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Abstract

We study the alignment of irregular dust grains by mechanical torques due to the drift of grains through the
ambient gas. We first calculate mechanical alignment torques (MATS) resulting from specular reflection of gas
atoms for seven irregular shapes: one shape of mirror symmetry, three highly irregular shapes (HIS), and three
weakly irregular shapes (WIS). We find that the grain with mirror symmetry experiences negligible MATs due to
its mirror-symmetry geometry. Three HIS can produce strong MATSs, which exhibit some generic properties as
radiative torques (RATs), while three WIS produce less efficient MATs. We then study grain alignment by MATSs
for the different angles between the drift velocity and the ambient magnetic field, for paramagnetic and
superparamagnetic grains assuming efficient internal relaxation. We find that for HIS grains, MATSs can align
subsonically drifting grains in the same way as RATs, with low-J and high-J attractors. For supersonic drift, MATs
can align grains with low-J and high-J attractors, analogous to RAT alignment by anisotropic radiation. We also
show that the joint action of MATSs and magnetic torques in grains with iron inclusions can lead to perfect MAT
alignment. Our results point out the potential importance of MAT alignment for HIS grains predicted by the
analytical model of Lazarian & Hoang, although more theoretical and observational studies are required due to
uncertainty in the shape of interstellar grains. We outline astrophysical environments where MAT alignment is
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potentially important.
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1. Introduction

Interstellar dust is an intrinsic component of the interstellar
medium and plays an important role in many astrophysical
processes, including gas heating and cooling, and the formation
of planets and stars. Observations of starlight polarization
reveal that dust grains are non-spherical and aligned with the
interstellar magnetic field (Hall 1949; Hiltner 1949). The
alignment of interstellar grains allows us to trace the topology
and to measure the strength of interstellar magnetic field
through starlight polarization (Davis 1951; Chandrasekhar &
Fermi 1953) and polarized thermal dust emission (Hildebrand
1988), in various astrophysical environments. Moreover,
polarized thermal emission from aligned grains is a significant
Galactic foreground contaminating cosmic microwave back-
ground (CMB) radiation, which is considered the most critical
challenge to the quest of CMB B-modes as demonstrated by the
joint BICEP2 /Keck and Planck data analysis (Ade et al. 2015).

After more than 65 years since the discovery of starlight
polarization (Hall 1949; Hiltner 1949), the problem of grain
alignment of dust grains might be solved eventually (see latest
reviews by Andersson et al. 2015 and Lazarian et al. 2015). The
radiative torque (RAT) alignment (Dolginov & Mitrofanov 1976)
is established as a dominant mechanism (Andersson et al. 2015;
Lazarian et al. 2015). This mechanism relies on an anisotropic
radiation source to spin-up (Draine & Weingartner 1996; here-
after DW96) and align irregular grains (Draine & Weingartner
1997; hereafter DW97; Lazarian & Hoang 2007a; Hoang &
Lazarian 2008), and thus it is valuable for not very dense
environments (Cho & Lazarian 2005; Whittet et al. 2008; Hoang
& Lazarian 2014). In very dense regions, such as the shielded
regions of protoplanetary disks, the alignment of classical grains
is lost due to low radiation intensity (Cho & Lazarian 2007;

Hoang & Lazarian 2014).> Powerful observation capabilities in
the era of submillimeter/millimeter polarization (e.g., ALMA,
JCMT) allow us to look into extremely dense regions where little
radiation but active gas dynamics are present, such as
protoplanetary disks. Therefore, it is of great importance to
reexamine the alignment by non-radiative mechanisms, such as
the mechanical one.

Mechanical alignment was pioneered by Gold (1952a,
1952b) in which random collisions with gas atoms stochasti-
cally increase the grain rotational energy, leading to the final
alignment state with the long grain axis parallel to the gas flow.
It was then elaborated by other researchers (e.g., Purcell 1969;
Purcell & Spitzer 1971; Dolginov & Mitrofanov 1976;
Lazarian 1994; Roberge et al. 1995). While the original
mechanism could deal with thermally rotating grains only, two
modifications of the mechanism that were introduced in
Lazarian (1995a) and elaborated on later in Lazarian &
Efroimsky (1996) enabled the alignment of grains rotating at
much higher rates. The latter were introduced to the field by
Purcell (1979), where the limitations on the size for
suprathermally rotating grains were discussed).

The main shortcoming of the classical mechanical mech-
anism was that it required supersonic gas-dust drift to get any
appreciable degree of alignment (see Purcell 1969). Although
subsequent studies indicated that such grain drift can be
produced by ambipolar diffusion in star-forming clouds
(Roberge & Hanany 1990; Roberge et al. 1995) or interactions
of charged grains with magnetohydrodynamic (MHD) turbu-
lence (Lazarian 1994; Lazarian & Yan 2002; Yan et al. 2004,
Hoang et al. 2012), the degree of alignment achievable for the

5 Very large grains can still be aligned by radiative torques induced by long-
wavelength photons (Tazaki et al. 2017).
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Mach number of the order of unity (typical conditions of the
ISM) is insufficient to explain observations (see estimates in
Lazarian 1997).

An alternative process based on the interaction of a gaseous
flow with a helical grain was considered in Lazarian & Hoang
(2007b; henceforth LHO7b). The authors extended their
analytical model of RAT alignment to include the anisotropic
gas flow instead of a photon flux. LHO7b found that the gas
flow can produce strong regular mechanical torques when
interacting with the helical grain. Those torques can align
grains up to degrees from 30% to 100% even for subsonic
gaseous flows (subsonic grain drift). In comparison, elaborate
calculations in Lazarian (1997) show that the alignment in
Gold’s (1952b) original process does not exceed 20% for
realistically flattened grains. Another mechanical alignment
process, namely the cross-section mechanism (Lazarian 1995a;
Lazarian 1997;) does not produce a high degree of alignment
either.

The conclusions in LHO7b have recently been supported by
Das & Weingartner (2016) who numerically computed
mechanical alignment torques (MATSs) for 13 shapes built
from Gaussian random spheres. In the absence of paramagnetic
relaxation, they found that MAT alignment in the subsonic
regime varies with the grain shapes (i.e., more efficient
alignment for shapes with stronger MATs). Nevertheless, their
results for MAT alignment of supersonic grains are consistent
with the theoretical predictions in LHO7b. To understand why
MATSs substantially vary with the grain shape (compare to
radiative torques), in this paper, we will first conduct an
analytical estimate of MATSs for an irregular shape comprising
many facets of random orientation and compare with the MAT
of a helical grain from LHO7b. Then we will calculate the
torques for several irregular shapes that exhibit a much
different degree of irregularity (see Section 3). Moreover,
since we are interested in the analog of RATs and MATSs, we
will compute MATs of two irregular shapes chosen by DW97
that are found to produce strong RATs. Furthermore, to achieve
a better understanding of MAT alignment for realistic
conditions, we will study MAT alignment for the different
drifting direction of grains with the ambient gas, in the
presence of magnetic relaxation, for both ordinary paramag-
netic grains and grains with iron inclusions. Note that the effect
of magnetic relaxation was ignored in Das & Weingart-
ner (2016).

We note that the incorporation of iron clusters into big grains
plays an important role in the RAT alignment paradigm, which
can produce universal high-J attractors (Lazarian &
Hoang 2008). Interestingly, a recent experiment by Kimura
et al. (2017) reveals that pure iron grains are rare due to low
sticking probability, suggesting that iron is more likely present
in dust grains as inclusions/compounds. Hoang & Lazarian
(2016) carried out extensive simulations on the alignment of
RATs for grains with iron inclusions and found that grains can
perfectly be aligned with a moderate fraction (above 10%) of
iron abundance in the form of nanoparticles. Thus, a similar
effect should be applicable for MAT alignment.

The structure of the paper is as follows. In Section 2, we
present analytical estimates of MATs from AMO and a simple
irregular grain, finding a cancellation effect of MATSs. Section 3
describes the irregular shapes used to compute mechanical
torques. In Section 4, we present the model setup for
calculations and the results of MATSs. Section 5 is devoted to
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studying in detail the alignment of grains by MATs for
paramagnetic and superparamagnetic grains. A discussion and
summary are shown in Sections 6 and 7, respectively.

2. Analytical Estimates of Mechanical Torques
2.1. MATs from an Analytical Model

Lazarian & Hoang (2007a; hereafter LHO7a) first introduced
a helical grain model built from an oblate spheroid attached to
the massless mirror inclined with respect to the principal plane
of the grain. They obtained an analytical description of RATS
and made testable predictions of RAT alignment. Such a model
is referred to as an analytical model (AMO).

LHO7b used the LHO7a’s model but considered that atoms
rather than photons impinge on the model grain. The
corresponding calculation of torques for the supersonic case
were identical to the calculation of the photon—grain interac-
tion, but the calculations were also performed for the subsonic
case where the effect of random thermal velocities of atoms is
important. In both cases, substantial torques were reported.
LHO7b noticed that MATSs for a realistic grain shape would
experience reduction due to the reflection efficiency factor E
and helicity reduction factor D. Nevertheless, the physics of the
factor D is not yet quantified.

Following Equation (7) of LHO7b, the MAT from AMO
induced by a helical grain drifting through the gas of density ny
is given by

mHnHvlﬁAll
2
~2 x 1077a3;Q amo(s2)

ki) Tgas 2.2
X cm- s <, 1
(30 cm3)(1oo K)g M

where A is the area of the mirror and /; is the length from the
center of mass to the mirror, a_s = aes/102cm with
aesr = (3Al /47)'/3 being the effective grain size,® and Qanmo
is the MAT efficiency (see Equation (6) in LHO7b). For the
above estimate, the thermal velocity vy, = (2kTyes/my)'/? is
evaluated for gas temperature Ty, = 100 K (see Table 8), and
Oamo is roughly unity at 1; = vy, and increases with s,;.

The AMO appears to exhibit a highest degree of helicity
because it has only one twisted facet exposed to the photon or
gas flow. Any attempt adding one or more additional facets to
the spheroid result in the decrease in grain helicity.” Therefore,
we expect the MAT from AMO is strongest.

Famo = Oamo(5a)

2.2. MATs from a Simple Irregular Shape

Now, let us estimate the torque for a more realistic shape.
We assume that the grain surface consists of Nger facets with
different orientations. When a stream of gas particles hit the
grain surface, each facet acts as a mirror and provides a random
contribution to the total torque.

% The effective grain radius, acgy, is defined as the radius of the equivalent

sphere of the same volume as the grain.
7 . N .
Here, irregularity is analogous to helicity.
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The mechanical torque due to specular reflection by a facet is
approximately given by

4 2
(et Va ] Vr(Muvadcsr), )

facet

OlmaT ~ (nH

where +, is the reflection coefficient, and the grain surface area
is 4mag.

The net torque from N, facets can be calculated using the
random walk formula:

IMaT ~ 6TMAT v/ Ve Niacet

3
a
o AT, e T Vg — e 3)

gas >
v M‘acel

where ~, denotes the fraction of the grain surface area that is
substantially exposed to the stream of particles.

By plugging the typical physical parameters into the above
equation, one obtains

2 x 10286135( ny )

VNfacet 30 Cm73

1, as Va 2
X £ ) | gecm?s72, 4)
100 K )\ v,

where 7, = 1/6 is adopted.

From Equations (4) and (1), we see that an arbitrary grain
shape of Nyt facets has MATSs reduced by a factor /Npacet
from the AMO. For instance, a spheroidal or spherical shape
has Ngcet > 1, leading to negligible MATSs. The reduction of
MAT:s from the AMO arises from averaging individual torques
of random facets, which we term the cancellation effect. In the
next section, we will compute MATSs of grains made of finite
facets.

Tvat ~

3. Selective Irregular Grain Shapes
3.1. Highly and Weakly Irregular Shapes

An irregular grain shape is constructed by assembling Npjock
cubic blocks of unit volume. Our strategy to create an irregular
shape is first to assembly a number of cubic blocks on a plane,
the so-called principal plane. Then, we add a few blocks above
and below the principal plane. Shape 1 is built from 5 x 3
blocks in the principal plane, 4 blocks above and 4 blocks
below the principal plane. Shape 2 is made by a principal plane
of 5 x5 blocks and 16 blocks above and below the plane.
Shapes 3-5 are slightly different in which there are three blocks
on top of the principal plane. The principal plane of shape 3 is
made by a layer of 5 x5 blocks, shape 4 by two layers of
4 x 4, and shape 5 is built from two layers of 5 x 5. We also
consider two shapes (denoted by shapes 6 and 7) built from 13
and 11 cubic blocks, similar to the shapes used for RAT
calculations by DW96 and DW97. The grain shape is described
by coordinates of the blocks and three principal axes d;, @, a;
(see Tables 1-6).

Figure 1 shows the visualization of our selected irregular
shapes. As seen, shape 1 exhibits mirror symmetry with respect
to the principal axes @;. Shapes 35 are weakly irregular shapes
(hereafter WIS), i.e., have a low degree of irregularities arising
from the blocks on top of the principal plane, while shapes 2, 6,
and 7 are highly irregular shapes (hereafter HIS), i.e., have a
high degree of irregularities.
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Table 1
Coordinates of Blocks for Shapes 1 and 2
Shape 2 Shape 1

i % Y % % Y 3

1 1.0 1.0 1.0 1.0 1.0 1.0
2 2.0 1.0 1.0 2.0 1.0 1.0
3 3.0 1.0 1.0 3.0 1.0 1.0
4 4.0 1.0 1.0 1.0 2.0 1.0
5 5.0 1.0 1.0 2.0 2.0 1.0
6 1.0 2.0 1.0 3.0 2.0 1.0
7 2.0 2.0 1.0 1.0 3.0 1.0
8 3.0 2.0 1.0 2.0 3.0 1.0
9 4.0 2.0 1.0 3.0 3.0 1.0
10 5.0 2.0 1.0 1.0 4.0 1.0
11 1.0 3.0 1.0 2.0 4.0 1.0
12 2.0 3.0 1.0 3.0 4.0 1.0
13 3.0 3.0 1.0 1.0 5.0 1.0
14 4.0 3.0 1.0 2.0 5.0 1.0
15 5.0 3.0 1.0 3.0 5.0 1.0
16 1.0 4.0 1.0 2.0 2.0 2.0
17 2.0 4.0 1.0 2.0 3.0 2.0
18 3.0 4.0 1.0 2.0 4.0 2.0
19 4.0 4.0 1.0 2.0 2.0 0.0
20 5.0 4.0 1.0 2.0 3.0 0.0
21 1.0 5.0 1.0 2.0 4.0 0.0
22 2.0 5.0 1.0 2.0 3.0 3.0
23 3.0 5.0 1.0 2.0 3.0 -1.0
24 4.0 5.0 1.0
25 5.0 5.0 1.0

26 1.0 1.0 2.0

27 1.0 1.0 0.0

28 2.0 1.0 0.0

29 4.0 1.0 2.0

30 5.0 1.0 2.0

31 5.0 1.0 0.0

32 1.0 2.0 2.0

33 5.0 2.0 0.0

34 1.0 4.0 0.0

35 5.0 4.0 2.0

36 1.0 5.0 2.0

37 1.0 5.0 0.0

38 2.0 5.0 2.0

39 4.0 5.0 0.0

40 5.0 5.0 2.0

41 5.0 5.0 0.0

The coordinates of constituent blocks for shapes 1-7 are
shown in Tables 1-4. Table 5 shows the coordinates of the
principal axes d@; of seven shapes. For shapes 1 and 2, the
principal axes are directed along the cube unit vectors. Shapes
3-5 have the principal axes almost aligned with the cube unit
vectors. For this particular choice, when the grain drift is along
the @, axis, the torque for the rotation along 4, is expected to be
negligible because incident atoms mostly hit a single
symmetric surface.

The equivalent sphere radius of the grain in the code unit is
given by

3NblOCk )1/3 (5)

Reode = ( 4n

which can be converted to the physical unit ag via a scaling
parameter f, = deff /Rcode.
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Figure 1. Visualization of seven irregular shapes constructed for our study of MAT alignment. Shapes 1-5 consist of a principal plane @,ds and several blocks placed

on the top/bottom of the plane. Shape 1 exhibits mirror symmetry.

The inertia moments along the principal axes are defined in
terms of the equivalent sphere as follows:
87 paciy
.= o < s 6
AT (6)
where p is the mass density, o; with j = 1 — 3 are coefficients
with a; = 1 for spheres. Table 6 shows the coefficients a; for
the chosen irregular shapes.

4. Mechanical Torques: Numerical Method and Results
4.1. Model Setup and Coordinate Systems

Let us define a lab system €y, é,, €3 in which é; is directed
along the drift velocity v;, €, L &, and é = é X &, (see
Figure 2). The orientation of the grain in the lab frame is
completely determined by the orientation of @ and the rotation
of the grain axes d; around the @, axis. The orientation of @ is

defined by two angles © between @, and v, and the precession P.
The rotation of the grain around @, axis is determined by the
angle (3.

The impact position of an atom on a block is determined by
the radius vector r centered at the center of mass (CM) and its
normal vector N. Let x, y, £ be unit vectors along the three
normal vectors of the cubic block. Each surface of the block is
then divided into a grid of N, x N; cells, with the regular
resolution dx = dy = 1/(N; — 1). The cell center of the mth
block is determined by 7., for m = 1 — Npok. Thereby, the
position of the cell ij of the surface m is given by

Fiim = Te;m + idx + de, (7)
fori, j from 0 — Ny — 1, and dx = [dx, 0, 0], dy = [0, dy, 0O].
The block’s center radial vector is described by

1 1 1
Yo =Xp+ =% + =y + —Z. 8
; > 73 ()
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Table 2 Table 3
Coordinates of Blocks for Shapes 3 and 4 Coordinates of Blocks for Shape 5
Shape 4 Shape 3 J X; Vi z J X; vj Zj
j X ¥, % x; ¥ z 1 1.0 1.0 1.0 28 3.0 1.0 0.0
1 1.0 1.0 1.0 10 1.0 1.0 2 2.0 1.0 1.0 29 4.0 1.0 0.0
2 20 L0 1.0 20 1.0 L0 3 3.0 1.0 1.0 30 5.0 1.0 0.0
3 30 1.0 1.0 30 1.0 1.0 4 4.0 1.0 1.0 31 1.0 2.0 0.0
4 4.0 1.0 1.0 4.0 1.0 1.0 5 5.0 1.0 1.0 32 2.0 2.0 0.0
5 1.0 2.0 1.0 5.0 1.0 1.0 6 1.0 2.0 1.0 33 3.0 2.0 0.0
6 20 20 1.0 1.0 20 1.0 7 2.0 2.0 1.0 34 4.0 2.0 0.0
7 3.0 2.0 1.0 20 2.0 1.0 8 3.0 2.0 1.0 35 3.0 2.0 0.0
3 4.0 20 1.0 3.0 20 1.0 9 4.0 2.0 1.0 36 1.0 3.0 0.0
9 1.0 30 1.0 4.0 20 1.0 10 5.0 2.0 1.0 37 2.0 3.0 0.0
10 20 3.0 1.0 50 20 1.0 11 1.0 3.0 1.0 38 3.0 3.0 0.0
11 3.0 30 1.0 1.0 3.0 1.0 12 2.0 3.0 1.0 39 4.0 3.0 0.0
12 40 3.0 1.0 2.0 3.0 1.0 13 3.0 3.0 1.0 40 3.0 3.0 0.0
13 1.0 4.0 1.0 3.0 30 1.0 14 4.0 3.0 1.0 41 1.0 4.0 0.0
14 20 4.0 1.0 4.0 3.0 1.0 15 5.0 3.0 1.0 42 2.0 4.0 0.0
15 3.0 40 1.0 5.0 3.0 1.0 16 1.0 40 1.0 43 3.0 40 0.0
16 4.0 4.0 1.0 1.0 4.0 1.0 17 2.0 4.0 1.0 44 4.0 4.0 0.0
17 1.0 1.0 0.0 20 4.0 1.0 18 3.0 4.0 1.0 45 5.0 4.0 0.0
18 20 1.0 0.0 3.0 4.0 1.0 19 4.0 4.0 1.0 46 1.0 5.0 0.0
19 3.0 1.0 0.0 4.0 4.0 1.0 20 5.0 4.0 1.0 47 2.0 5.0 0.0
20 40 10 0.0 50 4.0 10 21 1.0 5.0 1.0 48 3.0 5.0 0.0
21 1.0 2.0 0.0 1.0 5.0 1.0 22 2.0 5.0 1.0 49 4.0 5.0 0.0
2 20 2.0 0.0 20 5.0 1.0 23 3.0 3.0 1.0 50 3.0 3.0 0.0
23 30 20 0.0 30 50 1.0 24 4.0 5.0 1.0 51 1.0 2.0 2.0
24 4.0 20 0.0 4.0 5.0 1.0 25 5.0 5.0 1.0 52 1.0 3.0 2.0
25 1.0 30 0.0 50 50 1.0 26 1.0 1.0 0.0 53 2.0 3.0 2.0
26 20 3.0 0.0 1.0 2.0 2.0 21 20 10 0.0
27 3.0 3.0 0.0 1.0 3.0 2.0
28 4.0 3.0 0.0 2.0 3.0 2.0
29 1.0 4.0 0.0
30 2.0 4.0 0.0
31 3.0 4.0 0.0 Table 4
32 4.0 4.0 0.0 Coordinates of Blocks for Shapes 6 and 7
33 L0 20 2.0 Shape 6 Shape 7
34 1.0 3.0 2.0
35 2.0 3.0 2.0 J Xj Yj Zj Xj Vi Zj
1 0 1 0 0 0 0
2 0 1 1 1 0 0
4.2. Numerical Method 3 0 2 0 0 1 0
4 0 2 1 1 1 0
4.2.1. Single Scattering 5 1 1 0 0 0 1
. . 6 1 1 1 1 0 1
For calculations, we assume the perfect reflection of gas 7 1 ) 0 0 1 ]
atoms by the grain surface. The torque produced by the single 3 1 5 1 1 1 1
scattering (i.e., reflection) of atoms on an element of surface 9 0 0 1 2 0 0
area dA of cell ij on block m is given by 10 0 0 2 2 1 0
11 0 1 2 0 0 2
d]-;'j;m = [rij;m X AP]dAf(S - Sd)dBS, ® 12 2 1 0
13 2 2 0
where s = v/v,, S4 = ¥y /v, and
f(s —80) = navin (s — 82)-Nyjme™,
fOr (S — Sd).M‘j;m < O, (10) Table 5
Coordinates of the Principal Axes for the Different Shapes
is the flux of incoming atoms that can collide with the grain S = = =
surface element determined by the normal unit vector Nj,,. ape 4 42 “
The angular momentum element AP is antiparallel to the 1 0,0, 1) (1,0,0) ©, 1,0
normal vector and given by 2 ©,0,1) (1,0,0) ©. 1,0
3 (0.08, 0.02, 0.99) (0.23, —0.97, —0.01) (0.97, 0.23, —0.08)
AP = —2myNyulv — v| cos, (11 4 (0.15, -0.02,0.98)  (0.07,0.99, 0.01)  (=0.99, 0.07, 0.15)
’ 5 (0.08, 0.015, 0.99) (0.23, —0.97, 0.004)  (0.97, 0.23, —0.079)
_ . 6 (0.45, 0.43, 0.78) (0.67, —0.74, 0.03)  (0.59, 0.50, —0.62)
where cosy = —(v — %)Nyym/lv — wal. In the following, we 7 (0.22,0.83,049) (057, —0.52,0.63)  (0.79, 0.13, —0.59)

disregard the minor effect of thermal collisions and set s = 0.
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Figure 2. Coordinate systems used for calculations. Left panel: the direction of the grain drift in the fixed frame of reference é,é,é; defined by the magnetic field B and
é1||vs. The grain drift direction vy lies in the plane £ and makes an angle ¢ with B. Right panel: orientation of grain principal axes di, d», d3 in the lab frame of

reference.
Table 6 Table 7

Coefficients a; for the Different Shapes Model Parameters Used for MAT Calculations
Shape a an as Parameter Meaning Value
1 1.810 1.670 0.972 ny(cm™3) Gas density 20
2 2.809 1.663 1.663 Tyas(K) Gas temperature 50
3 2.871 1.658 1.447 va(cm s~ Grain drift velocity 10°
4 1.591 L117 1.040 Aepr (fem) Effective grain size 0.1
5 1.902 1.187 1.109
6 1.745 1.610 0.876
7 1.561 1.464 0.889

To find the total torque, Equation (9) is summed over all ij
and m that are exposed to the gas flow:

Luar = Y dTm, (12)

ij,m

where the interior cells of the grain are excluded.
The torque efficiency @ is defined as

Dvat = mags (nuvn) (Muvnder) 0, (13)

where Q has the torque components Q,; with i = 1-3 and
depends on s; and the grain shape.

For convenience, the torque efficiency Q is first calculated in
the coordinate system XyZ. Then, we evaluate the torque in the
a,d»as frame as Q,; = Q.a; fori = 1, 2, 3. Finally, we obtain
the torque components Q,; in the lab system é,é,¢é3 as follows:

3
0. = Qé, = QajaAj-éi, for i = 1,2,3, (14)
=1

j=

where the coordinate transformation from d; to &; is described
in Hoang & Lazarian (2008).

4.2.2. Multiple Scattering

After reflection, gas atoms may continue to hit other facets of
the grain, leading to multiple scattering. To calculate the torque
by multiple scattering, we trace the trajectory of atoms after
each reflection and calculate the torque contribution when the
atom hits each surface.

4.3. Results and Torque Properties

For our calculations, we consider Ny = N, = 50 patches.
Calculations are performed for 37 angles of © (Ng = 37) and
36 angles of 8 (N3 = 36), having evenly divided grids. The
torque efficiency is averaged over 3 due to fast rotation of the
grain around @;. Table 7 shows parameters adopted for our
study.

Figure 3 shows the values of Q,, and Q. for the seven
different irregular shapes. Since the component Q.3 acts mainly
to induce precession around the drift direction (LHO07a), it is
not shown here. The multiple scattering has a noticeable effect
on the MAT, but the torques are essentially similar. From
Figure 3, we find the following properties of MAT.

First, shape 1 has negligible torques, about 10* orders of
magnitude smaller than the other shapes. This naturally arises
from the mirror symmetry of the grain shape combined with
fast rotation around the axis of maximum moment of inertia.

Second, shapes 2, 6, and 7 (HIS) experience strong MATS.
Moreover, MATs exhibit some basic properties as seen with
RATS, having symmetric Q,; and zero points of Q. at
cos © = +1. Note that shape 6 has right helicity, while 2 and
shape 7 have negative helicity, as seen in their RATS
(see LHO7a).

Third, shapes 3-5 (WIS) have comparable torques, but an
order of magnitude lower than shapes 2, 6, and 7. Such a
comparable MAT efficiency is expected from the fact that the
geometry of shapes 3-5 is only slightly different from each
other (see Figure 1). Moreover, since these shapes contain only
three blocks on top of the principal plane, the fraction of the gas
flow that hits the flat principal plane is substantial, which
results in the averaging out of the individual torques.
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Figure 3. MAT components for the different shapes for the cases of single scattering (dashed lines) and multiple scattering (solid lines). Shape 1 has much lower MAT
efficiency than other shapes due to its mirror-symmetry geometry, shapes 2, 6, and 7 have strong MATSs with generic properties, and shapes 3—5 have weaker MATS.

Multiple scattering slightly modifies the MAT.

Finally, the MAT efficiency of shapes 2-5 is negligibly
small at cos © = 1, i.e., when the direction of grain drift is
parallel to the the major axis @, (see Figure 3 (panels (c)—(f)).
This is due to the fact that for these chosen shapes, the principal
axes d; are nearly along the basic unit vectors of the block (see
Figure 1). Thus, when w; is along d;, gas atoms bombard a
single symmetric surface of the grain at the right angle,
producing negligible torques.

In summary, it is demonstrated that the degree of grain
surface irregularity is an important factor of MAT efficiency.

5. Grain Alignment by Mechanical Torques
5.1. Dynamical Timescales

Sticking collisions of gas atoms to the dust grain surface
followed by evaporation of thermalized molecules results in the
loss of grain angular momentum. The rate of gas damping is
given by

Pgas = > (15)

where the 7, is the characteristic damping timescale for the
rotation along the axis of major inertia 4; given by

S T PA eff
B 36ny QrmukTy) /2
-3
~8.74 x 104%@,5#/2 3000em™K Y s, (16)

ny Tgas

where a_s = ae/105cm, p=p/3gem™3, ny and T =
Tos /100 K are gas density and temperature, and 6 is a
parameter comparable to «; (DW97). For oblate spheroids
with semimajor and minor axes a and b, we have o = §72/3
with s = b/a < 1.

Rotating paramagnetic grains experience paramagnetic
relaxation, leading to the gradual alignment of grains with
the magnetic field (Davis & Greenstein 1951). The character-
istic time of such a paramagnetic relaxation is given by

S I N 2pa1a62ff
" Kw)VB?  5K(w)B*’
~ 1.5 x 10 pa®sB K" years, (17
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Figure 4. Alignment coordinate system é€,é;. The axis é; is chosen to be
parallel to v, the magnetic field lies in €€, and makes an angle 1) with respect
to v;. The orientation of J is described by & and ¢.

where V = 47a2; /3 is the grain volume, B = B/5uG is the
normalized magnetic field strength, and K = K (w)/10 35
and K (w) = x,(w)/w with x,(w) is the imaginary part of
complex magnetic susceptibility of the grain material (see
Hoang & Lazarian 2016).

5.2. Equation of Steady Motion

For convenience, we assume that the magnetic field is in the
plane é,€, and makes an angle 1) with €, (also the grain drift
direction v;; see Figure 2).

To capture the essence of MAT alignment, we assume that
the axis of maximum inertia moment @, is coupled to the
angular momentum (DW97; LHO7a). The effect of thermal
fluctuations within the grain that induces the fluctuations of @,
with J (Lazarian & Roberge 1997) is disregarded. We also
disregard the stochastic effect by gas random collisions (Hoang
& Lazarian 2008) and consider the steady rotation dynamics.

MAT alignment of grains is studied by following the
evolution of the grain angular momentum subject to MATs, gas
damping torque, and magnetic torque. The equation of motion
is then described by

dJ
E = Duat + Fgas + L, (13)

where I, is the magnetic damping torque due to paramagnetic
relaxation. Here we also disregard the damping due to infrared
emission, which is subdominant for large grains (Hoang
et al. 2010).

To study the alignment of the grain angular momentum with
respect to the magnetic field, we use the spherical coordinate
system (J, &, ¢) (see Figure 4). In this coordinate system,
I, = —(% sin& cos & + d; sin&?)fyw/T,. Thus, the equations
of motion for these variables become

dJ J sin?
== = nagenpmuvipH — - 3 (19)
Tgas Tm
d§ _ wae?anmHv,le - sinﬁcosﬁ, 20)
dt J Tm
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sinéd¢ WaganmHvlﬁG 27
dt J TLar

; (20

where F, H, and G are the aligning, spin-up and precessing
torque components of MATSs, which are the functions of the
angles &, v, ¢ (see the Appendix), and 71, is the Larmor
precession timescale around the magnetic field.

The Larmor precession is usually fast compared to the main
dynamical timescales, except in the very dense conditions such
as protoplanetary disks (Hoang & Lazarian 2016). Thus, the
averaging over ¢ angle is carried out to simplify the equations
of motion. As a result, the equations of motion for J' = J/Lwr
and t' = t /T4 become

d§ _ M(F (& ¥))

A S sin & cos &, (22)
dJ’' :
W = M<H(£, 1/))> - Jl(l + 6/71 Sln2 é’)’ (23)

where wr = (2kTyus /I)'/2, (F (&, ), and (H (&, v)) are align-
ing and spin-up torque components averaged over the Larmor
precession (see the Appendix), and

2 3
MY Vip Tlefr Toas

M= (24)

Lwr

For the following calculations, we consider MATs from the
multiple scattering regime, and the physical parameters for the
cold neutral medium (CNM; ny = 30 cm 3, T, = 100 K) are
adopted.

Figure 5 shows the spin-up (H) and aligning (F) torque
components for the different shapes when the drift velocity is
parallel to the ambient magnetic field. Shapes 3 and 5 have
similar forms of (F)) and (H), where zeros of (F) (i.e., stationary
points) occur at sin ©® = 0.

5.3. Suprathermal Rotation by MATs

To see whether MATSs can spin up grains to suprathermal
rotation, we calculate the angular momentum at the stationary
point sin ¢ = 0, as follows (see Equation (23)):

MAT
LelCON

H(§=0,9)), (25)
Ile

which corresponds to the maximum angular momentum spun-
up by MATs when J is parallel to the magnetic field. We
compute JMAT for the different grain sizes and the drift
direction 1.

Figure 6 (left panel) shows J,Ir‘é‘i‘T as a function of the grain
size for the different grain shapes and s; = 1. Results predicted
by AMO, where its magnitude is multiplied by a factor of
2 x 107* is also shown by a red solid line for comparison.
Since the MAT efficiency is linearly proportional to s, the
value of JMAT for an arbitrary s, is easily evaluated. The value
of J,ﬁi’;T varies significantly with the grain shape, with largest
torques for shape 7 and smallest torques for shape 1 of mirror

symmetry as expected. The value of JMAT scales as aggy.

Figure 6 (right panel) shows the value of JM4" as a function
of 1 for the different shapes and two typical grain sizes. For

shapes 6 and 7, Jm’;T tends to decrease with increasing v and

reach minimum at ¢/ = 90°. In contrast, for shapes 2—5, JMAT

is minimum at ¢ = 0° and tends to increase with increasing
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Figure 5. Spin-up and aligning torque components for ¢» = 0°. Both single scattering (solid lines) and multiple scattering (dashed lines) are considered. The different
shapes are shown.
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Figure 7. Critical drift velocity for the suprathermal rotation vs. the drift angle for acy = 0.05 pm (left panel) and acy = 0.1 pm (right panel). Grains of shapes 2, 6,
and 7 can be suprathermal rotation at subsonic drift, i.e., s; < 1, while shapes 3-5 require supersonic drift to reach suprathermal rotation.

up to ¥ ~ 50°. Thus, shapes 2-5 can still be driven to compute JMAT for a wide range of s, and grain sizes. Figure 7
suprathermal rotation for large drift angles (see Figure 6). shows the obtained value s, i as a function of the drift angle for

To derive the critical value of the drift velocity, sy ¢, that a the two values of a.g. Grains of HIS (shapes 2, 6, and 7) can be
given grain can be driven to suprathermal rotation by MATSs, we driven to suprathermal rotation even with subsonic velocity of
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Figure 8. Trajectory maps of MAT alignment for ordinary paramagnetic grains of the various shapes drifting parallel to the magnetic field () = 0°). Arrows indicate
the change of the grain orientation over time. Two repellor points (marked by X) are seen for shapes 6 and 7, and grains are driven to low-J attractor points.

sg ~ 0.1. In contrast, grains of WIS (shapes 3-5) only achieve
suprathermal rotation when grains are moving at supersonic
speeds (s; > 1).

5.4. Phase Trajectory Map of MAT Alignment

In the following, we will study the trajectory phase map of
these shapes. The instantaneous orientation of the grain in the lab
frame ¢ for j = 1, 2, 3 can be characterized by J and & To
study MAT alignment, we first solve Equations (22) and (23)
numerically with timestep dt’ = min[1073, 0.1/6,,], where
' =1 [Tyas and 6,, = Tyas /Tin. There, we visualize MAT align-
ment in terms of phase trajectory map J(¢), £(¢). We consider an
ensemble of grains with the different initial orientations & drawn
from a uniform distribution and J = J;. We assume that the axis
d, is parallel to J and shows the results for this positive flipping
state. Grains may be in the negative flipping state of @; antiparallel
to J. However, when the thermal flipping is taken into account,
the trajectory maps of the two flipping states are identical (Hoang
& Lazarian 2008; Hoang & Lazarian 2009b), thus we show the
maps for the positive flipping case only. Shape 1 has very small
MATS, thus, it is not of interest to study the trajectory map for this
shape.

5.4.1. Ordinary Paramagnetic Grains

We first study alignment for ordinary paramagnetic grains.
Figure 8 shows trajectory maps for the different shapes and
v = 0°. Grains are driven to low-J attractors, and only shapes 6
and 7 have the high-J repellors (denoted by the cross). For most
of the shapes, the low-J attractors occur at cos { ~ 1. Due to
the low MATS, the orientation of grains of shapes 3-5 are
hardly changed for J > Lwr.

10

Grain alignment at low-J attractors is unstable because of the
low angular momentum (Hoang & Lazarian 2008). When
stochastic excitations by gas collisions are taken into account,
grains aligned at the low-J attractors will be disturbed
substantially. Thus, the degree of MAT alignment is low in
the absence of high-J attractors (Hoang & Lazarian 2016).

5.4.2. Superparamagnetic Grains with Iron Inclusions

Next, we investigate the MAT alignment for superparamag-
netic grains containing iron inclusions. Although a large value
of 6, up to 100 can be achieved when grains contain big iron
clusters, the essential effect is not much different due to the
saturation of grain alignment (Hoang & Lazarian 2016). Thus,
we show the results for a typical value of 6, = 2.

Figure 9 shows the phase trajectory maps for super-
paramagnetic grains at ¢ = 0°. The high-J repellor point in
shapes 2, 6, and 7 is converted to an attractor point due to the
superparamagnetic effect. Due to opposite helicity, the
attractor point in shape 7 occurs at cos {¢ = —1, corresponding
the the angular momentum antiparallel to B. Other shapes
have only low-J attractors. We also run simulations for
Om = 10 and find that the trajectory maps are similar to those
with 6, = 2, except the fraction of grains driven to high-J
attractors is increased.

While accounting for stochastic excitation by gas collisions,
grains are eventually driven to the high-J attractors (Hoang &
Lazarian 2016), leading to perfect alignment. Therefore, the
degree of MAT alignment of shapes 2, 6, and 7 is expected to
be perfect thanks to the presence of high-J attractors, while
shapes 1, 3-5 are weakly aligned due to the absence of high-J
attractors.
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Figure 9. Same as Figure 8, but for superparamagnetic grains with 6,, = 2. Shapes 2, 6, and 7 have high-J attractor points (denoted by a filled circle, point A) due to
enhanced magnetic relaxation and MATS, while other shapes exhibit only low-J attractor points.

5.5. Dependence of MAT Alignment on the Drift Direction

To see the dependence of MAT alignment on the drift
direction with respect to the ambient magnetic field, we solve
equations of motion for the trajectory map for several
angles 1 = 30°, 60°, 80°.

Figure 10 shows the trajectory maps for the case of ordinary
paramagnetic grains of shapes 2, 6, and 7. For shape 6, MAT
alignment has only low-J attractors (with high-J repellor
points). The high-J attractor is present for 1) = 60° in the
trajectory map of shape 7. For shape 2, MAT alignment can
occur with high-J attractors (filled circles) for the ¥ = 60°
and 80°.

Similarly, Figure 11 shows the results for superparamagnetic
grains. For three HIS (shapes 2, 6, and 7), the high-J attractors
appear for all angles 1. Therefore, MAT alignment for
superparamagnetic grains can achieve perfect alignment when
random collisional excitations are accounted for. For other WIS
(shapes 3-5), we expect the effect of iron inclusions is
negligible for small drift angles (i.e., 1 < 30°) because MATSs
are insufficient to produce suprathermal rotation, such that the
superparamagnetic torque can stabilize its alignment (see
Figure 6). For large drift angles, iron inclusions can induce
perfect alignment as shapes 2, 6, and 7.

6. Discussion

6.1. MAT Efficiency of Irregular Grains and Comparison with
Lazarian & Hoang’s (2007b) Analytical Model

First, MATSs of irregular grains introduced in LHO7b are very
different from the torques that act in the original mechanism
(Gold 1952b) as well as in alternative mechanical alignment
mechanisms proposed in the last century, e.g., from the cross-
sectional and crossover mechanical alignment suggested in
Lazarian (1995b). The MATs from LHO7b act analogously to

11

radiative torques by increasing the angular momentum of a
grain in proportion of time. This makes them radically different
from the Gold stochastic torques. The latter act on regular
oblate or prolate grains, but grain irregularities render grains
with helicity in terms of their interaction with the gaseous flow.
This helicity induces the new type of torque and alignment.

We find that the grain shape that exhibits mirror symmetry
produces negligible MATSs. Interestingly, for HIS, including
shapes 2, 6, and 7, we find that MATSs are strong and able to
drive grains to suprathermal rotation with subsonic drift.
Moreover, MATs of these shapes also exhibit generic proper-
ties as predicted by the AMO, including symmetric Q.; and
zeros of Q. when the drift direction is parallel to the axis of
maximum moment of inertia ;. For WIS (shapes 3-5), the
magnitude of MATs is found to be lower. Our numerical results
demonstrate the role of the grain surface properties on MATS.

In LHO7b, we discussed two possibilities that can reduce
MATs from our AMO, including the reflection coefficient E
and degree of helicity D. In that sense, the AMO can be
considered to have perfect helicity, i.e., D = 1. Naturally, most
of the grains do not have clear-cut facets as the grain model
of LHO7b, but have numerous irregularities, which can be
considered of numerous facets of different orientations, leading
to the reduction of helicity D.

For a simple shape considered in Section 2.2, we have
shown that the MAT efficiency decreases with increasing the
number of facets Npcer. We note that the random walk formula
adopted for our analytical estimates is applicable only for
Neycet > 1, i.e., not applicable for shapes 3—5 with a few facets.

We can then quantify the degree of helicity of an arbitrary
irregular shape as follows:

max (/' (1))

D=
max (Jom’ (1))

(26)
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Figure 10. Phase maps for the different angles ¢ = 30°, 60°, 80° for shape 6 (top panels), shape 7 (middle panels), and shape 2 (bottom panels). Shape 2 has high-J
attractor points, while shape 6 has only low-J attractor points. The drift speed of s; = 1 is considered.

where JIT (1) and JAMO(y)) are the maximum spin-up
momentum evaluated with MATSs from irregular shapes and
AMO, respectively. The obtained value D for the selected
shapes is shown in Table 8. HIS have larger values D than
WIS, and the symmetry shape 1 has a negligible degree of
helicity as expected.

6.2. MAT Alignment and Comparison to RAT Alignment

We note that shapes 6 and 7 were created to calculate RATS,
and they found strong RATSs for these shapes. Interestingly, we
found that MATs for these shapes are also strong and exhibit
the same helicity (right helicity for shape 6 and left helicity for
shape 7) and generic properties as RATs. We also find that our
new shape 2 can produce strong MATSs, comparable to those of
shapes 6 and 7.

For HIS grains, we find that subsonic drift can spin-up the
typical 0.1 pm grains to suprathermal rotation. For such grain
shapes, MAT alignment exhibits low-J and high-J repellor/
attractor points in the phase trajectory map and has a long axis
perpendicular to the magnetic field, which is analogous to RAT
alignment. In the presence of iron inclusions, repellor points are
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converted to high-J attractors due to the enhanced magnetic
relaxation. For WIS grains (shapes 3-5), supersonic drift is
required to achieve suprathermal rotation. Thus, in the typical
ISM conditions, all grains are driven to thermal rotation by gas
damping.

MAT alignment also depends on the drift direction. For
shapes 6 and 7, we find that the grain maximum angular
momentum spun-up by MATs, JMAT “tends to decrease with
the angle 1. However, MAT alignment of shapes 2-5 tends to
increase with ¢ and become flat (see Figure 6).

Table 8 compares the MAT and RAT alignment for seven
irregular shapes, where RH and LH denote right helicity and
left helicity. Both MAT alignment and RAT alignment with
low-J/high-J attractors and repellors are indicated. The
presence of high-J attractors for shape 3 is only achieved at
some large drift angles (see Figure 6).

Numerous observations of dust polarization show the
correspondence to the predictions by RAT alignment for
molecular clouds (Whittet et al. 2008; Andersson et al. 2011)
and starless cores (Alves et al. 2014; Jones et al. 2015). This
reveals that MAT alignment is not a dominant mechanism in
these environments. Therefore, for the CMB polarization
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Table 8

Characteristics of MAT Alignment vs. RAT Alignment for the acr = 0.1 gm Grains in the Typical ISM Conditions and sz ~ 1
Shape Helicity MATs D MAT Align SMAT Align Helicity RATs RAT Align SRAT Align
1 Sym negligible 13 x 1071 NA NA NA
2 RH strong 25 x107° high-J rep. /attr. high-J attr. NA
3 RH moderate 3.6 x 107° high-J rep. /attr. high-J attr. NA
4 RH moderate 19 x 107° low-J rep. /attr. low-J attr. NA
5 RH moderate 1.6 x 107° low-J rep. /attr. low-J attr. NA
6 RH strong 26 x 107° high-J rep. /attr. high-J attr. RH strong high-J rep. /attr. high-J attr.
7 LH strong 45x10° high-J rep. /attr. high-J attr. LH strong high-J rep. /attr. high-J attr.

studies, which are involved in the diffuse ISM, the modeling of
foreground polarization is not going to be further complicated
by the presence of MAT alignment due to the dominance of
RAT alignment.

6.3. Astrophysical Environments with
Potential MAT Alignment

We now discuss the potential environment conditions where
MAT alignment is important. In general, dust-gas drift can be
triggered by cloud—cloud collisions (Gold 1952b), radiation
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pressure, ambipolar diffusion, and gravitational sedimentation
(see Lazarian 2007).

First, interstellar cloud—cloud collisions are usually triggered
by strong radiation pressure from supernova explosions,
producing supersonically drifting grains. Thus, MAT alignment
is expected to be efficient in such clouds. The line of sight to
SN 2014]J is thought to encounter numerous individual clouds
(Patat et al. 2015). Therefore, observations of polarization
toward SNe Ia can provide useful tests for MAT alignment
(Hoang 2017).
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Second, in outflows around the late-type stars (e.g.,
Asymptotic Giant Branch (AGB), post-AGBs, and planetary
nebulae (PNe)), grains are found to be supersonically drifting
through the gas due to strong radiation pressure (see Netzer &
Elitzur 1993). Thus, we expect MAT alignment to be important
in these conditions. Grains are also expected to drift in the
innermost outflow regions around high-mass young stellar
objects where the outflow is produced by radiation pressure
instead of hydromagnetic effects.

Third, Roberge et al. (1995) found that for supersonically
drifting grains in a weakly magnetized molecular cloud by
ambipolar diffusion, Gold alignment can produce the alignment
efficiency of R ~ 0.3 for s; > 1 and 6, = 10 (i.e., super-
paramagnetic grains). Our results show that for grains of HIS,
MAT alignment can be efficient, and superparamagnetic grains
can be perfectly aligned. This unique feature allows us to
differentiate classical Gold alignment from MAT alignment.

Recently, fast modes of MHD turbulence are found to
accelerate charged dust grains to supersonic speeds (Yan &
Lazarian 2003; Yan et al. 2004; Hoang et al. 2012). Moreover,
transit time damping is found to be an efficient acceleration
mechanism (Hoang et al. 2012). For the CNM, the MHD
turbulence can produce the drift speed of v ~ 1.5kms ',
corresponding to s; ~ 1.2. In molecular and dark clouds, Yan
et al. (2004) obtained s; ~ 1.1-2.2 and ~2.7-3.5 for
a = 0.1-1.0 yum. Compared to the critical drift speed for
MAT alignment in Figure 7, we see that the MAT alignment is
important in dark clouds for the drift angles of 1) > 20° with
the magnetic field. Interestingly, it is found that MHD
turbulence tends to accelerate grains in the direction that
makes a large angle with the mean magnetic field (Yan
et al. 2004). In protoplanetary disks where MRI activity is
active, turbulence is perhaps sufficient to generate drift motion
of grains and trigger MAT alignment by superparamagnetic
grains.

Other processes, such as photoelectric force due to the
ejection of photoelectrons by anisotropic radiation, photodesorp-
tion of atoms, can also induce relative motion of grains with the
ambient gas. However, these processes are unable to drive grains
to supersonic motion (Weingartner & Draine 2001).

Gold mechanical alignment was referred to explain polariza-
tion observed in outflows around protostars, i.e., early stages of
star formation (Rao et al. 1998; Cortes et al. 2006; Tang
et al. 2009). In light of the new MAT mechanism, we expect
the efficient alignment of HIS grains with the magnetic fields
by MATs in outflows. The MAT alignment mechanism helps
to probe magnetic fields in special conditions where radiative
alignment fails due to the lack of a radiation source.

6.4. Effect of Grain Precession around the Drift Direction
versus Larmor Precession

For grains in the interstellar diffuse medium, the Larmor
precession of the grain magnetic moment around the ambient
magnetic field is usually fast due to the large magnetic
moments rendered by grains as a result of the Barnett effect
(Dolginov & Mitrofanov 1976; see also Lazarian et al. 2015).
Grains are aligned with the magnetic fields. There are special
situations when the axis of alignment is not the magnetic field
but the direction of the grain drift. Physically, this means that
the grain precession induced by the gaseous bombardment is
faster than the Larmor precession. This is shown to occur for
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ordinary grains in the protoplanetary disks with very high
density, in which the Larmor precession is slower than the gas
damping. In these conditions, if the grain drift is supersonic, the
alignment can occur with the drift direction due to the MAT. If
this is the case, then it can allow us to trace the direction of
outflows using the polarization mapping.

6.5. MAT Alignment in the Presence of Pinwheel Torques,
Strong and Weak Internal Relaxation

Finally, let us discuss MAT alignment of grains in the
presence of pinwheel torques and alignment of grains without
internal relaxation.

Purcell (1979) suggested several processes that can spin-up
grains to suprathermal rotation, including formation of
hydrogen molecules on the grain surface, the variation of
accommodation coefficient and emissivity on the grain surface.
Although for small grains the effect of pinwheel torques is
suppressed due to rapidly flipping and thermal trapping
(Lazarian & Draine 1999), for large grains, it is still effective.
Hoang & Lazarian (2009b) found that RAT alignment is shown
to be enhanced by pinwheel torques. The effect of alignment by
H, torques is observed in reflection nebula IC 63 (Andersson
et al. 2013), and it is successfully modeled by Hoang et al.
(2015). Since MAT alignment of irregular shapes is essentially
similar to RAT alignment, we predict that pinwheel torques
also act to enhance the alignment by lifting the low-J attractor
points and create new high-J attractor points.

In the presence of strong thermal fluctuations with efficient
internal relaxation, we expect that the crossover becomes low-J
attractor points. Therefore, MAT alignment occurs with low-J
and high-J attractors as RAT alignment. For weak internal
relaxation present in very large grains, MAT alignment is
expected to be more complicated. In addition to low-J and
high-J attractors, some low-J attractor with “wrong” alignment
may be present (Hoang & Lazarian 2009a). However, due to
random collisions with the gas, such a wrong low-J alignment
will be reduced, leading to a moderate degree of alignment.

7. Summary

We have studied the alignment of grains by mechanical
torques for seven different irregular shapes. Our results are
summarized as follows:

1. Among seven considered shapes, shape 1 induces
negligible mechanical torques due to its mirror symmetry.
HIS (shapes 2, 6, and 7) can produce strong mechanical
torques that exhibit some generic properties as seen in
RATs. Weakly irregular shapes (WIS, shapes 3-5)
produce smaller mechanical torques. Such a dramatic
difference in MATSs for the considered shapes is expected
from the physics of mechanical torques that only depends
on the grain surface.

2. HIS grains can be driven to suprathermal rotation with
subsonic drift, while WIS grains are only driven to supra-
thermal rotation with supersonic drift. The suprathermal
rotation rate is found to depend on the drift angle and the
grain shape.

3. For three HIS, we find that MAT tends to align grains
with low-J attractors and high-J repellors/attractors.
MAT alignment appears to depend on the grain drift
direction about the magnetic field.
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4. We find that superparamagnetic inclusions in HIS grains
can help MAT alignment to align with high-J attractor
points, producing a high degree of grain alignment. For
supersonic drift, we also find that irregular grains can be
perfectly aligned by MATSs, while the Gold classical
mechanism only induces imperfect alignment.

5. Our numerical results demonstrate the importance of
MAT alignment and its dependence on the grain surface
irregularity. Due to the uncertainty of grain shapes in the
ISM, the efficiency of MAT alignment requires further
theoretical and observational studies.
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Appendix
Aligning, Spin-up, and Precessing Torque Components

In the alignment coordinate system é;é,é;, the MAT
components that cause spin-up, precession, and alignment of
grains, are given by

F (& 9, ¢) = Q.1(—sint) cos € cos ¢ — sin € cos )
4+ Q.2(coscos & cos g — siné siny) + Q.3 cos € sin @,
(27)

G(& ¥, ¢) = Qersineysing — Qe cossing + Q308 ¢,
(28)

H (&, Y, ¢) = Q.1(cospcos & — sint) sin € cos ¢)
+ Qe (siny cos & + cossiné cos @) + Q,3siné sin ¢,
(29)

where Qel(f’ 1/’, ¢)’ QeZ(é_’ ’L/)’ Qs)’ Q€3(§’ 1/]’ ¢)’ as functions
of &, 1, and ¢, are components of the RAT efficiency vector in
the lab coordinate system (see DW97; LHO7a).

To obtain Qel(g’ w’ ¢>)’ QeZ(é-’ 1/)’ ¢)’ and Qe3(£’ Iw’ (b) from
01 (0, B, ®), we need to use the relations between &, v, ¢ and
O, B, ® (see Weingartner & Draine 2003; HLOS).

The average of the aligning torque over the Larmor
precession is given by

(P ) = = [ P v 6)do (30)
’ 27 Jo Y ’
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