alignment)

Our study
(Based on the alignment theory)

Bertrang et al. 2016 RT+2017

Short summary: Why is B-field alignment so inefficient?
　　- Alined grain size  ~ λ(rad. field)/2 @ disk midplane  
　　　　　　　　　　　 ~ a few tens of micron (>> ISM dust ~ 0.1µm) 
　　- Larger grains show slower Larmor precession, and then 
          the Larmor precession is suppressed by gaseous collisions.
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Figure 4. The radiation field in the disk. (a) Energy density of the radiation urad [erg cm3] (b) the spectrum averaged wavelength λ [µm], and (c) the spectrum
averaged anisotropy parameter γ are shown.

parameter in the disk. Above the disk photosphere, the en-
ergy density of radiation is dominated by the stellar radia-
tion. Hence, at the surface layer, urad ≈ AT 4∆Ω∗, where
A = 7.57 × 10−15 erg cm−3 K−4 is the radiation constant,
and then

urad ≃ 5.2 × 10−6 erg cm−3
( R
10 AU

)−2
(51)

for T∗ = 4000 K and R∗ = 2R⊙. The anisotropy parameter
of the radiation field is almost unity, and k⃗ is pointing radially
outward.

At the disk midplane, the energy density of radiation is 2−3
orders of magnitude lower than that of the surface layer be-
cause the disk is optically thick in visible/NIR wavelength.
The energy density of the radiation field at the midplane is
dominated by the thermal emission from cold grains at the
midplane (λ̄ ≃ 140 µm). Even in the midplane, the radiation
energy density is still very large compared to the interstellar
radiation field, uISRF = 8.64 × 10−13 erg cm−3 (Mathis et al.
1983). As shown in Figure 4(c), the anisotropy parame-
ter become around 0.1 at the midplane at R ! 30 AU be-
cause the disk becomes optically thick for the radiation with
λ ≈ 140µm. Therefore, in this region, only 10 % of the en-
ergy density can contribute the radiative torque because only
anisotropic radiation field is important for RAT alignment. At
outer region, the disk becomes optically thin, and the radiation
anisotropy is almost 100 % and it coincides with the radial di-
rection. It is worth noting that when we consider a dust ring
structure with an inner hole around the central star, the radia-
tion anisotropy can be an azimuthal direction (Kataoka et al.
2015). In this paper, we assume the smooth disk density dis-
tribution from the region near the central star to the outer disk;
thereby, the anisotropic radiation directs radially outward.

4.2. RAT alignment timescale in the disk
Based on the radiation field calculated in Section 4.1, we

calculate the characteristic timescales relevant to grain align-
ment in the disk. Figure 5 shows the timescales relevant to
RAT alignment at two different locations (midplane and sur-
face at R = 50 AU) in the disk.

The alignment timescale shown in the top panels in Figure
5 indicates the minimum size of dust grains to be aligned. In
general, smaller grains experience stronger gas drag and also
the radiative torque becomes less efficient; therefore, only
large grains can be aligned. A critical grain size is given by
the balance between the RAT alignment timescale (trad, align)

and the gaseous damping timescale (tgas). At the midplane of
r = 50 AU, the radiative torques is determined by the radiation
field emitted from ambient thermal grains with λ ≈ 140µm,
and then for smaller grains, a ≤ 140 µm/1.8 ≈ 80µm, the ra-
diative torques becomes less efficient (see Equation 17). Fig-
ure 5 shows that at the midplane of r = 50 AU, the critical
grain size is ≈ 27 µm. As a result, external alignment for
a millimeter sized grain is possible even at the dense mid-
plane, although these grains may not show internal alignment
(see Figure 2). At the surface layer, the gas density is much
lower than the that of the midplane, and the radiation field
has a shorter wavelength than the midplane; hence, external
alignment of smaller grains are possible. Figure 5 shows the
critical grain size at the disk surface is ≈ 0.2µm.

Bottom panels in Figure 5 shows the precession timescales
of dust grains, and this defines the alignment axis. As we
mentioned in Section 2, alignment axis is determined by
the dominant precession motion of grains. Figure 5 shows
that at the midplane, a dust grain, which is larger than the
critical size, precesses around the radiative flux; therefore,
these grains get aligned with radiation direction. Even if we
consider superparamagnetic inclusions, Larmor precession is
still slow compared to radiative precession. Therefore, these
grains get aligned with respect to the radiation direction, not
to the magnetic field. Note that the direction of radiation
at the midplane of R = 50 AU is radially outward; hence,
aligned grains are expected to produce azimuthally polarized
emission. In addition to the fast radiative precession, it is
also found that Larmor precession is often suppressed by the
gaseous damping. The presence of superparamagnetic inclu-
sions enhances the magnetic susceptibility significantly; nev-
ertheless, only grains smaller than ≈ 10 µm can overcome
the gaseous damping. This result also claims the difficulty of
grain alignment with respect to the magnetic field in the disk
midplane. Critical grain size for which the Larmor precession
timescale equals to the gaseous damping can be obtained from
Equations (3) and (7), then

acrit ≃ 0.1 µm Γ−1
|| ρ̂s ŝ4/3ρ̂g

−1T̂g
−1/2
χ̂
( B
1 mG

)
. (52)

If a grain size is larger than this critical size, Larmor pre-
cession is suppressed by the gaseous damping. In summary,
(sub)mm sized dust grains at the midplane are difficult to align
with the magnetic field due to the efficient gaseous damping
as well as fast radiative precession; however, these grains may
align with the radiation direction.

λ~µm

λ~100µm

λ[µm]

grain size being aligned ～ λ(rad field)/2

tL � 1.3 year
�

a
0.1 µm

�2 � B
5 µG

��1 �
�(0)
10�4

��1

Larmor precession timescale

When does B-field alignment happen? 
- Fast Larmor precession for grains being 
  aligned. 
- Less gaseous damping (low density)
　　　　　Disk surface layer is favorable
　　　　　for B-field alignment! 
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Figure 9. Same as Figure 7, but for different magnetic properties of dust. Top and bottom panels correspond to (i) moderate
paramagnetic inclusions model (fp = 0.1, φsp = 0), and (ii) superparamagnetic inclusions model (fp = 0.1, φsp = 0.03,
Ncl = 2000), respectively. amax = 103 µm, fhigh−J = 0.5, and α = 10−3 are assumed.

than the typical value of magnetic field strength in ISM,
≈ µG. Hence, in ISM, dust grains get aligned with mag-
netic field. At disk surface, energy density of radiation
is dominated by the stellar radiation, hence, substitute
Equation (51) into Equation (72), we obtain

B ≤ 35.5 mG a
3
2
−5χ̂

(
λ̄

1.2 µm

)(
R

10 AU

)−2
(
γ|QΓ|
0.01

)

(73)
We comment on the possibility of grain alignment with

respect to the magnetic field at the disk midplane. At

the midplane, the wavelength of the radiation field and
the grain size become much larger than the surface layer,
it is more difficult for grains to be aligned with the mag-
netic field. For example, when we consider the midplane
at R = 50 AU of the disk, characteristic quantities of the
radiation field of our disk model is urad ≃ 1.55 × 10−10

erg cm−3, λ̄ ≃ 137 µm, and γ = 1 (see Figure 4). Sup-
pose dust grains have large amount of superparamag-
netic inclusions (φsp = 3 % and Ncl = 105), millimeter
sized grains, hence we can set QΓ = 0.4, can be aligned
with the magnetic field when B > Bcrit = 13 mG at

B

We can expect toroidal B-field alignment
in MIR wavelength!
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Alignment with 
magnetic field

AASTEX wavelength-dependent polarization 5

100 AU

Figure 2. Comparison of the polarization images between � = 1.3 mm (CARMA Stephens et al. 2014) and � = 3.1 mm

(ALMA, this observation). The ALMA image is smoothed to have the same beam size of CARMA, where the beam size is

0.6500 ⇥ 0.5600 with the PA of 79.5 degrees. The color scale represents the polarized intensity while the grey contours represent

the continuum emission. The levels of the grey contours are (10, 20, 40, 80, 160, 320, 640, 1280) ⇥ �
I

where �
I

= 2.1 mJy/beam

for the CARMA data and �
I

= 0.017 mJy/beam ALMA data.

Figure 3. Schematic illustrations for the di↵erences of polarization vectors of each mechanism of polarization of thermal dust

emission. The major axis is in the horizontal direction. Note that each panel represents E-vectors. (a) Grain alignment with

the toroidal magnetic fields. (b) Grain alignment with the radiation fields. (c) Self-scattering of the thermal dust emission

By modeling the scattered components of the polariza-
tion, we can constrain the grain size in the HL Tau disk.
To model the scattering components in polarization, we
consider the total polarization fraction across HL Tau.
If we integrate the polarization all over the disk, the
axisymmetric vectors are canceled out. The scattering-
induced polarization provides the vectors parallel to the
minor axis, which resides as the total polarization frac-
tion. However, the alignment with the radiative flux is
almost axisymmetric and thus does not contribute so
much on the integrated polarization fraction. We esti-
mate the contribution of the radiative flux alignment to
the total polarization fraction assuming that the disk is
geometrically and optically thin, the local alignment ef-
ficiency p is the same in the entire disk (Fiege & Pudritz

2000; Tomisaka 2011), and there is no wavelength depen-
dence. The contribution is calculated to be 0.114⇥p and
the polarization vectors are parallel to the major axis.
We have already discussed that the upper limit of

the total polarization fraction is 0.1 % at 3.1 mm with
our ALMA observations. The polarization fraction with
SMA is reported to be 0.86±0.4% at 0.87 mm (Stephens
et al. 2014). Note that the detection was 2 sigma signifi-
cance, which might be an upper limit of the polarization
fraction while we use the reported value in Stephens
et al. 2014 in this paper. We calculate the total de-
gree of polarization observed with CARMA at 1.3 mm
with the data reported by Stephens et al. 2014, which is
0.52± 0.1%.

14 Tazaki et al.

Figure 9. Same as Figure 7, but for different magnetic properties of dust. Top and bottom panels correspond to (i) moderate paramagnetic inclusion model
( fp = 0.1, φsp = 0), and (ii) superparamagnetic inclusion model ( fp = 0.1, φsp = 0.03, Ncl = 2000), respectively. amax = 103 µm, fhigh−J = 0.5, and α = 10−3 are
assumed.

the first scattering event produces linearly polarized light, and
this light is incident on other grains. The linearly polarized
light (Q ! 0,U = 0) for the first scattering coordinate can
be an obliquely polarized light (Q ! 0,U ! 0) for the sec-
ond scattering coordinate. As a result, S 43 can produce the
circular polarization by multiple scattering. Therefore, cir-
cular polarization can be produced by either single scattering
by aligned grains through non-zero S 41, or multiple scatter-
ing by randomly orientated grains through S 43. Since, at mil-
limeter wavelength, protoplanetary disks are often optically
thin, multiple scattering may not be important for many cases.
Hence, we focus on the circular polarization due to scattering
by aligned grains.

In the Rayleigh limit (dipole approximation), the
scattering matrix of an ellipsoid can be written as
(e.g., Bandermann & Kemp 1973; Dolginov et al. 1978;

Gledhill & McCall 2000)

S 41 =
1

2
ik6(α1α

∗
3 − α

∗
1α3)([(e⃗0 × e⃗1] · â1))(e⃗0 · â1) (74)

where e⃗0 and e⃗1 are the incident light and scattered light di-
rections; hence these two vectors define the scattering plane.
α is the polarizability of an ellipsoid with respect to each axis,
given by Equation (54). We can see from Equation (74) that
we do not expect circular polarization for (i) non-absorbing
particles (Im(α) ! 0), (ii) forward scattering and backward
scattering, (iii) grains’ minor axis being in the scattering plane
([(e⃗0× e⃗1] · â1) = 0), and (iv) grains’ minor axis being perpen-
dicular to the incident radiation.

Imaging observations of protoplanetary disks at
visible/near-infrared wavelengths is dominated by the
scattered light from disks. Since dust grains at the surface

L4 G. H.-M. Bertrang et al.

Figure 1. The ring state: Self-consistent radiative transfer simulations of the polarized emission of aligned aspherical dust grains at
1.3mm (top row), and simulated ALMA observations (bottom row; CASA v5.4.2, band 6, configuration C40-5, 1.5h integration time;
minimal displayed polarization degree is 1%, i.e., the 3� level of ALMA) at three di↵erent disk orientations (left: face-on, center: 45�,
right edge-on). The color map shows the total (unpolarized) intensity which is overplotted by polarization vectors.The vectors are plotted
with the spatial resolution indicated by the beam size given as white ellipses. The toroidal magnetic field topology is traced by its
characteristic polarization structure in all of the three orientations in the simulated ALMA observation.

Figure 2. The vortex state: As in Fig. 1. The toroidal magnetic field topology is traced by its characteristic polarization structure in
both orientations in the simulated ALMA observation, while the vortex is clearly detected in the simulated ALMA observation of a
face-on disk.

MNRAS 000, 1–5 (2016)

Bertrang et al. 2016

ALMA 
(Band 3, λ=3.1 mm)

Kataoka+2017RT+2017

• HL Tau in Band 3 shows azimuthal polarization vectors. 
- seems to be consistent with grain alignment with radiative flux.  

Alignment with
radiation direction
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taken over the line of sight (see Chiang & Goldreich 1999 for
details). The SED of the disk surface is obtained from the integral

Lsurfk /k
Z rmax

!rmax

dx

Z y(x)

!y(x)

dy
X

Bk(Tds)

; 1! exp ! !"s

jn̂ = l̂j

 !" #
exp (! #k); ð19Þ

where n̂ and l̂ are unit vectors normal to the surface and parallel
to the line of sight, respectively, "s is the Planck averaged dust
emissivity at the surface. The summation is performed whenever
the line of sight intersects the surface (see Chiang & Goldreich
1999 for details).

In our calculations, we explicitly take care of the fact that the
grain symmetric axis is changing along a given line of sight. We
follow the description in Roberge & Lazarian (1999; see also
Lee & Draine 1985) to calculate this effect and we obtain optical
depths with respect to the x- and y-directions in the above in-
tegrals (eqs. [17] and [19]).3 After calculating the optical depths,
we calculate Lk; x and Lk; y. We obtain the luminosity for two more
directions, which are at 45$ with respect to x- and y-directions.We
calculate the direction and degree of polarization based on the
luminosity for these four directions.
Figure 10 shows the effects of the disk inclination. We cal-

culate the polarized emission from the disk interior. The viewing
angle $ (the angle of disk inclination) is the angle between the

Fig. 9.—Radial energy distribution. (a) k ¼ 10 %m. Inner part of the disk emits
substantial amount of radiation. But it emits negligible amount of polarized radia-
tion. Note that when r < 1 AU, grains in the surface layer are not aligned and only
negligible fraction of grains are aligned in the interior (see Figs. 3 and 4). (b) k ¼
50 %m. (c) k ¼ 100 %m. (d ) k ¼ 850 %m. The result for k ¼ 450 %m (not shown)
is very similar to that for k ¼ 850 %m.

Fig. 10.—Simulated observations. Degree of polarization is calculated for the total radiation (i.e., interior þ surface) from the disk. The disk inclination angle $ is the
angle between disk symmetry axis and the line of sight.

3 Let the z-axis be the direction of the line of sight and the y0-axis the direction
along the projection of the magnetic field on to the plane of the sky. The x0-axis is
perpendicular to both axes. Then, the cross sections Cx0 and Cy0 are

Cx0 ¼ Cavg þ 1
3 R C? ! Ck
! "

1! 3 cos2&
! "

;

Cy0 ¼ Cavg þ 1
3 R C? ! Ck
! "

;

where Cavg ¼ (2C? þ Ck)/3, C? and Ck are cross sections with respect to the
magnetic field, and & is the angle between themagnetic field and the plane of the sky.
We assume the Rayleigh reduction factor, R, is 1. For the x- and y-axes that also lie
in the plane of the sky,

Cx ' Cx0 cos
2$þ Cy0 sin

2$;

Cy ' Cx0 sin
2$þ Cy0 cos

2$;

where $ is the angle between the x- and x0-axis.
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Figure 4. Mid-IR polarization of the sample. The dash line is
polarized emission at 10 µm predicted by Cho & Lazarian (2007)
for a flared disc, assuming a toroidal B-field and RAT alignment.
The horizontal line is the mean 10-µm polarization of YSOs in
Smith et al. (2000). See the online publication for a colour version
of this figure.

servation of CQ Tau and CL07’s predictions, although it is
difficult to reach any conclusion without further observation
and modeling, we can think of several possible explanations.
For example, the unusually high polarization may result
from an exceptionally high dust alignment efficiency in the
disc of CQ Tau. Or, the disc inclination of CQ Tau may have
been considerably underestimated. CQ Tau is known to ex-
hibit UX Ori-like variability (Natta et al. 1997), which only
occurs when the light of sight is close to the plane of the disc.
Despite that the low disc inclination is not well supported by
direct or interferometric imaging (e.g., Chapillon et al. 2008;
Banzatti et al. 2011), it is possible that the unresolved inner
disc of CQ Tau (which is also the part of the disc where most
mid-IR polarization arises) is heavily warped with respect to
the outer disc.

There are seven objects in our sample of which the ob-
servations are consistent with dichroic emission and/or ab-
sorption (Table 6). Note that here we have excluded HD
200775 and HD 163296, for which no solid conclusion re-
garding the origin of polarization has been drawn. The de-
tection rate (seven out of eleven, or 64 per cent) of dichroic
emission/absorption is similar to that found for a much
larger sample of Class 0/I YSOs (Smith et al. 2000). How-
ever, this agreement might be a coincidence, considering
the differences between the two samples: objects studied by
Smith et al. (2000) are in general younger and significantly
more massive than ours. Nevertheless, we conclude that,
even for relatively evolved (compared to Class 0/I YSOs)
objects like HAeBe discs, B-fields and suitable conditions
for effective dust alignment are still present at disc surfaces.

The mid-IR polarization of HAeBe discs is lower than
that found for YSOs (Fig. 4). This can be explained, to
some degree, by the generally higher column density (optical
depth) toward most YSOs, and the absorptive polarization
increases with increasing extinction. The difference may also
be partially due to the change in dust properties and/or
the B-field strength. Dust properties and disc environments

may evolve in such a way that the dust alignment efficiency
decreases with time. For example, because only sub-micron
grains contribute to polarized emission in the mid-IR while
grains larger than a few microns only emit unpolarized light,
grain growth can be an effective process to reduce mid-IR
polarization of discs (Tazaki et al. 2017).

The alignment (or misalignment) between the large-
scale B-field and the disc spin axis may play an impor-
tant role in the disc evolution. For example, some misalign-
ment between the two could mitigate the so-called ‘mag-
netic braking catastrophe’ (Allen et al. 2003; Mellon & Li
2008; Hennebelle & Ciardi 2009; Joos et al. 2012, 2013;
Seifried et al. 2013; Li et al. 2013b). In the present study,
we do not see a clear trend that the B-field in HAeBe
discs tends to align with the spin axis or the plane of
the disc: most objects in our sample seem to have a
complex rather than poloidal or toroidal B-field configu-
ration. This is in agreement with a few previous studies
where B-fields were also found to be uncorrelated with
the disc structure (Curran & Chrysostomou 2007; Rao et al.
2009; Shinnaga et al. 2012; Hull et al. 2013; Zhang et al.
2014). Theoretical studies and numerical simulations have
revealed that the B-field structure can be highly complex
in circumstellar discs (Tomisaka 2011; Kataoka et al. 2012;
Dudorov & Khaibrakhmanov 2014; Seifried et al. 2015). In
the presence of turbulence, outflow, and/or disc rotation, the
B-field structure can become very disordered in the vicinity
or the central region of a protoplanetary discs (Seifried et al.
2015; Tomisaka 2011). Hence, the alignment between core
and disc fields, even if it exists at large scales (i.e., a few
thousand au), may not persist at smaller disc scales (i.e., a
few hundred au or tens of au).

We have compared (projected) orientations of disc B-
fields to interstellar B-fields (the sixth column in Table 2).
Despite a few ‘aligned’ cases, being HL Tau, AB Aur, and
perhaps HD 179218 (for disc B-field orientation derived from
the absorptive, emissive, and emissive component, respec-
tively), we do not see a strong correlation between the two.
Such a correlation may exist if disc B-fields are ‘fossil’ ones
from their parent molecular clouds, of which the B-fields are
the frozen-in fields from the ISM of the Milky Way (Crutcher
2012). However, under influences from accretion, magnetic
diffusion, and different instabilities, such a memory of the
parent interstellar field may have already been lost.

6 SUMMARY

We detected linear polarization at 8.7, 10.3, and 12.5 µm
from eight Herbig Ae/Be stars and one T-Tauri star. We fit
the polarization profile for each object in the 10-µm band
to a combination of polarized emission and absorption. We
also considered the role of scattering in the interpretation
of the data. While the mid-infrared polarization of most ob-
jects is consistent with polarized emission and/or absorption
arising from aligned grains, we cannot rule out the scat-
tering scenario for a few objects in our sample. For those
objects with mid-IR polarization being consistent with po-
larized emission and/or absorption, we examined how the
inferred magnetic field structure correlates with the viewing
geometry (inclination and P.A.) of the disc. We found no
preference for a certain configuration (with respect to the

MNRAS 000, 1–14 (2017)

Cho & Lazarian 2007 Li et al. 2017

• MIR polarization obs. traces toroidal B-field of surface layer  
of PPDs?
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of the grain at the gas temperature Tgas, T̂d = Td/15 K with Td
being the dust temperature, and

f (J ) = 1.6105
[

1 +
(ω1τn

2

)2
]−2

+ 0.47
[

1 +
(ω1τel

2

)2
]−2

.

(16)

For grains larger than 1 µm, f (J ) ≈ 1.6 × 105 for J = Jth. In
the above equations ω1 = J cos θ/I∥ and τn is given by

τn = 1/
(
τ−1

ne + τ−1
nn

)
, (17)

where τne = 3 × 10−4 (2.7/gn)2 (
1022 cm−3/ne

)
s and τnn =

h̄/(3.8gnnnµn) ≈ 0.58τne (ne/nn) s, with electron and nucleus
density ne and nn, are the relaxation times of interaction of
nucleus–electron and nucleus–nucleus spins, respectively. Also,
τel = 2.9×10−11 s is the spin–spin relaxation time of electronic
spins, and cos θ = 1/2 is chosen (see LD99; HL09).

3.3. Radiative Alignment Timescale

The characteristic timescale for RATs to accelerate the grain
from J = 0 to J = I1ω is estimated by

trad = I1ω

Γrad
= I1ω

M⟨H ⟩φ
, (18)

where ⟨H ⟩φ is the spin-up component of RATs that is averaged
over the torque-free motion and the precession angle φ using
Equation (6).

Using M given by Equation (5) and I1 = 16ρa5s/3 for the
brick of sides 2a × 2a × 2b, we obtain

trad =
23/2(16ρkTgas/3)1/2a1/2s1/2

λ̄uradγ ⟨H ⟩φ
. (19)

For standard parameters of the ISM, this yields

trad ≈ 2.8 × 1010ρ̂T̂gasŝa
1/2
−5

1.2 µm

λ̄

uISRF

urad

10−3

γ ⟨H ⟩φ
s, (20)

where ŝ = s/0.5 with s = b/a being the ratio of the long to
short axes; uISRF is the energy density of the interstellar radiation
field (ISRF; see Mathis et al. 1983).

3.4. Radiative Alignment Time Versus Internal Relaxation Time

To compare the effect of RATs and internal relaxation, let us
estimate the ratio of their timescales. Following Equations (15)
and (20), we obtain for a brick grain

trad

tint
= 3.7 × 103ρ̂−1.5[0.5 + 0.125ŝ2]2a−6.5

−5

T̂ 1.5
gas

T̂d

1

ûradλ̂

× 10−3

γ ⟨H ⟩φ

(
ω

ωT

)3

f (J ). (21)

Here, T̂d = Td/15 K, ûrad = urad/uISRF, and λ̂ = λ̄/1.2 µm.
uISRF = 8.64 × 10−13 erg cm−3 is the energy density of ISRF
(see Mathis et al. 1983) and γ = 0.1.

Using the scaling of RAT magnitude obtained in LH07a,
⟨H ⟩φ ≈ |QΓ| ≈ 0.4 (λ̄/a)−3 for λ > 1.8a, we get

trad

tint
= 8.4 × 105ρ̂−1.5[0.5 + 0.125ŝ2]2â−9.5

−5

T̂ 1.5
gas

T̂d

λ̂2

ûrad

×
(

ω

ωT

)3

f (J ). (22)

Figure 4. Timescales as functions of grain size for internal relaxation (tint),
radiative (trad), and gas damping (tgas) calculated for J = Jth and for the diffuse
ISM with standard parameters: gas density n = 30 cm−3, gas temperature
Tgas = 100 K, and dust temperature Td = 20 K. Filled circles denote where
tint = trad.

For λ < 1.8a, ⟨H ⟩φ ∼ 0.4,

trad

tint
= 70ρ̂−1.5ŝâ−6.5

−5

T̂ 1.5
gas

T̂d

1

ûradλ̂

(
ω

ωT

)3

f (J ). (23)

Increasing both the grain size and the radiation intensity lead to
a decrease of trad.

For a grain size a = 1.2 µm, f (J = Jth) ∼ 105, so it can be
seen from Equation (23) that trad/tint ∼ 0.67 for the ISRF (see
also Figure 4).

Figure 4 shows tgas, tint, and trad as functions of a for the ISM
obtained from Equations (14), (15), and (20), respectively. It
can be seen that for grains smaller than ∼1 µm, tint/trad ≪ 1
and decreases steeply with decreasing a. For grains larger than
∼1.2 µm, we see that tint/trad > 1 and tint/trad increases rapidly
with a. When the mean energy density urad increases by 102

times, the size corresponding to tint = trad decreases from 1.5 to
0.6 µm.

Note that earlier works on grain alignment dealt with the
alignment of interstellar grains with size in the range from 0.005
to 0.25 µm. For this range of grain size, internal relaxation
is very strong, so that the average of RATs over thermal
fluctuations arising from internal relaxation was accounted for
(WD03; HL08). In some circumstances, e.g., accretion disks and
molecular clouds, where larger grains corresponding to weak
internal relaxation are expected, we need to study the internal
and external alignment at the same time.

Another characteristic timescale involved in grain dynamics
is the Larmor precession time of the grain magnetic moment
about an ambient magnetic field. Due to the Barnett effect, a
rotating paramagnetic grain develops a magnetic moment µBar
which is proportional to the angular velocity (see Dolginov &
Mytrophanov 1976). The value of µBar is given by

µBar = χ (0)V h̄

gµB
ω, (24)

where χ (0) = 4.2 × 10−2fpT̂ −1
d (with fp being the fraction

of paramagnetic material) is the magnetic susceptibility at zero
frequency, V is the volume, g is the gyromagnetic ratio (which
is ∼2 for electrons), and µB = e/2me is the Bohr magneton.

become aligned with the direction of radiation, not the
magnetic field (LH07). The above basic physics should be
augmented by additional important points. First of all, the grain
alignment at the high-J attractor point can be stabilized by
enhanced magnetic susceptibility arising from superparamag-
netic or ferromagnetic inclusions, e.g., iron clusters (Lazarian
& Hoang 2008; Hoang & Lazarian 2016). The latter alignment
is perfect, unlike the result for low-J alignment, which does not
usually exceed 30% (Hoang & Lazarian 2008). In addition,
suprathermal torques introduced originally by Purcell (1979), if
present in circumstellar disks, can also increase the degree of
RAT alignment (Hoang & Lazarian 2009b).

Internal alignment, or internal relaxation, is a process where
the grain axis for the maximum inertia aligns with the angular
momentum vector (Purcell 1979). The rotational kinetic energy
of a body can be given by (see Lazarian & Roberge 1997)

q q= + -( ) ( ( )) ( )
∣∣

E
J
I

h1 sin 1 , 1
2

2

where = ^∣∣h I I , ∣∣I and I⊥ represent the inertia with respect to
the grain minor axis and major axis, J is the angular momentum
of the grain, and θ is the angle between â1 and J . The rotational
kinetic energy of a body can be converted into heat by internal
energy dissipation. Since the angular momentum of a body J is
conserved when we consider torque-free motion of a rigid body,
energy dissipation leads to alignment of the axis of the greatest
inertia of the grains with its angular momentum vector. Various
energy dissipation processes have so far been proposed: Barnett
relaxation (Purcell 1979), nuclear relaxation (Lazarian &
Draine 1999a), superparamagnetic Barnett relaxation (Lazarian
& Draine 1999a; Hoang & Lazarian 2008), and inelastic
relaxation (Purcell 1979; Lazarian & Efroimsky 1999).

2.2. Timescales Relevant to RAT Alignment

In this study, we use timescales to specify the degree of grain
alignment instead of solving the equation of motion of an
aspherical grain under an anisotropic radiation field. We
summarize the relevant timescales of external and internal
alignment.

2.2.1. Grain Geometry

Modeling of interstellar polarization has suggested that an
oblate grain is preferred to a prolate grain (Lee & Draine 1985;
Henning & Stognienko 1993; Hildebrand & Dragovan 1995;
Kim & Martin 1995). In addition, Hildebrand & Dragovan
(1995) showed that an oblate with axis ratio of 2:3 produces the
best fit for far-infrared polarization. Although dust grains in
disks may differ from interstellar grains, in this paper, we adopt
an oblate spheroid for simplicity. Denoting the inertia with
respect to the grain minor axis and major axis by ∣∣I and I⊥,
respectively, then

p
r

p
r= = +^ ( ) ( )∣∣I a a I a a a a

8
15

,
4
15

, 2s 1 2
4

s 1 2
2

1
2

2
2

where rs is the material density, a a,1 2 denotes the minor and
major radii of a grain, and then the grain aspect ratio s is
defined by =s a a1 2. It is useful to define a characteristic
radius of an aspherical grain. In this paper, we use the volume-
equivalent radius aeff for which the volume of a sphere

with radius aeff equals that of the original ellipsoid;
hence, ºa a aeff

3
1 2

2.

2.2.2. Gaseous Damping Timescale

Random collisions of gas particles prevent grains from being
aligned. Roberge et al. (1993) derived the gaseous damping
timescale assuming perfect sticking of colliding molecules and
subsequent evaporation of molecules from the surface, which
are assumed to be thermalized at the grain surface. Although
the mean torque due to sticking collision is canceled out, that
due to evaporation is non-zero for spinning grains. Thus,
evaporated molecules extract angular momentum from spin-
ning dust grains. The timescale for which grain angular
momentum becomes zero via gaseous damping is given by

p r
=

G
( )∣∣

∣∣
t

I

v a

3
4

3gas
g th 2

4

r r» ´ -
-

- -ˆ ˆ ˆ ( )a T8.1 10 year 4g
3

s 5 g
1 1 2

where rg is the gas density, Tg is the gas temperature, =vth

mk T m2 B g H , where m = 2.34 is a mean molecular weight. G∣∣
is a geometrical coefficient given by

G = + - - - --{ ( ) ˜( ) [ ( ) ˜( )]}
( )
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3
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where = -e s1m
2 2. We adopt the following normalization:

r r= -ˆ 3 g cms s
3, =ŝ s 0.5, =-

-a a 10 cm5 eff
5 , r =ĝ

r -10g
15 g cm−3, =T̂ T 100g g K. Note that we disregard

infrared emission damping (Purcell & Spitzer 1971) and the
plasma drag (Draine & Lazarian 1998), because this mech-
anism only becomes important for small grains whose size is
less than m0.1 m, while we expect larger grains in disks.

2.2.3. Precession of J around B: Larmor Precession Timescale

A magnetized body precesses around an applied magnetic
field, and this is called Larmor precession. Even in the absence
of a spontaneous magnetic moment, spinning dust grains
can acquire a magnetic moment via (i) surface charges
(Martin 1971) and (ii) the Barnett effect (Dolginov &
Mitrofanov 1976). If a dust grain has non-zero surface charges,
the spinning grain generates a magnetic dipole moment via the
surface current, and hence the grain becomes magnetized. The
Barnett effect5 is a phenomenon in which a rotating body
becomes magnetized with the magnetic moment parallel to the
angular velocity (Barnett 1915). In most cases, a magnetic
moment induced by grain rotation is dominated by the Barnett
effect. Thus, in this paper, we neglect magnetization by surface
charges.
The Larmor precession timescale, or the timescale of

precession of the magnetic moment induced by grain rotation

5 The Barnett effect is a reciprocal phenomenon of the Einstein–de Haas
effect in which magnetization of a body induces mechanical rotation (see, e.g.,
Landau & Lifshitz 1960).

3
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• Rotational kinetic energy

�
minor axis

J

• (Internal) Energy dissipation leads 
 to θ→ 0 (“Internal alignment”)

0.1 µm

talign,int~105sec

Hoang & Lazarian 2009

• Larger grains do not show internal alignment. 
• Without internal alignment (Hoang & Lazarian 2009):  

　- alignment efficiency: ~ 10% @ High-J attractor (spin-up state) 
　　　　　　　　　　　　　　~ 100% @ Low-J attractor (spin-down state)
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Alignment efficiency : High-J or Low-J?

• For grain alignment with rad. direction, we should see ψ=0. 
• Above condition depends on the amount of magnetic inclusions,  
such as superparamagnetic inclusions (Lazarian & Hoang 2008, Hoang & Lazarian 2016).
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Figure 23. Similar to the upper panel in Fig. 22, but grains start from an-

gular momentum smaller than the value of high-J attractor point. Filed cir-

cles show initial position of grains. Filled arrow shows the time interval of

0.5tgas. Some grains get aligned at low-J attractor point over a short time t

< 0.5tgas, some others get to the high-J attractor points over t ∼ 3tgas.

Figure 24. Ratio of Qmax
e1 /Qmax

e2 for which the phase map has high- or low-J

attractor points as a function of ψ . Curved solid lines show predictions by

AMO, solid lines (maps with low-J attractor points only), dotted lines (maps

with high-J attractor points) show the result for irregular grains.

situation of grain alignment in the absence of magnetic field. For

such situations AMO has only repellor points (see Section 6).

The differences in the range of ψ in which the maps have high-J

attractor points predicted by AMO and irregular grains (i.e. dotted

lines extend outside the region surrounded by thick solid lines in

Fig. 24) exist, but it is moderate. In fact, the correspondence between

the ranges of ψ for the existence of the high-J attractor point revealed

between our predictions and the actual irregular grains allows one

to find out whether the high-J attractor point is expected if only the

Qmax
e1 /Qmax

e2 ratio is known. Note that the existence of high-J attractor

points is important for evaluating the degree of grain alignment.

Another new effect related to the Qmax
e1 /Qmax

e2 ratio is a regular shift

of the position of the crossover point, which, as we discussed below,

is also low-J attractor point. Fig. 25 (upper panel) shows this shift as

a function of the ratio Qmax
e1 /Qmax

e2 for different ψ predicted by AMO.

It is shown that the low-J attractor point tends to shift to cos ξ =
0 as Qmax

e2 increases. Particularly, for ψ = 89.◦9 ∼ 90◦, the low-J

Figure 25. Upper panel: The shift of position of low-J attractor point as

function of Qmax
e1 /Qmax

e2 for different ψ . Lower panel: The shift of position of

low-J attractor point with respect to ψ for AMO with three different ratios

Qmax
e1 /Qmax

e2 and for irregular grains. The shaded area corresponding to the

degree of alignment R = 1.5 cos2 ξ − 0.5 !0 shows the range of ‘wrong’

alignment.

attractor point coincides to cos ξ = 0, that is, grains are aligned

with long axes perpendicular to magnetic field. The above observed

tendency is consistent with our earlier discussion in Section 6.4 that

Qe2 acts to align grains perpendicular to B.

Fig. 25 (lower panel) presents the shift as a function of ψ for AMO

with different ratio Qmax
e1 /Qmax

e2 of AMO and for irregular grains. It

is clearly seen that the low-J attractor points for AMO and irregular

grains are always at cos ξ = 1 for ψ = 0◦, which means that no

‘wrong’ alignment possibility exists in this case. As ψ increases,

they shift to cos ξ = 0, and finally, fall on the perpendicular align-

ment angle cos ξ = 0 at ψ ∼ 90◦. For shape 4, however, the low-J

attractor point can produce ‘wrong’ alignment earlier than for shape

2, that is, when ψ ∼ 85◦. This is because shape 4 has the smaller

ratio Qmax
e1 /Qmax

e2 than shape 2.

We feel that Qmax
e1 /Qmax

e2 provides a sufficiently good parametriza-

tion for torques of irregular grains. Therefore, in terms of practical

calculations, establishing this ratio may be sufficient for describing

the alignment of realistic irregular shapes. This would require much

less computational efforts compared with obtaining the shapes for

the entire range of #.

C⃝ 2007 The Authors. Journal compilation C⃝ 2007 RAS, MNRAS 378, 910–946
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! = 90◦, we have

Qabs · e2 ∼ k cos βRe
∑

j

[p j Einc]e
ikx j . (22)

Since x j = rsin αsin β, it follows

Qabs · e2 ∼
∑

j

cos β cos(A sin β)[p j Einc], (23)

where the term [p j Einc] is a function that is independent of β. It is

obvious that Qabs · e2 is a function of β which is zero when averaging

is performed for β over [0, 2π]. We calculated Qabs · e2 for different

λ/a and grain shapes, and found that Qe2 is indeed close to zero at

cos ! = 0, which is consistent with our analytical expectation.

4.3 DDSCAT calculations

Fig. 4 presents the test grain shapes that we have calculated RATs

for using DDSCAT. Parameters for calculations are given in Table 1.

Shapes 1, 2 and 3 have been used in DW97. We added to them

shapes 4 and 5. In addition, we created a mirror symmetric shape of

shape 1, namely, shape 1* and provided the DDSCAT calculations for

a spheroidal grain (see more details in Table 1). We adopt dielectric

functions for astronomical silicate in which a feature in the ultra-

violet is removed (see DW97; Weingartner & Draine 2001; Cho &

Lazarian 2005).

We discussed for AMO that the sign of helicity can be changed

by taking the mirror image of the grain. We performed a similar

procedure to the irregular grains and obtained results similar to the

ones obtained for AMO (see Figs 7 and 8).

Note that we observe that Qe1 and Qe2 change synchronously

when we calculate torques for a mirror image of a grain. We see that

the shape 1 has one type of helicity, while shapes 4, 5 and mirror

symmetric image of shape 1, that is, shape 1*, have another type of

helicity.

Figure 4. Geometry of grains under study: shapes 1–3 are similar to those of DW97, shapes 4 and 5 are created from 15 and 11 cubic blocks, respectively, and

an ellipsoidal shape.

Table 1. Grain shapes and parameters for calculation of RATs.

Grain shapes Dipole # Size (µm) Wavelength (µm) Helicity

Shape 1 832000 0.05–0.2 ISRF Right-handed

Shape 1∗ 53248 0.2 1.2 Left-handed

Shape 2 45056 0.2 ISRF Left-handed

Shape 3 102570 0.2 ISRF Left-handed

Shape 4 15000 0.2 1.2 Left-handed

Shape 5 11000 0.2 1.2 Left-handed

Hollow 1 832000 1.0 0.1 Right-handed

For all calculations here, we adopt the dielectric function for astronomical

silicate.

Fig. 5 provides a comparison of normalized RATs between AMO

and DDSCAT calculations performed for two irregular grains induced

by monochromatic radiation field of λ = 0.2 µm (see more in Sec-

tion 4.4). It can be seen that they possess the same symmetric proper-

ties as well as zero-points. Also, the functional form of normalized

Qe1 and Qe2 calculated for the irregular grains and AMO are re-

markably similar, in particular for the Qe2 component. Typically,

the RAT components for shape 2 are similar to those of AMO with

Qmax
e1 /Qmax

e2 = 1 ratio, while RATs of shape 4 are similar to those

of AMO with Qmax
e1 /Qmax

e2 = 0.78. Hence, by changing the ratio of

amplitudes of the RAT components for AMO, we can obtain an-

alytical expressions of RATs for a number of irregular grains. To

have RATs appropriate to irregular grains, it is necessary to use

DDSCAT to estimate the magnitude of RATs. Combining functional

forms from AMO and magnitude from DDSCAT, we can obtain an-

alytical approximate expressions for RATs components of irregu-

lar grains. Note that in Figs 3 and 5, we normalized RATs over

|Qmax
e1 | = |Qe1(! = 0)|, so Qmax

e1 is the same for all realizations

of AMO and the irregular grains. It is easy to see that with this

choice, AMO reproduces very well Qe2 for irregular grains, but gets

C⃝ 2007 The Authors. Journal compilation C⃝ 2007 RAS, MNRAS 378, 910–946
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Example: RAT alignment calculation

• Most grains evolve into Low-J attractor …  
→ alignment efficiency of ~20%

25
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Figure 15. ⟨F⟩φ and ⟨H⟩φ for the ISRF at ψ = 0◦ as functions of the angle
ξ between J and B for three values of J.

6 L OW- J AT T R AC TO R P O I N T S

Our study indicates that a high fraction of grains are aligned at low-
J attractor points. Therefore, the origin and stability of this low-J
attractor point are important for grain alignment. We address these
questions below.

6.1 Origin

The results above show that thermal fluctuations produce a new
low-J attractor point from the zero-J attractor point, for both the
ellipsoidal AMO and irregular grains, but this effect has not been
seen for the spheroidal AMO. Now let us explore why this occurs
by using the AMOs; however, the argument can be applicable to
irregular grains.

First, let us study RATs averaged over the torque-free motion for
the spheroidal and ellipsoidal AMOs. Following equation (D1) (see
Appendix D), the average over thermal fluctuations can be rewritten
as

⟨A⟩ ∼
∫ 1

0

ds A exp

(
−q

J 2

J 2
th

)
, (37)

where A is the torque component that arises from the average over
torque-free motion and q = 2I1 E/J2 with E is the total kinetic
energy. It is convenient to define

A(s, J ) = A exp

(
−q

J 2

J 2
th

)
, (38)

which represents the torque resulting only from the average over
torque-free motion as a function of J and the density of states in
phase space s (see Appendix D).

Figure 16. Phase trajectory maps for λ = 1.2 µm and a = 0.2 µm, and
ψ = 70◦ corresponding to no thermal fluctuations (upper panel) and with
thermal fluctuations (lower panel). For the case in which J is fixed, when
grains are driven to the crossover J = 0, a1 flips over. So grains frequently
change their states corresponding to switching between the upper and lower
frames in the map.

In Fig. 20 we show torque components defined by equation (38)
for spheroidal and ellipsoidal AMOs with J = 10Jth and J =
0.5Jth, corresponding to cases in which the role of thermal fluc-
tuations is marginal and important, respectively.

It can be clearly seen that for J = 10 Jth (i.e. J ≫ Jth), the obtained
torques are nearly similar for irregular and axisymmetric grains. Yet
the torques drop very rapidly to zero as s (note that s = sin γ for the
spheroid) increases (see dashed lines in Fig. 20). The former stems
from the fact that for the suprathermal rotation, a good coupling be-
tween the maximal inertia axis and the angular velocity is achieved.
Therefore, there is no difference between the torque-free motion of
irregular and axisymmetric grains.

However, the averaged torques become very different as J de-
creases. In fact, Fig. 20 (see the curves with J = 0.5 Jth) reveals that
for axisymmetric grains, RATs decrease regularly with respect to
s. Whereas, RATs for irregular grains drop rapidly, change the sign
and rise again with increasing s.

The effect of such a variation on the average of RATs over ther-
mal fluctuations (see equation 37) is evident. In Fig. 21, we show
the corresponding torque components ⟨F⟩φ and ⟨H⟩φ obtained by
averaging F and H using equation (37), as functions of J for several
angles ξ between J and k for ψ = 0◦. It can be seen that for J ≫
Jth, the averaged torques of irregular grains are similar to those of
axisymmetric grains, and they become saturated in both cases. How-
ever, their averaged torques become very different when J decreases.
For instance, the averaged torques for the former case change their
sign at J ∼ Jth, while the torques for the latter case do not. We note

C⃝ 2008 The Authors. Journal compilation C⃝ 2008 RAS, MNRAS 388, 117–143
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Radiative torques: analytical model 915

! = 90◦, we have

Qabs · e2 ∼ k cos βRe
∑

j

[p j Einc]e
ikx j . (22)

Since x j = rsin αsin β, it follows

Qabs · e2 ∼
∑

j

cos β cos(A sin β)[p j Einc], (23)

where the term [p j Einc] is a function that is independent of β. It is

obvious that Qabs · e2 is a function of β which is zero when averaging

is performed for β over [0, 2π]. We calculated Qabs · e2 for different

λ/a and grain shapes, and found that Qe2 is indeed close to zero at

cos ! = 0, which is consistent with our analytical expectation.

4.3 DDSCAT calculations

Fig. 4 presents the test grain shapes that we have calculated RATs

for using DDSCAT. Parameters for calculations are given in Table 1.

Shapes 1, 2 and 3 have been used in DW97. We added to them

shapes 4 and 5. In addition, we created a mirror symmetric shape of

shape 1, namely, shape 1* and provided the DDSCAT calculations for

a spheroidal grain (see more details in Table 1). We adopt dielectric

functions for astronomical silicate in which a feature in the ultra-

violet is removed (see DW97; Weingartner & Draine 2001; Cho &

Lazarian 2005).

We discussed for AMO that the sign of helicity can be changed

by taking the mirror image of the grain. We performed a similar

procedure to the irregular grains and obtained results similar to the

ones obtained for AMO (see Figs 7 and 8).

Note that we observe that Qe1 and Qe2 change synchronously

when we calculate torques for a mirror image of a grain. We see that

the shape 1 has one type of helicity, while shapes 4, 5 and mirror

symmetric image of shape 1, that is, shape 1*, have another type of

helicity.

Figure 4. Geometry of grains under study: shapes 1–3 are similar to those of DW97, shapes 4 and 5 are created from 15 and 11 cubic blocks, respectively, and

an ellipsoidal shape.

Table 1. Grain shapes and parameters for calculation of RATs.

Grain shapes Dipole # Size (µm) Wavelength (µm) Helicity

Shape 1 832000 0.05–0.2 ISRF Right-handed

Shape 1∗ 53248 0.2 1.2 Left-handed

Shape 2 45056 0.2 ISRF Left-handed

Shape 3 102570 0.2 ISRF Left-handed

Shape 4 15000 0.2 1.2 Left-handed

Shape 5 11000 0.2 1.2 Left-handed

Hollow 1 832000 1.0 0.1 Right-handed

For all calculations here, we adopt the dielectric function for astronomical

silicate.

Fig. 5 provides a comparison of normalized RATs between AMO

and DDSCAT calculations performed for two irregular grains induced

by monochromatic radiation field of λ = 0.2 µm (see more in Sec-

tion 4.4). It can be seen that they possess the same symmetric proper-

ties as well as zero-points. Also, the functional form of normalized

Qe1 and Qe2 calculated for the irregular grains and AMO are re-

markably similar, in particular for the Qe2 component. Typically,

the RAT components for shape 2 are similar to those of AMO with

Qmax
e1 /Qmax

e2 = 1 ratio, while RATs of shape 4 are similar to those

of AMO with Qmax
e1 /Qmax

e2 = 0.78. Hence, by changing the ratio of

amplitudes of the RAT components for AMO, we can obtain an-

alytical expressions of RATs for a number of irregular grains. To

have RATs appropriate to irregular grains, it is necessary to use

DDSCAT to estimate the magnitude of RATs. Combining functional

forms from AMO and magnitude from DDSCAT, we can obtain an-

alytical approximate expressions for RATs components of irregu-

lar grains. Note that in Figs 3 and 5, we normalized RATs over

|Qmax
e1 | = |Qe1(! = 0)|, so Qmax

e1 is the same for all realizations

of AMO and the irregular grains. It is easy to see that with this

choice, AMO reproduces very well Qe2 for irregular grains, but gets

C⃝ 2007 The Authors. Journal compilation C⃝ 2007 RAS, MNRAS 378, 910–946cos( �J, �B)
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Toward the higher alignment efficiency…

• If high-J attractors are present, the stochastic perturbation, such as  
gas bombardment, brings the grains at Low-J attractors to high-J 
attractor! → almost perfect alignment occurs!
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Fig. 4.— Same as Figure 3, but for the case stochastic excitations by collisions and magnetic fluctuations are considered. Red arrows
represents grains heading to the high-J attractor point (red circles), while blue arrows represent grains follow cyclic trajectories. In the
presence of the high-J attractor, grains at the low-J attractor are strongly disturbed and excited to the high-J attractor (see (c) and (d)),
whereas grains follows perturbed cyclic trajectories in the absence of high-J attractors (see (a) and (b) panels).

timestep as follows:

Q̃J =

Ngr
∑

i

(3 cos2 ξi − 1)

Ngr
, (29)

R̃ =

Ngr
∑

i

(3 cos2 ξi − 1)Q̃X(Ji)

Ngr
(30)

where Ngr is the number of grains in our simulations,
and ξi is the value of ξ for grain i at the end of each
integration step. The value of Q̃X (i.e., the degree of
alignment of grain axis with J) is obtained by integrat-
ing over the fast internal fluctuations as follows (see
Lazarian & Roberge 1997 for detail):

Q̃X(Ji) ∝
∫

qX exp
(

−J2
i [1 + (h− 1) sin2 θ]

)

sin θdθ,(31)

where h = I∥/I⊥, and qX = (3 cos2 θ − 1)/2 (see Ap-
pendix B).
Figure 5 shows the time-dependence value of R̃ for four

different values of δm and ψ = 0 − 80 degree. For the
case with high-J attractor points, we see the gradual in-
crease of alignment degree with time and reach perfect
alignment after t ∼ 40τgas. Second, the time of perfect
alignment is smaller for higher δm. In addition to driving
some grains to high-J attractor points, as discovered in
HL08, we found that collisional excitations result in the
increase of the rms angular momentum of grains, which
increase the internal alignment Q̃X . For δm = 10, it
can be seen that perfect alignment can be achieved re-
gardless of qmax. Without high-J attractor points (green

and purple lines in (a)), we can see that the degree of
alignment is lower, at level of R̃ ∼ 0.2. Although fol-
lowing disturbed trajectories, the grains spend a large
fraction of time in the vicinity of two stationary points
of cos ξ = ±1,w which results in an moderate degree of
alignment.

7. PARAMETER SPACE STUDIES FOR THE MRAT
ALIGNMENT

The degree of grain alignment is the most important
parameter for modeling the polarization spectrum of
thermal dust emission as well as MDE. In this section, we
will carry simulations to calculate the degree of MRAT
alignment for a broad range of relevant parameters.
To compute the net degree of grain alignment, we make

use of ergodicity of grain dynamical system for which the
average of the degree of alignment over an ensemble of
grains can be replaced by the time average. Thus, the
value of R is computed as follows:

R =
1

NT

NT
∑

i=N0

R̃(ti), (32)

where N0 is the timestep from the moment long enough
so that grains forget their initial states. Similarly, for
QX and QJ .
For the case without high-J attractor points, the ter-

minal alignment is not achieved; thus we take N0 cor-
responding to t/τgas = 10. For alignment with high-J
attractor points, as shown in the previous section, grains
are eventually driven to high-J points after t ∼ 100τgas.
Therefore, the time averaging is taken over the last
period of 10τgas. Moreover, to ensure good statistic

Low-J attractor → High-J attractor

cos( �J, �B)

J/
J_

th
er

m
al
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Summary

• Now ALMA starts to observe linear polarization   
of protoplanetary disks in (sub-)mm-wavelengths. 

• In disks, dust grains in midplane do not align with B-field.  
- Mainly because large grains show slow Larmor precession.  
→ALMA observations may not provide B-field structure of PPDs. 

• RAT alignment theory predicts that large grains in the disk  
midplane may align with radiation direction instead of B-field. 

• Magnetically aligned grains can present at surface layer of the  
disks, which can be verified by the MIR polarimetric obs.

28


