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ABSTRACT

We reveal a deep connection between alignment of dust grains by RAdiative torques (RATSs) and
MEchanical Torques (METs) and rotational disruption of grains introduced by Hoang et al. (2019).
The disruption of grains happens if they have attractor points corresponding to high angular momen-
tum (high-J). We introduce fast disruption for grains that are directly driven to the high-J attractor
on a timescale of spin-up, and slow disruption for grains that are first moved to the low-J attractor and
gradually transported to the high-J attractor by gas collisions. The enhancement of grain magnetic
susceptibility via iron inclusions expands the parameter space for high-J attractors and increases per-
centage of grains experiencing the disruption. The increase in the magnitude of RATs or METSs can
increase the efficiency of fast disruption, but counter-intuitively, decreases the effect of slow disruption
by forcing grains towards low-J attractors, whereas the increase in gas density accelerates disruption
by faster transporting grains to the high-J attractor. We also show that disruption induced by RATs
and METSs depends on the angle between the magnetic field and the anisotropic flow. We find that
pinwheel torques can increase the efficiency of fast disruption but may decrease the efficiency of slow
disruption by delaying the transport of grains from the low-J to high-J attractors via gas collisions.
The selective nature of the rotational disruption opens a possibility of observational testing of grain

composition as well as physical processes of grain alignment.

1. INTRODUCTION

The mechanism of interstellar grain alignment may be
claimed to be a problem of the longest standing in as-
trophysics. The alignment of non-spherical dust grains
was first discovered in 1949 (Hiltner 1949; Hall 1949).
A sequence of theoretical works consistently failed in ex-
plaining this puzzle (see Lazarian 2003 for the history of
the problem).

The key to understanding why it was so difficult to
crack the problem is related to it happened to be multi-
facet one with a number of physical processes involved
and with different regimes for the alignment for grains of
different sizes and composition (see Lazarian et al. 2015
and Andersson et al. 2015 for reviews). The major mech-
anism of alignment is based on the radiative torques that
were suggested in 1976 (Dolginov & Mitrofanov 1976),
but was ignored for two decades.

The efficiency of radiative torques in spinning up grains
was confirmed in Draine & Weingartner (1996, 1997)
(hereafter DW96 and DW97). The analytical theory of
grain alignment by radiative torques was formulated in
Lazarian & Hoang (2007a), henceforth LHO7) where the
abbreviation RATs was coined for RAdiative Torques.

The RAT effect can be understood in terms of dif-
ferential scattering of photons with left and right-hand
circular polarization by an érregular grain. The require-
ment of a grain being irregular is essential for it to have
helicity and to experience RATs (LHO7).

The idea that grains should be helical to experience

RATSs was proposed by Dolginov & Mitrofanov (1976).
However, subsequent numerical simulations showed that
the model of a helical grain that they suggested does not
produce any alignment or spin-up. A successful model
of a helical grain was suggested in LHO7, and this es-
tablished grain helicity as the physical source of RATs.
The properties of this simple Analytical MOdel (AMO)
were shown to reproduce well the response of the actual
irregular grains to the anisotropic radiation, thus resolv-
ing the mysterious dynamics of dust grains subject to
the radiation. A recent numerical study by Herranen
et al. (2019) for an extended ensemble of grain shapes
and compositions successfully reproduced the main fea-
tures of AMO. Therefore, due to its simplicity and the
available analytical description, for this study we adopt
AMO as our model of RATS.

The understanding that grain irregularity produces
grain helicity allowed Lazarian & Hoang (2007b) to in-
troduce a new type of grain alignment arising from the
motion of grains with respect to the ambient gas. As
the offshoot of the AMO, a model of the alignment of ir-
regular grains by MEchanical Torques (METSs) was sug-
gested in Lazarian & Hoang (2007b). Unlike the earlier
discussed stochastic processes of mechanical alignment
of thermally rotating grains proposed by Gold (Gold
1952; Roberge et al. 1995; Lazarian 1994, 1995a) or
cross-sectional or cross-over alignments proposed later
for fast rotating grains (Lazarian 1995a; Lazarian &
Efroimsky 1999), METs are much more efficient. This
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efficiency arises from METs similar to RATs as being
regular torques.

The relative importance of the RAT and MET align-
ment is still not completely clear with the current re-
search, suggesting that, while METs do have the domain
for dominance, in most astrophysical settings, RATs are
expected to dominate over METs. The latter statement
is supported by calculations and numerical simulations
which show that the action of METSs on grains is less
regular as compared to RATs (see Das & Weingartner
2016; Hoang et al. 2018). Therefore, in what follows, we
shall focus our discussion on RATs and then generalize
our results on the grains aligned by METs.

In a separate development, rotational disruption of
dust grains induced by RATSs, which was termed RA-
diative Torque Disruption (RATD), was identified as an
essential process controlling the distribution of grain sizes
(Hoang et al. 2019; Hoang 2019; Hirashita & Hoang
2020). In addition, grain surface chemistry in star-
forming regions was also shown to be dependent on the
rotational state of the grains (Hoang & Tung 2019; Hoang
2019; see Hoang 2020 for a review).

The processes of grain rotation were studied mostly
in relation with grain alignment. Stochastic torques of
large amplitude can induce fast rotation. For instance,
Gold (1952) considered purely stochastic torques arising
from the interaction of grains with gas and showed that
the grains can get fast rotation moving with respect to
the gas with supersonic velocities. This mechanism was
found to be efficient in rotational disruption of nanopar-
ticles (Hoang & Tram 2019; Hoang & Lee 2020).

Regular torques can induce faster rotation compared to
the stochastic torques of comparable amplitude. For in-
stance, it was demonstrated by Purcell (1979) that grains
in the typical interstellar conditions are rotating with
rotational velocities significantly larger than the ther-
mal ones. The variations of the grain absorption surface
coefficient, photoemission of electrons and formation of
H> atoms on the selected catalytic sites on grain sur-
face were identified by Purcell as the key sources of grain
suprathermal rotation.

Finally, RATs and METSs can result in fast grain ro-
tation if grains subject to anisotropic radiation fluxes
or mechanical flows get attractor points of high angular
momentum (hereafter high-J attractor). Unlike Purcell
(1979)’s torques, RATs are much better defined as there
is less dependence of RATs on the unknown details of
grain surface properties. The existence of the grain spin-
up and alignment by RATS is inevitable if the grains are
not significantly smaller than the wavelength, A, of the
impinging radiation.

Draine & Weingartner (1996) discovered that the am-
plitudes of uncompensated RATs for the typical in-
terstellar radiation field (ISRF) can be comparable or
larger than the amplitudes of the uncompensated Purcell
(1979) torques. However, as it was shown by the subse-
quent research (e.g. Draine & Weingartner 1997), this
did not mean that placed in the radiation field grains will
necessarily rotate with high velocities. This is a signifi-
cant difference between RATs and the Purcell’s torques.
The latter are fixed in the grain frame, while the former
act in the laboratory frame. Therefore, the change of the
grain orientation with respect to the radiation direction
changes both the torque directions and their amplitude.

This results in the complex grain dynamics that was clar-
ified only after the introduction of AMO in LHO07.!

It was shown in LHO7 and confirmed in subsequent
studies (Hoang & Lazarian 2008; Hoang & Lazarian
2009a) that the grains aligned by RATSs can have both
high and low angular momentum attractors, which are
defined as high-J and low-J attractor, respectively. For
typical ISRF, the rotation of 0.1 um grains is much faster
than thermal rotation for the alignment in the high-J at-
tractor points, and it is subthermal for grains in the low-
J attractor points, assuming that grain randomization is
ignored at low-J attractors. When taking into account
gas randomization, grains at low-J attractors are grad-
ually transported to high-J attractors, which are more
stable (Hoang & Lazarian 2008, 2016b). Evidently, for
fast grain disruption that occurs in less than a damping
time, only the alignment high-J points is important. For
grain alignment without high-J attractors, grains driven
to low-J are gradually randomized by gas collisions. If
grains are aligned with only low-J attractors, the effi-
ciency of both grain alignment efficiency is rather low
(Hoang & Lazarian 2008), which implies inefficient rota-
tional disruption.

The grain irregularity that induces uncompensated
RATSs also induces METSs, as was suggested in Lazar-
ian & Hoang (2007b) and proven in numerical calcula-
tions in Hoang et al. (2018) (see also Das & Weingartner
2016). The spin-up by METSs is much more efficient than
the spin-up by stochastic Gold (1952)’s torques. There-
fore, it is natural that both RATs and METSs present the
prime interest for the processes for studies of the grain
rotational disruption and the rotational modification of
grain chemistry.

In what follows, in Section 2, we discuss the precession
processes of grains about the magnetic field, electric field,
and radiation direction, which defines the axis of grain
alignment. We then discuss AMO and properties of grain
alignment by RAT's and magnetic relaxation in Section 3.
The strength of RATs and the effect of spin-up and spin-
down as well as gas randomization is discussed in Section
4. Rotational disruption of grains by RATSs is discussed
in Section 5, and the time-dependence alignment and dis-
ruption is discussed in Section 6. Discussion of alignment
and disruption by METs is presented in Section 7. Ef-
fect of grain composition on alignment and disruption is
discussed in Section 8. The role of pinwheel torques is
discussed in Section 9. Extended discussion and a sum-
mary of our findings is presented in Sections 10 and 11,
respectively.

2. GRAIN PRECESSION AND ALIGNMENT AXIS

Grain alignment is traditionally considered with re-
spect to magnetic fields. However, as we discuss below,
it can proceed with respect to other axes, including the
electric field, radiation, and gas flow.

2.1. Precession induced by magnetic and electric
torques

1 The uncompensated RATSs arising from isotropic radiation
are similar to the Purcell’s torques, but their amplitude is orders
of magnitude less than those arising from anisotropic radiation
(Draine & Weingartner 1997). Therefore, in this paper, we disre-
gard this type of RATSs.
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A dust grain with magnetic moment p experiences Lar-
mor precession about the ambient magnetic field. The
Larmor precession rate is given by

_ 1B

Op =
B IHW7

(1)
where [ is the grain maximal moment of inertia, w is
the grain angular velocity, and B is the magnetic field
strength. For simple shapes, the moments of inertia are
readily available. For instance, for an oblate spheroid,

4n
15

where p is the grain mass density, a;, as denote the semi-
minor and semi-major grain axes. Realistic grains are
irregular, so usually one defines the effective grain size a
as the radius of the equivalent spherical grain of the same
volume. For irregular grains, the maximum moment of
inertia is denoted by I; = 87rpa1a5/15 with «ay is the
factor of unity order (DW96). For the sake of simplicity,
the use of expressions similar to one given by Equation
(2) is justified.

For paramagnetic grains, it was shown by Dolginov &
Mitrofanov (1976) that the magnetic moment is induced
by the Barnett effect (Barnett 1915; Landau & Lifshitz
1960) and reads,

8
n= e 1= Tpaadad 1)), @

x(0)Vh
guB

where V is the volume of the dust grain, & is the Planck
constant divided by 27, ug = eh/2mec ~ 9.274 x 10721
erg G~ is the Bohr magneton, m, is the mass of the
electron, ¢ is the speed of light, and ¢ is the g-factor,
which is g & 2 for electrons. The zero frequency magnetic
susceptibility, x(0), for paramagnetic materials, is given
by

UBar = w, (3)

2
_ whp
x(0) = KT, (4)

where n, = fpn is the density of paramagnetic species,
and Ty is the grain temperature.

The zero-frequency susceptibility increases substan-
tially if grains have strongly magnetic inclusions, as first
discussed in Jones & Spitzer (1967). For such a grain
with superparamagnetic inclusions (Morrish 2001),

_ 15 K
Xsp(0) = 1.2 X 1072 Niper fop (Td> ) (5)

fsp is the fraction of atoms that are within the super-
paramagnetic clusters, Ny, is the number of atoms per
cluster that can vary from 10 to 10° (Kneller & Luborsky
1963).

The period of the Larmor precession of the grain an-
gular momentum J in the magnetic field can be obtained
by combining Eqgs. (1) and (3):

_ A7 gelt
5 h
~1.3 ﬁ§_2/3a2_53_1)2_1 yr,

iy, pss 2302 By (0) 7! (6)

where s = a1 /a2 be the grain axial ratio, a = agst/3,

a_s = a/(107° cm), the normalized value of the magnetic

field is B = B/(5 uG) and ¥ = x(0)/(10~%). Naturally,
the Larmor period can be significantly reduced if grains
have superparamagnetic inclusions (see Equation (5).
In addition, a charged grain with potential U performs
gyro-rotation in the magnetic field over a time:

U\ B\
—1 24 2
wgym ~ 2.4 % 10 pa_5 (()3\/) (M}) yr, (7)

where p = p/(3gem™3).

In the process of moving perpendicular magnetic field
or precessing in it, the grain experiences the electric field
with amplitude

Vrain
Eipg = 222 B, (8)
(&

where Vgrain,1 is the grain velocity component perpen-
dicular to the magnetic field. This field induces grain
additional precession if the grain has electric dipole mo-
ment component parallel pe; ;:

I‘el = Pel,J X Eind- (9>

The resulting precession rate €2.; can be faster or slower
than the rate of Larmor precession given by Equation (1),
and one can write

Qo = NQp, (10)
where v
N = Pel. Verain, L (11)
e

where the electric moment pe;:

Del = qake =~ 1.0 X 1071° Uo‘3a275/%el,statc0ulomb cm,
(12)

where R = Kel/ 1072 is a parameter describing the
charge distribution and Uy s = U/(0.3V) is the electric
potential of the grain. The importance of this type of
precession for grain alignment was identified in Lazarian
(2020).

For the grain velocities Vgrain, | adopted from Yan et al.
(2004), the estimate for X can be obtained from Wein-
gartner (2009)). For carbonaceous grains, one gets

. w -1 Ty Verain, L
Nearb ~ 220 a_ (7) s
carb Oa—skelos | 15551 <15 K> (1 kms—1

(13)
The difference of N for silicate and carbonaceous grains
arises from the difference in the values of the magnetic
moments of these grains ficar, ~ 1074y (Lazarian &
Draine 2000). Therefore for silicate grains one gets

Nsil ~ 1074Ncarb-

(14)

Both ke and Vgrain, 1 are rather uncertain. In partic-
ular, in Lazarian & Hoang (2019), we argued that Yan
et al. (2004) may overestimate the actual velocities of
dust grains due to the resonance interaction of charged
grains with interstellar magnetohydrodynamic (MHD)
turbulence. The lower limit for a 0.1 ym grain due to
the hydrodynamic interactions in magnetized gas is 0.1
km/s (Lazarian & Yan 2002). A detailed study of possi-
ble k. can be found in Jordan & Weingartner (2009).

An obvious feature that was missed by the earlier re-
searchers is that for typical carbonaceous grain Q. >

)
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Fic. 1.— Illustration of the electric field acting on a grain gy-
rating with respect to a magnetic field. The grain electric dipole
moment along the angular momentum precesses around the elec-
tric field, whereas the grain is gyrating around the magnetic field
(dashed line).

Qp, ie., that the grain actually precesses around the
electric field and not around magnetic field. It was noted
in Lazarian (2020) that this provides a significant differ-
ence in the alignment of the two types of grains that has
not been considered so far, namely, the alignment direc-
tion of silicate and carbonaceous grains is perpendicular
to each other.

Figure 1 illustrates the precession of a disk-like grain
with respect to the electric field arising from the grain
gyro-rotation about the magnetic field.

2.2. Precession induced by RATs and METs

Subject to an anisotropic radiation field of energy den-
Sity u;aq and anisotropy degree 7y, dust grains experience
radiative precession around the radiation direction due
to RATSs at a rate (see LHO7):

Qpaa ~0.057 512830127, 1, (0)

Urad A 'ym wq 3
X (UISRF> (1.2 um) < 0.01 ) <U) yr—t,(15)

where w is normalized to the thermal angular velocity
wa = /2kTq/I)|, and Qr is given by Equation (28). The
factor f1(0) is a function of the angle © between the
grain axis of major inertia and the direction of radiation
defined in LHOT for a toy model of an oblate grain subject
to the bombardment by particles.

Because the grain radiative precession vanishes in the
limit of perfect alignment, there will always be some
finite angle between the grain angular momentum and
the radiation field anisotropy, changing the efficiency of
RATSs in terms of grain spin-up. Moreover, the radiative
precession rate increases with increasing the radiation
energy density u,;,q but decreases with increasing the ro-
tation rate w.

The mechanical bombardment of grains by a regu-
lar flow of atoms/molecules induces METs (Lazarian &
Hoang 2007b). This process results in the precession of

a toy oblate grain around the flow direction at a period:
27TIH w
rads 2ngmp V2, e(e?2 — 1)K (O, e)sin 20

grain

2
w Vth s\2 1
~36 (- S R 16
(wth) <Vgrain) (0.5) smoe ¥ 10

where vy, = (kTgas/mH)l/2 with gas temperature Ty, is
the gas thermal speed, Vgrain is the grain velocity with
respect to the medium. In general, one should also use in
Equation (16) a function f2(©) which should be defined
empirically for irregular grains e.g. using the numerical
simulations similar to those in Hoang et al. (2018).

Naturally, in the presence of both RATs and METsS,
the precession induced by METs dominates provided
that 5

T

tmech

tmech ~

Qmech = y (17)
is faster than Q,,4 given by Equation (15). As we discuss
in Section 2.3, the axis of the fastest rotation determines
the alignment axis.

Depending on the magnetic field strength and the ra-
diation flux interacting with irregular grains, for suffi-
ciently large dust velocities, grains may be aligned with
the direction of mechanical flow. Grain motion with re-
spect to the magnetic field arising from MHD turbulence
is one of the causes of inducing grain precession induced
by mechanical torques.

2.3. Auzis of grain alignment

Different torques acting on a grain induce its pre-
cession. The process that induces the fastest preces-
sion determines the grain azis of alignment.? The grain
alignment can happen in the direction of the radia-
tion/mechanical flow or it can happen in terms of mag-
netic field. What is actually happens depends on whether
the rate of precession that RATs/METSs induce is larger
or smaller than the grain precession in the external mag-
netic field B.

In the sections above several precession rates are intro-
duced. If we denote

Q= max[Qrad, Qmech]7 (18)

then the direction of €2; determines the precession about
either the direction of the radiation flux of a mechanical
flow. Provided that € is larger than both Q5 and .,
its direction defines the axis of alignment. This type of
alignment was discussed in LHO7 but was mostly ignored
till the description of grain alignment in the accretion
disks made it evident that radiation direction can define
the axis of alignment (see Tazaki et al. 2017).

The traditional grain alignment in the interstellar
medium (ISM) is usually considered in terms of mag-
netic field. Therefore the dust polarization is accepted
as a major tracer of magnetic fields in diffuse ISM and
molecular clouds. The condition for this is that Qpg is
larger than both Q and €).;. While this is applicable
to silicate grains, the considerations we provided above
testify, that this condition is unlikely to be true for car-
bonaceous 0.1 um grains. Those for typical interstellar

2 Here grain alignment is implied the alignment of grain angular
momentum.
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conditions rotate with respect to the electric field with
their axis of alignment being perpendicular to the mag-
netic field.

In the setting that €; is the fastest of Q5 and Qj two
limiting cases are possible. If € is much larger than
the rate of gyro precession wgyro given by Equation (7),
then the axis of alignment of the grain is the axis passing
through the instantaneous position of grain in the plane
perpendicular to magnetic field B. In the opposite situ-
ation the averaging over gyro-rotation is required. The
degrees of alignment are different in these two cases.

For both RAT and MET alignment processes, the angle
1) between the flow and the alignment axis is an impor-
tant parameter that determines the degree of alignment
and the rate of grain rotation (LHO7; Hoang & Lazarian
2016b). If Qf is the largest precession frequency, this
angle v = 0. If Qp is the largest, then g is the angle
between the magnetic field B and the direction of the
flow. In case of Qg being dominant, the precession axis
is performing the motion:

® = ¢o + Wgyrot, (19)

and the angle g between the electric field and the flow
can be obtained from the trigonometric identity.

In what follows, we focus on the alignment and dis-
ruption of grains with respect to directions of €2 and
Qp.

3. AMO AND GRAIN ALIGNMENT AT HIGH AND
LOW-J ATTRACTORS

For simplicity, we first discuss grain alignment by
RATs using AMO and disregard the effect of gas ran-
domization and thermal fluctuations within the grain.
The latter effects will be discussed in Section 4. The
physics of RAT alignment is briefly presented in A.

3.1. Alignment and rotation induced by RATs

The AMO is the model of helical grain that is very
simple, but, nevertheless, correctly describes the major
properties of RAT alignment. It also provide the qualita-
tive features of the MET alignment. The model consists
of an ellipsoidal body with the attached mirror. The he-
licity of the grain is achieved by the mirror attached at
an angle to the grain, as shown in the upper panel of
Figure 2. In LHO7, this angle was chosen to be 45 de-
grees. The AMO was confirmed by the extensive study
of RATs applied to different shapes by Herranen et al.
(2019). RATs induced by a radiation beam on a helical
grain can be calculated in the lab reference frame (see
lower panel of Figure 2). The upper panel of Figure 14
illustrates the two torque components that act on a heli-
cal grain, Q.1(0) and Q.2(©), as function of the angle ©
made by the grain axis of maximum moment of inertia,
ap, and the radiation direction, k. The component Q.3 is
present even for the axisymmetric grain, and it is respon-
sible for the grain precession in the beam of radiation.
It was shown in LHO7 that the torques calculated with
Discrete Dipole Approximation code (DDSCAT) (Draine
& Flatau 1994) for irregular shapes show a similar func-
tional dependence as the torques calculated using our
toy model. However, the relative amplitude of Q.1(©)
and Q.2(0) changes from one shape to another and also
varies with the wavelength. To account for this change,

A Helical Grain-AMO a

(a)

=-3a,
(b)
)
3, By
L
€y :
A
€3

F1a. 2.— Panel (a): The model used to derive analytical formulae
of RATs (AMO) and study the RAT alignment. The model has
an oblate reflecting body with a mirror attached at an angle a.
The vector a; corresponds to the axis of the maximal moment of
inertia, and two other principal axes are az2a3, and these vectors
describe the grain model. The radiation beam is coming from the
left, along the k direction. Panel (b): Orientation of the grain in
the lab reference system €;1é2é3 employed for calculating torque
components. The axis €1 is chosen along the radiation direction
k. The axis &3 is perpendicular to €1, and &3 perpendicular to the
plane €1€2. The grain orientation in the lab frame is described by
three angles, ©, 8, and ®. See more details in Lazarian & Hoang
(2007a).

the ratio

max

max __ 1

q = fréax (20)
e

was introduced, and the properties of alignment were
studied as this ratio varied. With this model LHO7
showed that the torques can both spin up the grain and
slow down its rotation to the sub-thermal values. What
situation is actually realized with a given grain depends
on both the value of ¢™®*, which can be calculated nu-
merically for a given grain and the radiation direction
with respect to the axis of fastest grain precession, i.e.,
the axis of alignment. The latter, as we discussed in Sec-
tion 2, can be either the direction of the magnetic field or
the direction of radiation for the case of RAT alignment.

3.2. Spin-up and spin-down in the process of RAT
alignment

Let us provide a closer look on the processes taking
place at the high-J and low-J attractor points. Consider
the torques acting on a AMO at 1) = 0 that are depicted
in Figure 3, where (H) is the component of RATs pro-
jected onto the grain angular momentum that acts to
spin up/down the grain, and (F') is the RAT component
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that is perpendicular to the angular momentum (DW97).
Here the angle brackets denote the averaging over ther-
mal fluctuation and the Larmor precession (Hoang &
Lazarian 2008), which are omitted in the following for
simplicity. The grain is spun-up (spun down) for H > 0
(H < 0), and the angle £ between J and the magnetic
field increases/decreases for F' > 0 (F' < 0). In the vicin-
ity of low-J attractors corresponding to cos{ = —1, the
alignment torques F' are weak and J is small. Therefore,
the random forcing arising from gaseous bombardment
can induce significant variations of cos £ and move grains
to the range where the acceleration torques are positive.
This was first demonstrated in Hoang & Lazarian (2008)
for ordinary paramagnetic grains and in Hoang & Lazar-
ian (2016b) for grains with iron inclusions.

It is evident from there that in the vicinity of the sta-
tionary point corresponding to cosé = 1, the alignment
torques F' vanish. At the same time, the spin-up torques
are maximal and can drive grains to higher velocities.
It is also obvious that for grains outside the stationary
point cosé = 1, the alignment torques F' move grains
towards the low-J attractor point if F' > 0. For the case
with high-J attractors (right panel), one has F < 0 for
cos€ ~ 0.7 — 1. Thus, a faction of grains falling in this
range of angles are rapidly driven to high-J attractors,
whereas grains outside this range are driven to the low-J
attractor.

For the alignment with respect to the magnetic field,
the existence of high-J and low-J attractor points de-
pends both on the grain shape and the angle 1) between
the radiation direction and the direction of the magnetic
field. The corresponding parameter space for the exis-
tence of these high-J attractor points was identified in
LHO7 within the AMO with the predictions tested re-
cently in Herranen et al. (2019) using a distribution of
random grain shapes. The results for ¢™** from that
study are shown in Figure 4.

It is only rotation in positions corresponding to high-J
attractor points that is both stable and provides appre-
ciable rotational rates that are important for grain dis-
ruption and can affect grain surface chemistry. Note that
these rotational rates depend not only on the anisotropic
radiation flux but also on . At the same time, the
grains at low-J rotation are bound to rotate slowly, with
the typical rotational temperature corresponding to the
grain temperature Ty, which in many situations is lower
than the thermal velocity of grain rotation in gas with
temperature Ty, > Tgy, i.e., grains at low-J attractor
points can rotate subthermally.

Consider first grains with low-J attractor points only.
The phase trajectories for such grains are shown in lower
panel of Figure 14. It is evident that most of the grains
are being moved to low-J attractors without increasing
much their rotational speed. Only a small fraction of
grains corresponding to cos{ ~ 1 are moving towards
the stationary points A and B, which are the repeller
points. The grains get in the vicinity of repeller points
but cannot stay there. As a result, they are also turned
to the low-J attractor.

The reason for this type of dynamics can be found if
one decomposes the torques acting on grains into the
alignment torques F' and spin-up torques H. This de-
composition for the AMO is presented in Figure 3.

The trajectories to the low-J attractor points corre-

AMO, ¥=0° right helicity
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averaging over thermal fluctuations with different ratios of J to its
thermal value and over the fast Larmor precession. The vertical
dotted line in the lower panel divides two regions of spin-up and
spin-down by RATs. Modified from Hoang & Lazarian (2008).

spond to grain spin-down and the alignment there is
unstable to randomization, e.g., from gaseous bombard-
ment. As a result of the randomization cos{ can get
different values, including the values of corresponding to
the trajectories that go to the high-J attractors. Eventu-
ally, after many cycles of being moved to low-J attractor,
randomized with a small probability to be moved to the
high-J attractor, most of the grains end up at the high-J
attractor points. This corresponds both to perfect align-
ment, which will be discussed in detail in Section 4.

Figure 14 corresponds to the initial grain velocities
significantly larger than the thermal velocity. At the
same time, for the studies of spin-up, it is advantageous
to start with thermal distribution of grain angular mo-
menta. This setting is illustrated in Figure 5 for a 0.2 pm
grain subject to the standard ISRF. For numerical results
shown in this paper, we adopt the typical physical param-
eters of the ISM, including ny = 30 cm ™3, Tyas = 100 K,
and Ty = 20 K, unless stated otherwise.

The upper panel of Figure 5 shows the typical trajec-
tory map of grain alignment with both low-J and high-J
attractors, in the absence of collisional excitation. A frac-
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F1G. 4.— Upper panel: Examples of grain shapes studied nu-
merically. The second upper right group of 15 grains corresponds
to ”oblate grains”. Middle panel: Histogram distribution of ¢g™&*
obtained for an ensemble of silicate ”oblate grains” subject to the
ISRF is given by blue and for the entire distribution of grain shapes
by gray. Lower panel: Same as the middle panel, but for carbona-
ceous grains. From Herranen et al. (2019)

tion of grains is driven to the high-J attractor (marked
by a red circle). The characteristic timescale to reach the
high-J attractor is less than the gas damping time (see
Equation 23). Throughout this paper, we call this fast
alignment, and grains having fast alignment can experi-
ence fast rotational disruption. Moreover, most of grains
are driven to the low-J attractor.

The lower part of Figure 5 illustrates a different setting,
namely, the alignment of grains when there is no high-J
attractors. It is easy to see that RATs initially accelerate

some grains, but the alignment component of torques
moves grains toward the low-J attractor, changing cosé.
The increase of the rate of grain rotation depends on the
initial value of £. For a small portion of initial angles of
£, the increase can be significant. For instance, a single
trajectory for cos§ = 1 is shown to move toward the
stationary high-J point, which is, however, is a repeller
point. Comparing the upper and lower parts of Figure
5, one can clearly see that the percentage of grains that
are spun-up is significantly smaller in the case when the
high-J attractor point is absent.

The dynamics RAT alignment in the presence of gas
randomization was studied in Hoang & Lazarian (2008),
for both cases with high-J attractors and with low-J at-
tractors only, where it is show that grains aligned at the
low-J attractor are gradually transported to the high-J
attractor by gas collisions. In Section 4, we will discuss
this issue in more detail.

3.3. Effects of magnetic dissipation on grain alignment

3.3.1. Enhancement of grain alignment

In view of the striking differences in the rate of grain
rotation at high-J and low-J attractor points, it is ob-
vious that only grains with high-J attractor points are
important for the processes of fast alignment and fast
disruption, as well as for effects of rotation on the grain
surface chemistry. The RAT alignment theory has been
elaborated in a number of studies that followed LHO7
with important effects being added in the subsequent
works. For instance, it was shown in Lazarian & Hoang
(2008) that, in the presence of grains with magnetic in-
clusions, the enhanced magnetic response induces high-J
attractor points for the parameter space that only low-
J attractor points exist. This makes grains both to be
better aligned and rotate fast. In what follows, we dis-
cuss how the parameter space for the existence of high-J
attractors changes with the increase of magnetic dissipa-
tion within grains as well as the change of the fraction
of grains that move directly by RATs directly to high-J
attractor points.

The RAT or MET alignment in the presence of mag-
netic dissipation should not be confused with the classical
magnetic alignment in the presence of pinwheel torques
(Purcell 1979). The key difference between the two is
that RATs and METs can do the alignment with the
magnetic effects playing an auxiliary supporting role,
which is the case of RAT/MET alignment with high-J at-
tractors. However, for grain alignment by RATs without
high-J attractors, the effect of RATSs is to first spin-up
a fraction of grains (e.g., Figure 5, lower panel), while
magnetic relaxation acts to align grains to the high-J
attractor.

The alignment through by torques associated with
paramagnetic dissipation was introduced by Davis &
Greenstein (1951). The efficiency of paramagnetic re-
laxation was shown to be significantly enhanced in for
grains with enhanced magnetic response (Jones & Spitzer
1967; Roberge & Lazarian 1999) as well as in the pres-
ence of suprathermal rotation induced by Purcell’s (1979)
torques (see also Lazarian & Draine 1997). For decades,
the alignment based on magnetic dissipation was ac-
cepted as the dominant mechanism of grain alignment,
even though it faced problems with explaining the avail-
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F1G. 5.— Phase trajectory map for alignment of grains starting
from J = Ji,. Upper panel: Grain alignment with a high-J at-
tractor (¢™?* = 2,4,, = 10). Some grains are rapidly driven to a
high-J attractor (red circle), while most grains are driven to the
low-J attractor. Lower panel: Grain alignment without a high-J
attractor (¢™®* = 1,4, = 0.5). All grains are driven to the low-J
attractor. The grain size a = 0.2um and ¢ = 0°, and the standard
ISRF are assumed. Collisional excitation by gas are disregarded,
and the low-J attractor has J — 0.

able set of observational data (see Lazarian 2003). RATSs,
however, were shown to be stronger and more efficient in
terms of grain alignment if the high-J attractors exist (see
Andersson et al. 2015). Nevertheless, the grains with en-
hanced magnetic response can demonstrate a higher de-
gree of RAT alignment Lazarian & Hoang (2008). The
same is expected to be true for the MET alignment.
The effects of magnetic relaxation on the RAT and
MET alignment processes were recently studied in Lazar-
ian & Hoang (2019)). The characteristic time of the mag-
netic relaxation is given by
[” 2pa25—2/3
™ KW)VB?  5K(w)B?’

~6 X 105[)372/30,2_5372[%71 yr,

(21)

where V' = 4ma3/3 is the grain volume, I | is the mo-

ment of inertia along the principal axis, B = B/10uG
is the normalized magnetic field strength, and K =
K(w)/10713s and K(w) = x2(w)/w with xa(w) is the
imaginary part of complex magnetic susceptibility of the
grain material.

To describe the aligning effect of magnetic relaxation
relative to the disalignment by gas collisions, we intro-
duce a dimensionless parameter

Tons
_ Tgas
Om =——,
Tm

(22)
where

3 IH
Toas —
gas 4ﬁ nHmHvtha4I‘|| ’

100 K 1/2<300m3> < 1)
— (23
( T ) - T, yr(23)

where vy, = (2kBTga&s/mH)1/2 is the thermal velocity of a
gas atom of mass my in a plasma with temperature Tg,s
and density ng. Above, I'| is a geometrical parameter,
which is equal to unity for spherical grains (see Roberge
& Lazarian 1999). From Equations (21) and (23), one
obtains

=7.3 x 10*psa_s

A2 7 p
6m ~0.1B*Ka_s (1/2) , (24)
nHTgas

where g = np /(30 cm™3) and Tyas = Tyas/100 K, where
we used the values of parameters of the typical ISM and
paramagnetic grains. In fact, it is easy to see that to
contribute to RAT or MET alignment d,,, should be sig-
nificantly larger than 1. This can be achieved if grains
have magnetic inclusions. The actual d,, depend on the
size of the inclusions and is difficult to predict. Therefore
below we consider a range of possible d,,, values.

The enhancement of magnetic response is possible in
the presence small superparamagnetic inclusions within
grain material similar to those discovered within inter-
stellar grains captured in the Earth atmosphere (Bradley
1994) and measurements by in-situ spacecraft (Altobelli
et al. 2016). We, however, want to stress that it is un-
clear to what extend the presence of magnetic dissipation
is a natural part of the astrophysical grain alignment.
Potentially, the observed degrees of polarization may be
achieved by RATs with no assistance from the magnetic
dissipation because the fraction of grains in their ensem-
ble of shapes with high-J attractors can be larger than
~ 50% (Herranen & Lazarian 2020).

The final answer on the role of magnetic dissipation
should be achieved through comparing theoretical pre-
dictions with observations. A set of the potential tests
is formulated in Lazarian & Hoang (2019). Later in this
paper, we discuss the possibility of using the processes of
grain disruption to test the presence of magnetic inclu-
sions in dust grains.

We note that the magnetic dissipation alignment may
dominate, however, for small grains (see Hoang & Lazar-
ian 2016b) including those of the nanoparticle size. The
latter can be aligned through the resonance relaxation
process that is introduced in Lazarian & Draine (2000).

The torques arising from magnetic dissipation can be
synergistic to RATs and increase the degree of alignment
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F1G. 6.— The parameter space for grain alignment with low-J
and high-J attractors for grains with enhanced magnetic response.
The shaded areas correspond to the parameter space defined in
LHO7 for grains to have high-J attractors for negligible relaxation.
The contours are given for borders of the area corresponding to
different §,,. From Hoang & Lazarian (2016b).

arising from RATs. The unified grain alignment theory
was introduced in Lazarian & Hoang (2008) and numer-
ically quantified in Hoang & Lazarian (2016b). There, it
was shown that the enhanced magnetic dissipation can
extend the parameter space in terms of gmax (see Equa-
tion 20) and 1 for grain alignment with high-J attractors.
Figure 6 shows the contours of d,, cri, the minimum value
of §,, required for alignment with high-J attractors as
function of ¢™®* and .

3.3.2. Fraction of grains directly driven to high-J attractors

Since grain alignment with high-J attractors is impor-
tant for quantifying the efficiency of grain alignment and
rotational disruption, we calculate the fraction of grains
in an ensemble that are driven to the high-J attractor,
fhigh—y. Here the ensemble refers to grains with the
same ¢™?* but initially their angular momenta have dif-
ferent angles with respect to the magnetic field. We first
solve the equations of motion for grains subject to RATS,
gas damping, and magnetic relaxation, following the ap-
proach in Lazarian & Hoang (2008) where the effect of
collisional excitation is disregarded. We then calculate
fhigh—J by counting the fraction of grains that reach the
high-J attractor. Thus, the value of fpigh—j describes
the fraction of grains that directly move to the high-J
attractor and experience fast alignment and disruption.

Figure 7 shows the variation of fuigh—y vs. ¢™** for
ordinary paramagnetic grains and grains with iron inclu-
sions, for two angles of the radiation and magnetic field.
The minimal adopted value of ¢™?* is chosen to be 0.5 as
suggested by the calculations in Herranen et al. (2019).
It is evident from Figure 7 that, the fraction of grains
directly moved by RATs to the high-J attractor depends
on ¢, the angle between the radiation and magnetic
field, and magnetic response. For ordinary paramagnetic
grains, i.e., grains with d,, < 1. This fraction increases
with increasing d,, and becomes independent of i and
¢ for 6,, 2 10 at which fpign—j ~ 0.45.

According to Herranen et al. (2019), the value ¢
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FiGc. 7.— The fraction of grains directly driven to the high-J
attractor as a function of ¢™** = QU*/ Qe for different values
of the grain magnetic susceptibility, described by dy,, assuming
¢ = 0° (upper panel) and » = 60° (lower panel). The grain
size a = 0.2pm and the standard ISRF are assumed. Collisional
excitation by gas are disregarded.

mostly lies in the range 0.8 to 1.5. The upper panel of
Figure 7 shows fuigh—3 S 0.05 for 6, < 1 when the ra-
diation is parallel to the magnetic field, i.e., 1» = 0. The
alignment with respect to the radiation direction corre-
sponds to d,, = 0 and ¢ = 0. This means that the
fraction of grains that will have high-J attractors when
they are aligned with the radiation direction is expected
to be negligible. This suggests that the alignment with
respect of the radiation direction is not going to be per-
fect and the grains aligned with respect to the radiation
are not expected to rotate fast. This, as we discuss fur-
ther, has important consequences in terms of rotational
disruption of dust.

Thus, in Figure 8, we adopt ¢™®* = 1.2 and show
fhigh—J as a function of 1, assuming different values
of d,,,. We observe a systematic tendency of increasing
fhigh—y with the increase of 1 for low 6,,, but it becomes
independent of §,, for grains with high level of iron in-
clusions.
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Fi1Gc. 8.— Same as Figure 7, but for the fraction of grains di-
rectly driven to the high-J attractor as a function of the angle ¢
between the radiation and the magnetic field for different values of
the grain magnetic susceptibility. The typical value of ¢™®* = 1.2
is assumed.

3.3.3. Fast alignment at high-J attractors

Fust alignment on the timescale of the order of Q,;l was
introduced in LHO7 and was shown to bring the majority
of grains to the alignment at low-J attractor points. On
the other hand, a fraction fpigh—y of grains can be driven
directly towards high-J attractor points on the time scale
0" (see Figure 8). Our present study shows that if
grains are strongly magnetic, the value of frign—y could
reach 50%. This means that for this fraction of grains,
the perfect alignment can be achieved fast. Note that
grains driven to low-J attractor points are weakly aligned
with the net degree of alignment less than 20% (Hoang &
Lazarian 2008). As we will show in the following section,
gas randomization can gradually transport grains from
the low-J to high-J attractor, providing slow alignment,
and eventually perfect alignment.

4. SPIN-UP, SPIN-DOWN, AND RANDOMIZATION
OF GRAINS

RAT torques induce grain rotation and its alignment.
The rate of grain rotation subject to RATSs is controlled
by the rotational damping, and the degree of alignment
is affected by the processes of grain randomization.

4.1. RAT amplitudes

Let u) be the spectral energy density of radiation field
at wavelength A\. The energy density of the radiation
field is then up.q = qudA. To describe the strength of
a radiation field, let define U = uyaq/uisrr with uisrr =
8.64 x 1073 ergem ™2 being the energy density of the
average ISRF in the solar neighborhood (Mathis et al.
1983). Thus, the typical value for the ISRF is U = 1.

Let a = (3V/4m)'/3 be the effective size of the dust
grain of irregular shape with volume V. Such an irreg-
ular grain exposed to an anisotropic radiation field ex-
periences radiative torque (RAT) due to differential ab-
sorption and scattering of left-handed and right-handed

photons. The magnitude of RATs is defined as

A
T'y = ma’~yuy <27T) Qr, (25)

where v is the anisotropy degree of the radiation field,
and Qr is the RAT efficiency (Draine & Weingartner
1996). Typically, v =~ 0.1 for the diffuse ISRF, v ~
0.3-0.7 for molecular clouds (Lazarian & Hoang 2007a),
and v = 1 for unidirectional radiation fields (e.g., from a
nearby star).

The magnitude of RAT efficiency, Qr, can be approx-
imated by a power-law (Lazarian & Hoang 2007a):

n
Qr ~04 (1;(1) , (26)

where n = 0 for A < 1.8a and n = —3 for A > 1.8a. Nu-
merical calculations of RAT's for several shapes and dif-
ferent optical constants using the DDSCAT code (Draine
& Flatau 1994) by Lazarian & Hoang 2007a and Herra-
nen et al. (2019) shows good agreement with the approx-
imated torque. The value of Qr in Equation (26) is for
the maximum RAT efficiency corresponding to the radi-
ation parallel to the axis of maximum moment of inertia
(or © = 0). These equations are introduced to discuss
disruption size and disruption time in Sec 5. The torques
averaged over the narrow angles at high-J would be larger
than that averaged over low-J attractors. Since we are
interested in here the disruption, this equation is justi-
fied because at high-J both internal alignment is perfect,
producing © = 0.

Let A = f Auxd\/uyaq be the mean wavelength of the

radiation spectrum. For the ISRF, A = 1.2 um. The av-
erage radiative torque efficiency over the radiation spec-
trum is defined as

— A dA
@=L, (21)

For interstellar grains with a < A\/1.8, Qr can be ap-
proximated to (Hoang & Lazarian 2014)

oo (N S XN e
Qr ~2 - ~26x10 05 m az£(28)

and Qr ~ 0.4 for a > A/1.8. For convenience, let
atrans = A/1.8 be the transition size of grains from a flat
to the power-law stage of RATs. A rigorous derivation
of the average RAT efficiency over a radiation spectrum
is presented in Hoang et al. (2020), where a slightly dif-
ferent scaling is obtained.

Plugging Qr into Equation (25) yields the radiative
torque averaged over the radiation spectrum,

A\
TRAT = Ta*YUrad (27T> Qr
~58x 10720 W UN ; erg,  (29)
for a ,S Qtranss and
FRAT ~8.6 X 10_28012_5’}/UX0.5 erg, (30)

for a > agrans, where Xg.5 = A/(0.5 um).
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4.2. Classical randomization

Thermally rotating grains experience randomization of
their orientation on the time scale of the damping of their
rotation. Different processes, including gas collisions,
infrared emission, plasma drag (see Draine & Lazarian
1998), are responsible for the grain rotational damping.
The total rate of rotational damping is

—1 -1 -1 -1
Tdamp = Tgas T TR T Tothers (31)
where the first term denotes the gaseous damping as
given by Equation (23). The second term describe the
damping by IR emission, which can be written as

T = Fir7as (32)

where Fig is a damping coefficient for a grain having an
equilibrium temperature Ty, which is given by

04\ [ waa \? /30em=3Y\ /100 K\ />
an= (o) ) () (720) @
a_s UISRF ny Tgas
Additional processes, e.g., related to plasma-dust inter-
actions, emissions of microwave emission (see Draine &
Lazarian 1998; Hoang et al. 2010) etc., can be important
for rotational damping. Those correspond to the rate
T b, in Equation (31). For large grains of a > 0.01 um,
these processes are subdominant, and we disregard them
in the current paper.

4.3. Grain randomization and alignment cycles at the
low-J attractor point

Grain randomization is most significant when the value
of angular momentum J is minimal. Therefore the ran-
domization is very significant at the low-J attractor
points. The effects of the randomization by the gaseous
bombardment in the context of RAT alignment was con-
sidered in Hoang & Lazarian (2008). We note that the
randomization can happen due to pure radiation inter-
action with a thermally wobbling grain (see Section 9.4).
Indeed, according to Equation (47) grains with Ej;, of
the order kT, or lower exhibit significant wobbling with
respect to the alignment axes. For some of these angles
they experience RAT component F' that both increase 6
and torques H that accelerate the grain (see Figure 3).
The increase of the angular momentum perpendicular to
the original direction of grain angular momentum at the
low-J attractor point can be ~ Hrty,: and can signifi-
cantly change the direction of the alignment.

In addition, toward the low-J attractor point, the
grains get randomized both through the gaseous bom-
bardment, emission of IR photons, and internal ther-
mal fluctuations related through the Fluctuation Dis-
sipation Theorem (Weber 1956) to the processes of in-
ternal energy dissipation within a wobbling body. The
gaseous randomization time is Tgas ~ (Ta/Tgas)Tdamp;
where Tgamp is the gas damping time given by Equation
(23). The factor T,;/Tgas arises here due to the fact that
the angular momentum of a grain in a low-J attractor
is reduced by the factor (7;/Tas)'/? and the random-
ization proceeds as a random walk process. We expect
the same factor to be present for other types of classical
randomization in Equation (31), but keep cautious about
the anomalous randomization that requires further stud-
ies.
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F1G. 9.— Upper panel: The phase trajectory map for grain align-
ment in the presence of gas randomization for the case with a high-J
attractor (marked by a red filled circle). Lower panel: the phase
map for alignment without a high-J attractor, i.e., with a high-J re-
pellor point (marked by X). The arrows indicate the time-evolution
of the grain angular momentum in the phase space. The grain size
a = 0.2 pm and the standard ISM are assumed. The horizontal dot-
ted line mark the angular momentum of J = 3Ijwr above which
the grain trajectory is deterministic. For J < 3[jwr, the grain’s
trajectory is random due to gas collisions.

During the low-J rotation stage, the grains are ex-
periencing fluctuations of the angle between J and the
grain axes. The characteristic time of these fluctuations
is given by Equation (D3) for the nuclear relaxation pro-
cess. This sort of randomization does not involve the
change of the direction J. It does complicate the anal-
ysis, but our estimates show that this process does not
appreciably accelerate the transport of grains over the
phase space. Therefore we do not expect this process to
increase the grain transport to the high-J points. As a
result, the grains can be moved to alignment over the
time scale of the order of grain precession time given
by Equation (15). This process moves was termed in
LHO7 ”fast alignment”® and this process was predicted

3 In LHO7 the fast alignment was explored numerically and the
initial angular momentum was taken to be 60I;jwr. Thus the time
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to drive alignment near the variable radiation sources,
as was confirmed by the subsequent research (see Hoang
2017).

To illustrate the effect of gas randomization on the low-
J attractor, we follow the numerical approach in Hoang &
Lazarian (2016b) to obtain the phase trajectory map for
grains that initially start at J = Jiy, = ljwy. The upper
panel of Figure 9 shows the phase map for the alignment
with high-J attractors. Asshown, the trajectory of grains
at low-J (J < Jin) is randomized strongly. Eventually,
grains are driven to the high-J attractor due to transport
by gas collisions. The lower panel of Figure 9 shows the
phase trajectory map for grain alignment without high-J
attractors. Grains are strongly randomized during the
slow rotation stage of J < 3Ji, but their trajectory is
more deterministic for J 2 3Jy,. When grains approach
the high-J repellor (marked by X), they are repelled back
and follow their trajectory back to the low-rotation stage
(see arrows). This process continues and grains undergo
many cycles back and forth between the low-J and high-J
repeller points. It is evident that in the absence of high-J
attractor, the probability of grain getting high angular
momentum significantly is reduced, and grains do not get
as high angular velocities compared to the case when the
high-J attractor is present.

As we discussed in Section 9, the pinwheel torques can
stabilize the grain rotation in the low-J attractor point.
In this situation, the time scale of grain at low-J align-
ment and therefore of relatively slow rotation can be sig-
nificantly enhanced. This is the process that decreases
the rotational disruption of grains (see Section 5). How-
ever, due to thermal fluctuations in grain material (see
Appendix D), grains may experience thermal flipping,
which for some grains can significantly decrease the effi-
ciency of pinwheel torques (see Section 9.1).

4.4. FEffects of grain electric moment variations

Grain alignment and the rate of grain rotation can be
significantly affected by the randomization processes. In-
deed, the dynamics of grains that rotate at low-J or high-
J attractors is very different from the dynamics of grains
that randomly sample the entire parameter space.

A process of strong anomalous randomization was pro-
posed by Weingartner (2006), (henceforth W06). This
process questioned the applicability of all earlier studies
to the grain alignment in realistically turbulent ISM.

Astrophysical fluids, in particular, in the ISM, are tur-
bulent (see Larson 1981; Armstrong et al. 1995; Chep-
urnov, & Lazarian 2009, see McKee & Ostriker 2007 for
a review). The turbulent motions induce relative mo-
tions of dust with respect to the magnetic field. Grains
moving with respect to the magnetized gas due to tur-
bulent motions (Lazarian & Yan 2002; Yan & Lazar-
ian 2003; Hoang et al. 2012) experience the electric field
Eing = Vgrain/c¢ x B while moving with velocity Vgyain in
the magnetic field B. This is the field that is experienced
by the dust grain of velocity Virain as it, for instance per-
form Larmor rotation around magnetic field.

The electric field interacting with the grain electric
dipole moment induces an additional precession. It
was noted by W06 that if the electric dipole moment

of the fast alignment there was ~ 60 precession times of the grain
with thermal value of angular momentum Ijwr.

of a grain changes, this causes an additional random-
ization. This process that can be termed ”anomalous
randomization” was further elaborated in Weingartner
(2009) (henceforth JW09).

We address the problem in Appendix B and our cal-
culations demonstrate that the effect of the variations of
grain electric moment is suppressed and not important
for astrophysical settings.

4.5. Significance of damping rate

The most trivial consequence of the damping torques
is that the rotational rate of grains in high-J attractors
is determined by the balance of RATs or METSs and the
damping torques acting on a grain. From the point of
view of alignment the comparison of the times of the
alignment and damping is of more value. The process of
fast alignment was introduced in LHO7. This fast align-
ment drives grains to the low-J attractor and it takes the
time of the order of the period of grain precession ~ Q;afi
(see Equation (15). Similarly, for METs the correspond-
ing time is of the order of tmeen given by Equation (16).
If the Tgamp given by Equation (31) is less than any of
these time scales, the corresponding process of alignment
is completely suppressed.

However, in the presence of gas randomization, align-
ment in the low-J attractor is unstable (see Figure 9; also
Hoang & Lazarian 2008, 2016b). Perfect alignment with
the high-J attractor points takes place over a few Tqamp
(see Figure 11, upper panel). Thus, rather counterintu-
itively, the faster damping may correspond to faster per-
fect alignment of grains. However, this can be physically
understood because the perfect alignment is achieved by
the transport from the low-J to high-J attractors. In this
picture, fast damping corresponds to faster randomiza-
tion of grains at the low-J attractor and faster transport
of the grains to the high-J attractor.

The process of grain alignment depends on the effi-
ciency of internal alignment, i.e., the alignment of J with
respect to the axis of the maximal moment of inertia.
If the rate of internal relaxation 7, given by Equa-
tion (D5) is less than the rate of Tgamp, the alignment
takes place without effects of internal relaxation. It was
shown in Hoang & Lazarian (2009a) that its properties
are different from the alignment in the presence of in-
ternal relaxation. In particular, the alignment at low-.J
attractors can happen with grain long axes parallel to
the alignment axis. In case of g being the largest pre-
cession frequency, this means the alignment with grain
long axes parallel to B. This may be the case of suffi-
ciently large grains. At the same time, depending on the
radiation intensity, 7,,! can be longer than the rate of
fast alignment ~ ,4. This means that, on short scales,
the transient RAT alignment can happen with long grain
axis parallel to magnetic field. This is an important effect
to keep in mind for the grain alignment and disruption
in the vicinity of the time-dependent radiation sources.
Naturally, the same conclusions are applicable to METs
with shocks aligning long grain axes parallel to the direc-
tion of shock propagation. Note, that on the time scales
~ T the alignment can changes its direction.

5. ROTATIONAL DISRUPTION OF GRAINS BY
RATS
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Fast rotating grains can be disrupted due their cen-
trifugal stress. We show below that the rotational dis-
ruption is very closely associated with grain alignment,
and its efficiency depends on different parameters in anal-
ogy to grain alignment.

5.1. Disruption size and time for fast rotating grains

Astrophysical grains cannot withstand high centrifugal
stress with the critical velocity of rotation that depends
on the grain composition, grain structure and shape
(Hoang et al. 2019). Rotational disruption of grains by
RATSs (namely RATD) was evaluated in Hoang (2019) for
different structures, assuming the maximal efficiency of
RATSs arising from the typical ISRF and the enhanced
values of the radiation field. Composite grains were
shown to disrupt starting at the size ~ 0.2 ym for the
standard ISRF and gas properties (Mathis et al. 1983).
For grains closer to a star, for instance, with the 10 times
the ISRF, even compact grains of ~ 0.5 um are subject
to disruption.

Let Snax be the tensile strength of the grain material.
A spherical grain of radius a spinning at angular velocity
w experiences an average centrifugal stress S = pa®w?/4
acting on the plane through the grain center. The crit-
ical angular speed above which the grain is disrupted is
determined by setting S = Shax, yielding,

2 (Smax>1/2 3.65 x 108 <Sma,(‘7>1/2 .
Wdisr = — | —— ~ — rads
a 0 a_s

p
where Spaz7 = Smax/(107ergem=3).

If the grain is being spun-up to the high-J attractor
point by the radiation source with stable luminosity, the
radiative torque I'gar is constant, and the grain velocity
is steadily increased over time. The maximum angular
velocity of grains spun-up by RATS is given by

I'RATTdamp
I ’

where T'rar is given by Equation (25), and the factor
a7 in the inertia moment I; is taken to be unity. The
situation is different for grains being moved to the low-J
attractor point. The angular momentum of such grains
decreases.

For a general radiation field, the maximum rotation
rate induced by RATSs is given by

WRAT = (35)

- U
WRAT ~ 9.22 X 1077,1&57,)\(;;'7 ( 1/2)
n1T2

1
— |rads7! 36
x(1+FIR)ra s, (36)

for grains with a < a@trans, and

- U
wrar =~ 1.42 x 10%y_1a 2N\ 5 5
711T2

1
- - ds™!
X <1+FIR)ra s, (37)

for grains with @ > agans. Here y—1 = /0.1 is the
anisotropy of the radiation field relative to the typical
anisotropy of the ISRF.

The minimum size of grain disruption is obtained by
setting wraT = Wdisr, yielding

T2 1/1.7
agisr = 0.22X0,555/ 5% (1 + Fip) V17 <v1—12U> ((38)

The disruption size depends on the tensile strength,
gas property, and radiation field. For composite grains
of Spmax ~ 107 ergem ™3, large grains of a > 0.2 um are
already disrupted even with the standard ISRF of U =
1. The minimum size of rotational disruption decreases
with increasing the radiation intensity, but increases with
increasing the gas density. The maximum rotation rate
increases rapidly with a, implying that largest grains are
easier to be disrupted than small ones, but very large
grains (e.g., ¢ 2 10 um) may not be disrupted due to
the decrease of wrat with a for a > agrans (Hoang 2019;
Hoang et al. 2019; see Hoang 2020 for a review).

The characteristic timescale for grain disruption is de-
fined as

deisr

~ 10°(YU) "IN AY2SY 2 1a= 27 yi(39)

tdisr min —
IraT

for agisr < @ 5 Gtrans, and
tdisr,min = 7~4(’7U)_15‘aéﬁ1/25i1/;x77a2*5 yr (40)

for airans < @ < adisr,max (Hoang 2019).

The minimum disruption time is the disruption time
for fast disruption case, or for grains already aligned at
high-J attractors prior the enhancement of the radiation
field by transients (Hoang et al. 2019; Giang et al. 2020).
The disruption time also depends on the angle between
the radiation and magnetic field because of the depen-
dence of the angular momentum spun-up by RATSs on 1
as shown in Figure 10. The disruption time varies within
a factor of 3 for ¢ < 45°, but it can increase significantly
for ¢» — 90°.

5.2. Dependence of disruption on angle 1 between
alignment azis and radiation

If grains are aligned with respect to the magnetic field,
as shown in Figure 8, the fraction of grains aligned with
high-J attractors increases with increasing the angle 1
between the radiation and the magnetic field, assuming
fixed §,, and ¢™**.

Moreover, the value of J at the high-J stationary point,
i.e., the maximum angular momentum, depends on the
angle between the magnetic field and the radiation direc-
tion. Figure 10 illustrates this dependence. For ¢ < 45°,
the maximum rotation rate essentially decreases by a fac-
tor of 3, depending on the value of ¢™**. When the
radiation is nearly perpendicular to the magnetic field,
1 — 90° and grains are aligned with respect to the mag-
netic field, then the rate of grain rotation decreases sig-
nificantly. As a result, the disruption size and time of
rotational disruption change slowly for v < 45° due to
weak dependence of agis on wrar (see Eq. 38). The
disruption is inefficient when the radiation is perpendic-
ular to the magnetic field, such that grains can with-
stand higher intensity radiation exposure. Note that suf-
ficiently strong radiation beam can change the direction
of grain alignment, imposing the dominant precession
with respect to the radiation direction.
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F1G. 10.— Dependence of the angular momentum at the high-J
stationary point as a function of the angle ¢ between the radiation
beam and the magnetic field, assuming different values of ¢"™2* for
RATSs from the AMO. We assume a grain size a = 0.2 pm, physical
parameters of the ISM and ISRF. The darkened area corresponds to
the region where effects of grain randomization become important.
Modified from Lazarian & Hoang (2019).

5.3. Alignment of Grain Fragments

The fragments of the disrupted grains will have the an-
gular momentum of the initial grain. This does not nec-
essarily guarantee that the fragments are going to have
their angular momenta in the same direction as the dis-
rupted grain, but, nevertheless, makes their alignment
with the initial angular momentum rather likely. There-
fore, if the fragments have the high-J attractor point, the
fragments are also likely to find themselves in the high-J
attractor points. Such fragments are likely to be both
aligned and, if RATSs are strong enough, may be subject
to further disruption.

If the fragments have only low-J attractors, they are
bound to slow down and lose a high degree of align-
ment. Such fragments are unlikely to experience further
disruption. If grains had magnetic inclusions, the frag-
ments with the inclusions will be aligned and may be
further disrupted. Within sufficiently strong radiation
sources, this disruption process can result in a population
of grains that only consist of the pure magnetic material
with high tensile strength, provided that these resulting
inclusions are sufficiently large that they can be spun up
by RATsS.

6. TIME DEPENDENCE OF GRAIN ALIGNMENT
AND ROTATIONAL DISRUPTION

In this section, we discuss time-dependence alignment
and disruption, which is particularly important for grains
subject to transients such as supernovae (SNe), novae
and kilonovae, and Gamma-ray bursts (GRBs).

6.1. Role of grain randomization and transport of
grains from low-J to high-J attractors

If RATs/METs align grains with high-J attractors, a
fraction fhigh—y of grains are rapidly driven to the high-J
attractor (see Figure 5). For grains with strongly mag-
netic inclusions, the values fnigh—j increases to ~ 50%
(see Figures 7 and 8). Thus, a fraction fuigh—y grains

experience fast alignment and fast disruption. In this
section, we discuss the effect of slow alignment and dis-
ruption that occurs with 1 — fuign—g fraction of grains
that are first driven to the low-J attractor by RATSs (see
Figure 5).

As shown in the upper panel of Figure 9, randomiza-
tion by gas collisions occasionally drive grains from low-J
into high-J. Eventually, all grains establish their stable
alignment at high-J attractors (see also Hoang & Lazar-
ian 2008, 2016b). This corresponds to time-dependent
grain alignment and disruption. The terminal timescale
is several gas damping time Tqamp for ordinary paramag-
netic grains.

To understand the effect of dust in vicinity of tran-
sients (SNe and GRBs) on their signal, it is important to
know how the time-scale for the alignment of an ensem-
ble of grains toward the high-J attractor. To understand
how this time-scale is changing with the intensity of ra-
diation we performed numerical calculations as in Hoang
& Lazarian (2008) of grain dynamics for an extended
period of time for two different intensities of incoming
radiation. Specifically, we solved the equation of motion
for an ensemble of N, grains with initial orientation uni-
formly distributed, subject to RATs with thermal fluc-
tuations, gas damping and randomization, and magnetic
relaxation.

Figure 11 shows the temporal evolution of different
alignment measures for two radiation strengths, U = 1
and U = 5. Here, R is the Rayleigh reduction factor
which describes the alignment of the grain principal axis
with the magnetic field and calculated as

1A (Beos?E — DQx ()
Ner 2 ’

i=1

R =

(41)

Q@ is the measure of the alignment of J with the mag-
netic field:

1 (3 cos? fl -1)
42
J Ngr Z ) ( )
=1
and @Qx characterizes the alignment of grain axes with
respect to J. For an oblate grain,

Qx(J;) x /07r gx exp (—J7[1 + (h — 1) sin® 0]) sin 0d6(43)

where h = I} /I, and qx = (3cos®6 — 1)/2 with 0 the
angle between a; and J.

In both cases, the alignment degrees reach ~ 50—100%
for t ~ 5 — 10tgas. To achieve perfect alignment, it re-
quires 10 and 100 tgas for the radiation strength U = 1
and 5, respectively. For the typical ISM, the correspond-
ing time is S 1Myr for ¢ < 10tg,s using Equation (23).
This time is short compared to the typical time scales of
the ISM evolution or grains near stable sources like stars,
but it is very long compared to the time of the evolution
of the evolution of the radiation flux from a transient like
SNe and GRBs.

The increase of the time-scale of alignment at high-
J with the increase of the radiation flux happens as
stronger RATSs force grains to the low-J attractors. Thus,
for the population of grains the increase of the radiation
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F1G. 11.— Temporal evolution of the alignment degrees for dif-
ferent radiation strengths, U = 1 (upper panel) and U = 5 (lower
panel). The grain size a = 0.2 pum, ¢™®* = 1, 6, = 100, and the
standard ISM are considered. Perfect alignment achieves at a later
time for a stronger radiation field.

intensity can decrease the disruption of grains. Our cal-
culations show that the rotational disruption is expected
only to a fraction of the grains in the vicinity of the tran-
sient radiation source. The fraction of disrupted grains
increases if grains have magnetic inclusions as the conse-
quence of the increase of the percentage of grain trajec-
tories leading to the high-J attractors (see Figure 7).

If RATs align grains without high-J attractors, i.e.,
only low-J attractors exist, in the state of low-J align-
ment, grains are subject to randomization. Gaseous
bombardment presents such a source of randomization.
It was shown in Figure 9 (lower panel) that if a grain
leaves the stationary point of low-J, it wanders in the
phase space for a while before it returns to the low-J
point. Potentially, during these wandering the grain an-
gular momentum can exceed wy; - and, as a result, be dis-
rupted. However, this is an inefficient process, as RATs
force the grain towards low-J attractors.

Due to thermal fluctuations in grain material, it is dif-
ficult to decrease the rotational temperature of a grain

less than Ty. As a result of collisions with the mass of
hydrogen atoms equal to the fraction of the grain mass
MgrainTd/Tgas, the grain gets randomized at the low-J
alignment point. During this time RATSs push the grain
towards the low-J alignment. Therefore, very strong
RATSs may not induce any appreciable RATD if only low-
J attractors exist.

If the radiation is strong enough, the alignment axis
can change to be the radiation axis. This change is more
likely to paramagnetic grains compared to the grains
with strong magnetic response.

6.2. Fast and slow disruption

In Section 3, we have shown that a fraction of grains
aligned by RATs are directly moved to the high-J attrac-
tor and experience fast alignment. Assuming that the ra-
diation field is strong enough, such fast alignment grains
can be disrupted by centrifugal stress on a timescale less
than the gas damping, which is called fast disruption.
The timescale of the fast disruption is given by Equation
(40).

The parameter space for the high-J attractor points
for the RAT alignment, i.e., fast disruption, is shown
in Figure 6. There, the angle 9 is the angle between
the radiation beam direction and the axis of alignment,
which is the direction of the ambient magnetic field B,
provided that the Larmor precession is faster than that
induced by the radiation. In the opposite case, the ¢ = 0,
i.e., the direction of the beam coincide with the axis of
alignment.

The fraction of grains that experience fast disruption,
fhigh—J, is shown in Figures 7 and 8 for different param-
eters of grain shapes (¢™®*), the radiation direction (v),
and the magnetic susceptibilities (0,,). As shown, for
strongly magnetic grains with 6,, > 103 (i.e., superpara-
magnetic material), the existence of high-J attractors is
guaranteed for any angle between the radiation direction
and the magnetic field 1, and a substantial fraction of
grains can experience fast disruption.

In Section 4, we have shown that grains aligned at
the low-J attractor point are gradually transported to
the high-J attractor due to gas collisions, and eventually
all grains reach the high-J attractor point. Such grains
can experience rotational disruption in more than a gas
damping time, which we term slow disruption. Thus, a
fraction of 1— fhign—j of grains experience slow disruption
for the case of alignment with high-J attractors.

The characteristic timescale for the transport from the
low-J to high-J attractor, which determines the time of
slow disruption can be described by

Ty
tslow ~ tdisr,min + A —=——Tdamp>
Tgas

(44)
where « is a factor that depends on the parameter space
of the ¢ corresponding to the trajectories towards to high-
J attractor point (e.g., ¢™** and ¢,,) as well as the radi-
ation intensity.

Figure 11 shows that it takes « is increasing with the
radiation strength U. For instance, it can be of the order
of 10% for U = 5 compared to ~ 102 for U = 1. This
is an important effect of ”capturing” of grains at the
low-J attractor points by strong radiation. Therefore we
expect that near the very strong sources of radiation,
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i.e. novae or supernovae, the large grains which were
at low-J attractors before the flash of light, will not be
rotationally disrupted. The actual dependence of a(U)
requires further numerical studies.

If the grains do not have high-J attractor point, all the
phase trajectories, follow towards the low-J attractor.
However, some of the grains can get sufficient angular
velocities as their phase trajectories approach the high-J
repeller point. The probability of grains reaching the ve-
locities comparable to the case of the grain with high-J
attractor point is low and we expect the grains with only
low-J attractor points to take significantly more time for
the RAT disruption. From the observational perspective
the grain without high-J attractor points are expected
to be significantly more stable in terms of rotational dis-
ruption.

6.3. Effect of variations of radiation flux on alignment
and disruption

With new observational facilities at optical-NIR wave-
lengths, including GMT, SPHEREx, LSST, TMT, E-
ELT, JWST and WFIRST millions supernovae explo-
sions and Gamma-Ray bursts will be detected. The sig-
nals from these transients will be affected by the prop-
erties of dust. Those are being changed both to grain
alignment and disruption.

Variable radiation sources, including variable stars, no-
vae, and SNe, make the grain dynamics even more com-
plex. However, for local interstellar grains, the situation
is simplified because prior transient explosions, they are
already being aligned by the average ISRF. In the case of
alignment with high-J attractors, most grains are driven
to the high-J attractor (see the upper panel of Figure 9)
because there is enough time for gas randomization to
transport grains from the low-J attractor to the high-J
attractor. As a result, the enhanced radiation by tran-
sients rapidly spin-up grains on high-J attractors to the
disruption limit. In this case, rotational disruption is
efficient. On the other hand, for the alignment with
low-J attractors, grains mostly spend their time expe-
riencing random motion during the rotation stage with
low-angular momentum (see the lower panel of Figure
9). Therefore, for grains being formed in the supernova
ejecta, only a fraction of grains with the high-J attractor,
fnigh—y, can be fast disrupted by RATSs, whereas most
of grains survive because those grains experience slower
disruption that may be longer than the timescale of SNe
flash (see Equation 44).

The increase of the radiation flux can change the axis of
grain alignment if the radiation precession rate is larger
than the Larmor precession. Since the precession rate 1,
is inversely proportional to the magnitude of the angu-
lar momentum J as given by Equation (15), it changes
in the process of alignment. Therefore, when the grain
that is aligned with respect to the magnetic field is sub-
ject to the increased radiation flux, if Q < Qp, the
averaging over the fast Larmor precession still induces
F(¢ = 0) = 0 i.e,, RATs cannot change the direction
of J with the magnetic field because d¢/dt «x F'(§) = 0.
As a result, grains are directly spun-up to larger J by
the spin-up torque component H. On the other hand,
if Qr > Qp, RATs may start realigning grains with re-
spect to the radiation direction. Depending on the angle
between the radiation direction and the magnetic field,

grains can first be spun-up before spun-down to low-J
attractors or are directly driven to a new low-J corre-
sponding to k-alignment (see Figure 5). However, if the
new position corresponds to the parameter space with
the high-J attractor, on the time scale of the order of
a damping time the grain phase trajectory will be di-
rected to the that attractor. The corresponding increase
of the angular momentum can make Qp > €, which
will induce the realignment of the grain with its phase
trajectory following to the initial low-.J attractor with
respect to B till the angular momentum decreases to the
degree that Qp > Qp. After that the grain will follow
again to the low-J attractor point with respect to k.

Similarly, the alignment with respect to the electric
field can be changed to the alignment with respect to the
magnetic field if the grain angular momentum increases.
The latter can happen due to the grain trajectory moving
towards the high-J attractor or due to the increase of the
amplitude of RATs or METs due to the change of the
external driving.

6.4. Grains near stable intense radiation sources

As shown in Figure 11, grains subject to intense radi-
ation sources take longer time to move from the low-J
to high-J attractors under gas randomization. To de-
scribe the rate of slow alignment, i.e., rate of driving
from low-J to high-J attractors via gas randomization, we

introduce a dimensionless parameter U/(n,T: 21 / %), which
is proportional to the ratio of the radiation flux to the
gas flux. The timescale of slow alignment and disrup-
tion is expected to increase with increasing U/ (n1T21 / %).
Thus, the time-dependence alignment shown in Figure
11, which are calculated for the typical ng and Tg,s, can
be applicable for arbitrary environments with the same
U/(mTy"?).

For example, in environments surrounding young stars
and photodissociation regions (PDRs) where both ny
and U are substantially elevated from the diffuse ISM
(see Hoang & Tram 2020), the characteristic timescale
of slow alignment/disruption is not different from the
diffuse ISM. As a result, if high-J attractor exists, grains
can be driven to its in less than 10¢qamp, which is < 102
yr for ng > 10*em =2 (see Equation (23)). This is short
compared to the dynamical timescale, thus, rotational
disruption and grain chemistry can be efficient in star-
forming regions and PDRs.

7. APPLICATION TO METS

MEchanical torques (METSs) acting on irregular grains
were introduced in Lazarian & Hoang (2007b) in the di-
rect analogy with RATs. They are not explored as well as
RATSs. Observations (see Andersson et al. 2015) testify
that RATs provide the dominant mode for grain align-
ment and, in the general ISM, the alignment of grains
with sizes smaller than those that are expected to be
aligned by RATs is marginal. METSs, however, may be
dominant in particular astrophysical settings.

7.1. Alignment and rotation induced by METs

Indeed, the AMO is a model of a helical grain and
its alignment and rotation does not depend whether the
grains are exposed to the flux of photons or the flow of
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atoms bombarding the mirror (see Fig. 2). The details of
the interaction of atoms with the mirror, e.g. reflection
or absorption with the subsequent evaporation, change
the magnitude of METSs by a factor of unity and do not
change the nature of alignment for the model. The nu-
merical simulations in Hoang et al. (2018) confirmed that
the effect of the MET alignment is present and strong.
However, they testified that while AMO provides good
accuracy for representing RATS, its ability to reproduce
the properties of METSs is limited.

As a result, the MET alignment theory is less devel-
oped compared to the RAT theory. In particular, it has
been established that the properties of uncompensated
MET torques vary significantly from those predicted
within the AMO. This is the consequence of the fact
that while radiation samples the entire grains and there-
fore feels the overall grain helicity, the flow of imping-
ing atoms samples only the effective helicity of the given
rotational-averaged facet of a grain. As the grain gets
aligned and shows another facet, the effective helicity can
change, making the process of both alignment and cor-
responding spin-up significantly more complicated. This
explanation is consistent with the properties of METs
revealed both by analytical calculations in Das & Wein-
gartner (2016) and numerical calculations in Hoang et al.
(2018). Therefore, in our present study, we mostly focus
on the effects of RATs and use the analogy between RAT's
and METsSs to obtain the corresponding conclusions about
METs.

7.2. Calculation of METs

The analytical calculations of METs were performed
for the toy model of grain modeled by AMO in Lazarian
& Hoang (2007b). AMO is a too simple model quantita-
tive calculations of MET's and corresponding calculations
suggesting that the efficient alignment is possible for very
subsonic flows interacting with the grain are likely to
over-estimate the efficiency of METs. Das & Weingart-
ner (2016) used 13 irregular grain shapes modeled by the
Gaussian Random Spheres and provided elaborate cal-
culations supporting the idea of MET alignment. Both
similarities and differences from the AMO calculations
were revealed there. Finally, Hoang et al. (2018) per-
formed numerical simulations bombarding grains of se-
lected random shapes with a flow of atoms. The upper
panel of Figure 12 illustrates the shapes studied, and the
lower panel shows the trajectory map of grain alignment
by METs.

METs calculated in Hoang et al. (2018) exhibit a
strong dependence on grain shape. Nevertheless all the
calculations supported the core idea in Lazarian & Hoang
(2007b) that irregular grains generically exhibit helicity
while interacting with gaseous flows and the correspond-
ing regular torques dominate the stochastic Gold (1952)
torques. The strength of METSs systematically increase
with the grain drift velocity.

The difference between RATs and METS in terms of
the numerical studies stems from the available tools,
the complexity of the problem and the importance of
the problem as it is perceived by the community. The
progress in understanding of the strength of RATs was
possible due to the DDSCAT code in Draine & Flatau
1994. The analog of such powerful code does not exist for
the mechanical torque studies. In terms of the complex-
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FiG. 12.— Upper panel: Grain shapes used for study METs.
Lower panel: The phase trajectories of number 6 grain shape for
different 1. For ¢ = 30 degrees the stationary point is is high-J
repeller. This changes to the high-J attractor for ¢» = 60 degrees.
From Hoang et al. (2018).

ity, METs do not show a similar degree of the universality
that is observed for RATs. This is reflected by the fact
that while AMO provides a good quantitative model for
RATSs, for METsS, it gives only the qualitative guidance.
In addition, while RATSs have provided the main expla-
nation for the interstellar grain alignment (see Andersson
et al. (2015)), METs are viewed as an auxiliary mecha-
nism for particular astrophysical settings. Nevertheless,
as the numerical simulations in Hoang et al. (2018) tes-
tify the dynamical importance of METs, these torques
deserve more detailed study.

7.3. New types of METs: Photoemission Torques and
torques from variations of grain properties

As we discuss in Section 9.1 photoemission, the vari-
ations of the accommodation coefficient and the forma-
tion of Hy molecules over grain surface can produce pin-
wheel torques Purcell (1979). This torques assume the
isotropic arrival of atoms of photons to the grain sur-
face. This property corresponds to the isotropic RAT'Ss
(see Appendix F). However, the fact that there should
exist the anisotropic Purcell’s torques that have proper-
ties of METs was missed in earlier studies.

Similarly, in the presence of the directed flux of atoms
that induced METS, the variations of grain accommo-
dation coeflicient also induce helical grain response. In
other words, such grains can be not only spin up, but
can be aligned by the radiation and the gaseous flux,

1.0
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respectively, even if the grains are regular, e.g., perfect
spheroids. For grains with the variations of the accom-
modation coefficient, the alignment is one of the ver-
sions of the MET alignment that was introduced and
tested for grains with irregular shapes. Similarly, we note
that grains with irregular shapes are expected to experi-
ence isotropic pinwheel torques being subject to isotropic
bombardment. The corresponding torques are expected
to be long-lived, i.e. survive for more than a rotational
damping time Tqamp-

Consider the photoemission from grains. If radiation
is anisotropic, the photoemission of electrons can ren-
der effective helicity to the grain. At the same time,
the photoemission torques represent a completely new
Photoemission Torque (PT) alignment mechanism that
shares significant similarities with the MET mechanism.
Naturally, grain shape irregularities can increase further
the efficiency of the PTs. The PTs are subdominant
compared to RATs when A ~ a, but may dominate for
A < a. In these settings, we can expect the PT align-
ment to take place. We shall provide the quantitative
study of the PT process elsewhere.

The directed flux of hydrogen atoms can also produce
the MET torques, provided that the diffusivity of atoms
over grain surface is limited. In this situation, the di-
rected ejection of Hs atoms formed on catalytic sites is
expected to induce the METs. If, however, atoms are
free to diffuse over grain surface, the torques can induce
only grain spin-up rather than the alignment.

We feel that PTs may be one of the most promising
incarnations of the METs. While the suppression of tra-
ditional pinwheel torques can take place due to thermal
flipping (see Section 9.1), the PT alignment and other
types of alignment induced by the mechanical flows are
not suppressed by the aforementioned effect. Similar
to the RAT alignment the alignment arising from Pur-
cell torques from a directed flow proceeds irrespectively
whether grains perform thermal thermal flipping or not.

7.4. METs for grains with magnetic inclusions

METSs were introduced in Lazarian & Hoang (2007b)
using the same model of AMO as RATSs employed. Later
in Lazarian & Hoang (2008) the combination of AMO
and enhanced magnetic relaxation was introduced for the
RAT alignment. The potential importance of this model
for explaining the high value of the observed interstel-
lar polarization was demonstrated in Hoang & Lazarian
(2016b). The MET alignment was in the shadow of more
promising RAT alignment and therefore there were no
similar developments for the MET alignment. Here we
attempt to compensate this deficiency by explaining how
enhanced magnetic relaxation changes the MET align-
ment as well as the MET rotational disruption.

Figure 12 shows that, similar to the case of RATSs, the
phase portraits of MET may or may hot have high-J
attractors. Magnetic dissipation is expected to stabi-
lize high-J stationary points, creating the high-J attrac-
tors. For instance, the we expect the high-J repeller for
1 = 30° to transfer into an attractor point if §,, gets
sufficiently large.

Similar to RATs, METSs, in the presence of randomiza-
tion, are expected to bring the a significant part of grains
with strong magnetic response into the high-J attrac-
tor points over a grain randomization time TyanaZ/ Tyas-

This is expected to make grains perfectly aligned with
the magnetic field. Similar to the case of RATS the in-
crease of magnetic susceptibility is going to increase g,
making the alignment with the radiation direction less
probable.

In terms of disruption, the presence of magnetic inclu-
sions will increase the percentage of grains that are be-
ing disrupted by the shocks that are not perpendicular
to magnetic field. For the shocks perpendicular to mag-
netic field one may expect, similar to the case of RATS,
a reduction of the torque amplitude.

For the fragments of disrupted grains, we, similar to
the case of RATD, expect them to be aligned and be
subject to further disruption if the METSs are sufficiently
strong. Unlike RATSs, we do not expect the decrease of
the grain size to affect the METS efficiency. As the frag-
ments with magnetic inclusions are expected have high-J
attractors, the disruption of grains with magnetic inclu-
sions in shocks is likely to separate magnetic inclusions
from the rest of the grain material. This can result in
the appearance of isolated magnetic nanoparticles in the
ISM. Such nanoparticles can be an important ingredi-
ent of the ISM responsible for the microwave foreground
emission (Hoang & Lazarian 2016a).

7.5. METs and other types of torques

In Hoang & Tram (2019) the disruption of small grains
in shocks was considered. Such grains passing through
the shock are subject to stochastic bombardment of high
velocity atoms and get significant rotational velocities
that are sufficient to induce grain disruption.

It was mentioned in Hoang & Tram (2019) that METs
can provide higher degrees of rotation and increase the ef-
ficiency of grain disruption. Indeed, being regular, METs
dominate the stochastic torques. Therefore, the dynam-
ics of realistic irregular grains should be mostly domi-
nated them.

Assuming that METs dominate RATs in shocks, we
can discuss the response of grains to the MET alignment.
This response depends on the orientation of magnetic
field with respect to the shock as well as to the magnetic
properties of grains.

For grains with high magnetic response, e.g. grains
with inclusions, the alignment happens with respect to
the magnetic field direction. If grains are already aligned
with magnetic field at high-J, the shock will increase their
rate of rotation and can result in the grain disruption
over the time ~ Iwqis,/T'mET, Where Iy is the ampli-
tude of MET torques, provided that this time is less than
the time of the shock passage, which is

L
Vsn

where L is the shock thickness that depends on the phys-
ical parameters including gas density, magnetic field, and
shock velocity (see Hoang & Tram 2019). For slow shocks
considered in Hoang & Tram (2019)), the grain stopping
time is longer than the shock crossing time. The stochas-
tic torques increase the rate of grain rotation making
grain rotational disruption more probable. The magni-
tudes of METSs are expected to decrease when shocks are
perpendicular to the magnetic field.

If grains do not have an enhanced magnetic response,

Tsh =

(45)
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they can be aligned both at high-J and at low-J attrac-
tor points initially. If the grains are aligned with mag-
netic field at high-J attractors prior to the passage of
the shock, the shock is expected to spin-up such grains
further, provided that Qg > Q.

If grains are aligned with magnetic field at low-J at-
tractor points, their realignment on the time scale ~ Q,:l
with the shock direction will take place provided that £
is larger than Qg of a slowly rotating grain. During this
realignment most irregular grains will be moved to the
low-J attractors and therefore will be slowed down by
METs. In other words, METs can force grains in the
states of low-J and this way METs can decrease the rate
of grain rotation compared to the rotation induced by
pure stochastic torques. This presents an interesting ex-
ample of rotational cooling induced by METs.

8. ALIGNMENT AND SELECTIVE DISRUPTION
OF DIFFERENT TYPES OF GRAINS

For both RATs and METs their action on grains de-
pend on whether the grains are getting aligned with the
magnetic field, or the flow or the electric field.

8.1. Silicate grains

In the absence of magnetic inclusions the silicate grains
are expected to exhibit paramagnetic properties. The
corresponding precession rate of silicate grains in typical
interstellar magnetic fields are significantly larger to the
precession rates of grains with respect to the anisotropy
direction of the ISRF. According to Herranen & Lazarian
(2020) a significant part of grains in their ensemble of
shapes is expected to be aligned at high-J attractors,
which makes Qp > Q for the typical radiation field.
In the case of METS, only highly supersonic shocks can
realign grains with respect to k.

8.2. Carbonaceous grains

The alignment of carbonaceous grains by RATSs was
recently described in Lazarian (2020). The difference be-
tween the pure carbonaceous grains and the silicate ones
arises from the rate of grain precession in the magnetic
field, which is related to their diamagnetic properties vs.
paramagnetic properties of silicates. In this situation,
other effects that induce grain precession become more
important. For instance, this increases the relative role
of RATSs in defining the grain alignment axis, making
the k-RAT alignment more important for carbonaceous
grains compared to their silicate counterparts.

Lazarian (2020) identified the alignment of grains with
respect to the electric field an important mode of car-
bonaceous grain alignment (Lazarian 2020). The physi-
cal reason of this is that grain precesses fast in the electric
field as discussed in Section 2. The RAT and MET align-
ment happen with respect to electric field, and the elec-
tric field is perpendicular to the magnetic field. There-
fore the RAT and MET alignment for the carbonaceous
grains with fast internal relaxation happens with long
grain axes with respect to electric field. This means that
in the process of such E-alignment the grain get aligned
with long axes parallel to magnetic field.

If gyrofrequency wgyro is much slower than € the
alignment happens instantaneously. Different grains will
have different g and some may have high-J attractor

points. At the same time for some g there may be
no high-J attractor points. As a result, the dynamics of
grain alignment is getting much more complicated com-
pared to the alignment of silicate grains. The details of
this dynamics will be presented elsewhere.

Due to lower magnetic susceptibilities of carbonaceous
grains, it is more likely to get situations with €2 being
the highest frequency, i.e., the alignment with respect
to k is more likely. According to Figure 6 the proba-
bility of having ¢™®* appropriate for having high-J at-
tractor points is low. Therefore, the perfect alignment
of carbonaceous grains aligned in k direction by RATs
is unlikely. Similarly, we expect to have a significantly
reduced disruption of such grains by RATs. Keeping
in mind the analogy of the action of RATs and METS,
we conclude that similar reduced alignment and reduced
disruption by METsS is expected for grains aligned in k-
direction.

If the randomization of carbonaceous grains happens
faster than the alignment, the disruption of such grains
is going to take several grain damping times. If, how-
ever, the alignment happens in relation to the radiation
or magnetic field, the RAT disruption of carbonaceous
grains will depend on whether the grains are aligned at
the low-J or high-J attractor points and what is the angle
between the grain axis of alignment and the direction to
the radiation source. We expect the MET disruption to
follow qualitatively to the same dependence, the predic-
tions for this case are less certain due to the difficulties
of applying AMO to METs.

8.3. Composite silicate-carbonaceous grains and grains
with magnetic inclusions

Composite grains containing both silicate and carbona-
ceous fragments are expected to get aligned similar to the
silicate grains. Indeed, the precession rate of composite
grains is expected to be comparable with that of sili-
cate grains and therefore the E-alignment is going to be
subdominant, unless grains have extremely large veloci-
ties or magnetic field experience really dramatically fast
compression, e.g., as in supernovae shocks.

Grains with iron inclusions have both significant ad-
ditional paramagnetic relaxation (Jones & Spitzer 1967)
and significantly larger magnetic moment. Both effects
result in much more efficient B-RAT and B-MET align-
ment. Indeed, it was shown in Lazarian & Hoang (2008)
that the enhanced magnetic dissipation stabilizes high-J
stationary points, making them attractor points. Further
studies in Hoang & Lazarian (2016b) revealed that even
a moderate increase of grain magnetic susceptibility, e.g.,
an increase by a factor of 10, can ensure that grains for
the entire parameter space have high-J attractor points
(see Figure 8) and can be perfectly aligned with long
axes perpendicular to the magnetic field (see Figure 11).*
The higher magnetic moment of the grains increases the
range over which the magnetic field provides the fastest
precession and therefore acts as the alignment axis.

4 Incidentally, the presence of magnetic inclusions makes the
internal relaxation more efficient (Lazarian & Hoang 2008), mak-
ing sure that the parameter space for which the grain alignment
happens in the absence of internal relaxation. Therefore, the pa-
rameter space the low-J alignment that happens with long grain
axes parallel to axis of the fastest precession introduced in Hoang
& Lazarian (2009a) shrinks.
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It was argued in Hoang & Lazarian (2016b) that a sig-
nificant part of interstellar grains may have magnetic in-
clusions and thus exhibit an enhanced magnetic response.
In this situation, over a few damping times such grains
will find themselves at high-J attractor points. The lower
rate of grain rotation for ¢ close to 90° would allow
the grains in such situations to withstand the centrifu-
gal stress (see Figure 10). Therefore, we predict that
large grains are expected to exist for ¥ of the order 90°,
and detection of such grains may determine the magnetic
field direction provided that the location of the radiation
source is known.

We note, however, that even in the presence of mag-
netic inclusions, a fraction fuigh—j are rapidly disrupted,
whereas 1 — fnigh—j fraction of grains first move to the
low-J attractor points. Therefore, we expect the perfect
grain disruption to take several damping times, i.e., the
time that it takes for grains at low-J to move to high-J
attractor points by gas collisions.

The previous considerations are relevant to B-RAT or
B-MET alignment. In the case Q > Qp, the k-RAT
alignment takes place. In this case, the role of magnetic
inclusions is limited to the enhancement of internal re-
laxation (Lazarian & Hoang 2008) which decreases the
parameter space for the "wrong” alignment with grain
axes parallel to k.

9. EFFECTS OF PINWHEEL TORQUES

For decades the studies of the grain alignment
field were limited by stochastic torques. The situa-
tion changed when Purcell (1979) introduced pinwheel
torques. These torques can be important both for the
RAT and MET alignment. In this section, we discuss
how Purcell’s torques can modify the alignment and dis-
ruption. We also outline the uncertainties associated
with these torques.

9.1. Pinwheel torques

The regular uncompensated torques proposed by Pur-
cell (1979) act in the local frame of grain reference. They
can arise, for instance, from the variations of the accom-
modation coefficient over grain surface. This coefficient
controls whether the impinging atom sticks to the surface
or rebounds. It is natural to assume that this coefficient
is not uniform but varies over the surface. Provided that
these variations are large enough, the grain can be spun
up to the velocities significantly larger than grain ther-
mal velocity. Similarly, interstellar grains are likely to
form Hs not over their entire surface, but on the partic-
ular catalytic sites which are randomly distributed. The
recoil from the nascent Hs was shown by Purcell (1979)
as a potent way of spinning up the grains. Finally, the
photoemission of electrons from grain surface was the
third Purcell (1979) process of grain suprathermal spin-
up. This process is caused also by the expected inhomo-
geneity of grain surface, this time the inhomogeneity in
terms of the variations of the photoelectric yield.

It is usually assumed that the strongest among the
Purcell’s torques are the torques arising from Hy forma-
tion over catalytic sites distributed over the grain surface.
The comparison of these torques with the typical RATs
arising from the ISRF is shown in Figure 13. We provide
more details about pinwheel torques in Appendix G.
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Fic. 13.— Comparison of Ho pinwheel torques and RATSs as a
function of grain size for the ISM. The shaded area represents the
range of normalized to the thermal value pinwheel torques arising
the H2 formation with a range of the active site density «, and
the solid line shows RATSs for an irregular grain (shape 1 in LHO7)
and the ISRF. For Hy pinwheel torques, the upper boundary cor-
responds to one site per a grain of @ = 107% cm. For RATS, the
radiation direction is parallel to the magnetic field. From Hoang
& Lazarian (2009a).
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9.2. FEffects for high-J attractors and fast disruption

The interaction of the Purcell torques with the RAT
alignment was explored in Hoang & Lazarian (2009Db)
for the case of classical grains with fast internal relax-
ation. The effects of Purcell torques for grains aligned
with high-J attractor points is rather straightforward.
Provided that the RAT or MET torques dominate, the
increase of rotational rate is expected for 1/2 of the grains
with the corresponding decrease of the rotational rate for
the other half of the grains. As a result, pinwheel torques
can help to increase the angular velocity of grains at
high-J attractors established by RATS, increasing the ef-
ficiency of grain alignment and dust polarization. There-
fore, pinwheel torques extend the range of grain sizes
that can experience fast disruption. The minimum size
of grain disruption given by Equation (38) is decreased as
a result of pinwheel torques. Pinwheel torques can also
decrease the timescale of fast disruption. Observational
evidence for enhancement of grain alignment by pinwheel
torques was presented in Andersson et al. (2013), and nu-
merical modeling of grain alignment by RATs and pin-
wheel torques in support of this observation was shown
in Hoang et al. (2015).

9.3. Effects for low-J attractor points and slow
disruption

We now discuss the effect of pinwheel torques for
the alignment at low-J attractor point, which is impor-
tant for slow disruption process. In Hoang & Lazar-
ian (2009b), it was shown that the Purcell torques in-
crease the angular momentum for the grain low-J at-
tractor points. They also make phase portraits of grain
motion asymmetric. What is important for our discus-
sion of the grain disruption is that RATs and the Purcell
torques act in opposite directions when the grain is at
the low-J attractor point. Indeed, the effect of RATSs
when they move the grain towards low-J is to decrease
the grain angular momentum. Thus RATs and the Pur-

10.0
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cell torques act against each other when the grain is at
the low-J attractor point.

For typical ISM radiation field RATs dominate for 2
0.1 pm grains. In spite of that, the role of Purcell’s
torques may not be negligible. The strength of RATSs
decreases in the phase space in the vicinity of the low-
J attractor (see Figure 3). Thus Purcell’s torques can
increase the angular momentum that the grain has at the
low-J attractor point significantly, even if the amplitude
value of RATs is larger than that of the Purcell’s torques.
It is discussed in Hoang & Lazarian (2009b) that the
grain with the increased value of J at the low-.J attractor
demonstrates higher degree of grain alignment.

This is a challenge to the close connection between
the disruption and grain alignment that we discuss in
this paper. Indeed, grains stabilized at low-J attractors
by pinwheel torques may show the high degree of align-
ment, but not be subject to rotational disruption. This
is a challenging issue that can be addressed by simulta-
neous measurement of the polarization and the rate of
disruption in the vicinity of transients.

Another effect of the increased value of angular mo-
mentum is that the grain rotation at the position of low-J
alignment gets much more stable. Thus, the efficient ran-
domization of grains at low-J attractors described Hoang
& Lazarian (2008) gets suppressed. Therefore, the grain
can stay at low-J attractor point for long time. This has
significant implications that we list below.

First of all, in the presence of high-J attractor points
and in the absence of the stabilization of low-J attrac-
tor points by Purcell’s torques, the grains are expected
to diffuse to the state of high-J alignment in several
damping times. If pinwheel torques are present, the frac-
tion of grains directly to the high-J attractor increases.
At the same time, the corresponding residence time at
the low-J attractor may be significantly enhanced, mak-
ing the state of low-J alignment long lived. Thus, pin-
wheel torques can both increase the efficiency of fast
alignment /disruption and decreases the efficiency of slow
alignment /disruption. The time scale enhancement de-
pends on the lifetime of the Purcell torques as well as on
what happens as the torques change their direction, such
as thermal flipping as discussed below.

A very non-trivial effect is related to the alignment of
grains with only low-J attractor points in the presence
of both RATs and pinwheel torques. While, in this set-
tings, the pinwheel torques are increasing the degree of
alignment, the increase of the amplitude of RATs can
induce a decrease of the alignment degree.

Another implication of the stabilization of low-J at-
tractors is related to the alignment of grains with slow
internal relaxation. The latter drops with the increase of
the grain size and is also weaker for pure carbonaceous
grains (see Appendix D). The dynamics of grains changes
if the grains do not experience internal relaxation on the
time scale of their alignment. Hoang & Lazarian (2009a)
have shown that grains in the low-J attractor point will
be aligned in a "wrong way”, i.e. with long grain axes
parallel to the axis of alignment, e.g., with long axes par-
allel to magnetic field (see Appendix E). However, the
wobbling of grain direction at low-J attractor is expected
to decrease the effect of such ”"wrong” alignment. Sub-
ject to gaseous bombardment, the grain is expected to
spend a significant time rotating with long axes perpen-

dicular to the axis of alignment. If, however, the rotation
at low-J alignment is stabilized by the pinwheel torques,
a prominent "wrong” alignment is expected. Thus the
high degree of ”wrong” alignment can indicate the ac-
tion of pinwheel torques.

9.4. Thermal fluctuations and suppression of pinwheel
torques

The internal relaxation within a rotating grain tends
to align the grain axis corresponding to the grain maxi-
mal moment of inertia with the direction of J. However,
the high rate of internal relaxation taking place in grain
material does not ensure that the internal alignment is
perfect. It was demonstrated in Lazarian (1994) that
the grain axes directions experience thermal fluctuations
with respect to J with the rate 7. In agreement with
the Fluctuation-Dissipation Theorem, the amplitude of
fluctuations was shown to increase as the value of J be-
comes comparable of smaller than the grain angular mo-
mentum at thermal rotation. The analytical representa-
tion of grain internal alignment in the presence of thermal
fluctuations was obtained in Lazarian & Roberge (1997).

The rotational energy of the grain is minimal when
it rotates around the axis of the maximal moment of
inertia a;. If h = I;/I. > 1, the deviations of a; from
the direction of J are associated with the change of the
grain kinetic energy:

J2
E0) = 5T [1+ (h—1)sin”0]. (46)
I

The distribution of angle fluctuations obeys the Boltz-

mann distribution

10 ~ e (<) (47)

which testifies that for J > J;, the fluctuations in 6
are negligible, while they dominate the grain dynamics
for J < Ji,. For instance, for the plot of the alignment
torques F corresponding to J = 1073.Jy, in Figure 3,
we observe the change of the curvature in the vicinity of
cos& equal to plus and minus one. This is the result of
thermal wobbling and it shifts the position of the low-.J
attractor points.

The thermal fluctuations change the dynamics of align-
ment, i.e., they change the dynamics of crossovers that
were introduced by Spitzer & McGlynn (1979) as it dis-
cussed in Lazarian & Draine 1997). In addition, thermal
fluctuations can induce the flipping of grains on the scales
much shorter than the time of grain resurfacing. This ef-
fect termed thermal flipping was introduced in Lazarian
& Draine (1999b). The nature of this effect is simple:
as amplitude of thermal fluctuation increases, the grain
can flip reversing the direction of Purcell’s torques. Nat-
urally, if the thermal flipping is sufficiently fast, the Pur-
cell’s torques may not be able to accelerate grains giving
rise to a new element of grain dynamics termed thermal
trapping. Thermally trapped grains rotate thermally in
spite of the presence of the pinwheel torques (Lazarian
& Draine 1999b).

The rate of thermal flipping is uncertain, however. The
nature of thermal flipping was questioned in Weingart-
ner (2006), where it was noted that for oblate grains
there thermal fluctuations cannot alone flip the grain
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and reverse the Purcell’s torques. However, consider-
ing a more realistic model of flipping which includes not
only thermal, but also external random torques, Hoang
& Lazarian (2009b) demonstrated that the process of the
”thermal + bombardment” torques is valid. In a more
recent paper, Kolasi & Weingartner (2017) found that
even without external torques the process of flipping is
possible provided that the grain is not oblate, but triax-
ial. The quantitative study of flipping similar to that in
Lazarian & Draine (1999b) for the triaxial grains and ac-
counting for grain stochastic randomizing torques from
gaseous bombardment should be addressed in future re-
search.

Pinwheel torques definitely a part of grain dynamics.
These torques definitely act on grains rotating at high-
J attractor points. The current uncertainty is at what
grain sizes these torques are important for grains at low-
J attractor points. There they can stabilize low-J at-
tractors and significantly extend the time scale necessary
for the transfer of grains from low-J to high-J attractor
points. This can allow grains survival in high intensity
radiation fields.

Potentially, pinwheel torques can be strong enough to
provide grain disruption even without RATs.> For in-
stance, Figure 13 shows that for the typical interstellar
field the torques potentially can be comparable to RAT's
for grains larger than 0.1 um. Interestingly enough, the
RATs weak for the grain disruption may stabilize the
grains from flipping and the pinwheel torques can disrupt
the grains. This shows the the synergy of the pinwheel
torques with METs and RATs. With the decreased ef-
ficiency of RATSs acting on grains with a > A and the
Purcell torques may become the dominant torques for
the grain rotational disruption, e.g., grains larger than 1
pm, in the circumstellar accretion disks.

10. DISCUSSION

10.1. Deep connection of grain alignment and
rotational disruption

Rotational disruption is different from other known
processes of dust destruction (see Hoang 2020 for a re-
view). The selection of grains to be destroyed includes
the ability to withstand the centrifugal stress, which acts
against fluffy fractal grains as well as well grains com-
posed from the fragments with weak chemical bonds.
Observed far-IR spectrum of interstellar dust testifies
against the existence of fractal grains in the interstel-
lar environments (Mathis 1990), which can be seen as
the evidence in favor of rotational disruption controlling
the grain structure.

Our present study reveals an additional feature of ro-
tational disruption, i.e., its close connection to efficient
grain alignment. This alignment is present for grains
with high-J attractor points, and these grains constitute
a population of grains that can be rapidly and efficiently
disrupted by RATs and METs. The existence of grain
alignment with high-J attractor points and the fraction of
grains with high-J attractor, fhigh—J, depends on grain
shapes, magnetic susceptibility, and the angle between
the flux and the magnetic field (see Figures 7 and 8).

5 In fact, Purcell (1979) mentioned the possibility of grain dis-
ruption due to centrifugal stress, but did not elaborate the process
and its consequences.

This presents a possibility of observational testing grain
properties and grain environments using rotational dis-
ruption as well as dust polarization.

Observations of interstellar polarization report of high
polarization degree, and modeling works usually require
a high degree of grain alignment to reproduce observed
data. For instance, modeling of starlight polarization
by Draine & Fraisse (2009) reports the alignment degree
between 20 — 100%, where the model with only silicate
grains aligned requires higher degree of alignment than
the model with both silicate and carbonaceous grains
aligned. Modeling of Planck polarization data by Guil-
let et al. (2018) requires the alignment degree between
60 — 100%. The alignment at only low-J attractors pro-
vides the degree of alignment less than ~ 20% (Hoang &
Lazarian 2008). In particular, the alignment with only
low-J attractors is expected not to correlate with or even
decrease with increasing radiation flux, which is incon-
sistent with numerous observations (see Andersson et al.
2015). Therefore, grain alignment with high-J attrac-
tors is most consistent with observations of interstellar
polarization.

On the other hand, observational evidence for a high
abundance of small grains near an enhanced radiation
sources implies an efficient rotational disruption and
grain alignment. For example, early-time observations
toward SNe Ia report unusual properties of dust extinc-
tion with Ry < 2 (e.g., Burns et al. 2014) and dust polar-
ization of Apax < 0.4 pm (Patat et al. 2015). Rotational
disruption is found to be the most plausible mechanism
to reproduce small grains (Hoang 2017); and numerical
modeling could reproduce such anomalous observational
properties (Giang et al. 2020; Hoang et al. 2020).

In particular, various observations (Guillet et al. 2018;
Santos et al. 2019) show a non-monotonic increase of
the polarization degree with increasing grain tempera-
ture (i.e., radiation intensity) that is implied by the RAT
alignment theory (Lee et al. 2020). Numerical model-
ing with including rotational disruption could reproduce
this feature (Lee et al. 2020; Tram et al. 2020). These
observed features suggest a significant fraction of grain
ensemble to be aligned with high-J attractors. The ten-
tative evidence of the grain rotational disruption may
indicate that grains have enhanced magnetic response.
The comparison of the observations with models of the
dust properties evolution arising from dust disruption
can provide the answer whether astrophysical dust has
strong magnetic response. Very recently, Herranen &
Lazarian (2020) found that the fraction of grains aligned
with a high-J attractor by RAT's acting on ordinary para-
magnetic grains might be large of fuign—y 2 50%. This
implies efficient alignment and fast disruption of ordinary
paramagnetic grains.

10.2. Fast and slow rate of disruption

As studied in Section 4, rotational disruption by RATSs
and METSs can occur for grain alignment with high-J at-
tractors. The rotational disruption can occur at different
rates, fast and slow.

Assuming grains initially at thermal rotation, our re-
sults show that, under the effect of RATSs, a fraction,
fhigh—j, of grains can be directly driven to a high-J at-
tractor point in less than a damping time (see Figure 5,
upper panel). Such grains potentially experience fast dis-
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ruption. This fast process is crucial for dust disruption
by transient sources such as SNe, novae, GRBs (Hoang
et al. 2020), and cometary nuclei (Hoang & Tung 2020).
The fastest rotational disruption occur with interstellar
grains already being aligned at the high-J attractor by
the ISRF and then further spun-up by enhanced radia-
tion flux (e.g., by transients), which has the minimum
disruption time given by Equation (40).

A fraction 1 — fpigh—y of grains are first driven to the
low-J attractors, and subsequently transported to the
high-J attractor by grain randomization (e.g., gas col-
lisions). This process takes several gas damping times,
and we termed slow disruption. The process of slow ro-
tational disruption is important for interstellar and cir-
cumstellar dust, dust surrounding Active Galactic Nuclei
(AGN) where the lifetime of radiation sources is much
longer than the gas damping time.

As we have shown in Figures 7 and 8, the value fhigh—js
increases with the increase of the magnetic dissipation in
grains. If grains have strong magnetic response but not
originally aligned, we find fyign—; ~ 50% (see Figure 8).

10.3. Observational predictions of RAT Disruption

We found in the paper that the nature of RAT dis-
ruption (RATD) is selective with only grains in high-J
attractors subject to efficient disruption. Since grains in
high-J attractors correspond to perfect alignment, this
implies a correspondence between perfect alignment and
efficient disruption. For such grains, on the top of this,
the angle between the direction of radiation and the axis
of alignment matters because the fraction of grains with
the high-J, fuign—y, increases (see Figure 8) but the max-
imum rotation rate induced by RATs decreases with in-
creasing that angle (see Figure 10). For instance, the
rotational disruption is efficient if the radiation makes
an angle of ¥ < 45° with respect to the magnetic field,
but the disruption is significantly reduced if the radia-
tion is nearly perpendicular to the magnetic field. Thus,
unlike other disruption mechanisms, the RATD destroys
grains selectively, i.e., fast disrupting some grains, slowly
disrupting other grains, and not disrupting some other
grains. The conditions for the selective disruption de-
pend on the grains shape, chemical composition, mag-
netic properties, angle between magnetic field and the
radiation source, etc. This provides a way to get into
the basic properties of dust by studying simultaneously
the polarization induced by grain alignment and effects
of rotational disruption from dust grains. Studying these
effects is possible observing the emission and polarization
from the media around strong radiation fields, including
stars, transients, and Active Galactic Nuclei (AGN).

Consider the aforementioned effect of the RAT am-
plitude decrease when the radiation is coming at angles
1 = 90 degrees. For grains to be well aligned their rota-
tional speed should be a factor of 2 or 3 larger than the
speed of thermal rotation. At the same time, for the ro-
tational disruption the required rotational speeds may be
a factor of ~ 100 larger (see Eq. 34), depending on the
tensile strength. Therefore, one can expect to observe
regions of aligned grains that of 1 is close to 90 degrees,
while grains subject for RATD for other . While pre-
dicting the disruption of grains accounting for the angle
1 is important. For instance, 1 = 90° is the configura-
tion expected for the circumstellar accretion disks with

toroidal magnetic field. For grains aligned with the ra-
diation direction, i.e., with ¥» = 0 the disruption may
be also decreased as the grains have low probability of
having high-J attractors for this typical angle.

A more complicated situation happens when grains are
initially aligned with the magnetic field, but a transient
changes the angle 1 of the anisotropic radiation. For
the aligned grains that for a new ¢ have high-J attractor
point, the RATD can be fast. A fraction of aligned grains
that does not have a high-J attractor point for a new
can still be disrupted being spun up towards the high-J
repeller. Others will go to the low-J attractor points and
will not be disrupted. However, some grains which did
not have high-J attractor point for the earlier ¢ can get
high-J attractor points for a new 1. Such grains can be
disrupted, but via a slow disruption process.

Our calculations show that the increase of the RAT’s
amplitude decreases the transfer and therefore the pro-
cess of slow rotational disruption, whereas the increase of
gas density can increase the transfer and the rotational
disruption.

Grain magnetic properties significantly affect the pro-
cess of grain transfer to high-J attractor points. Our
study shows that for grains with strong magnetic re-
sponse, a significant fraction of grains (i.e., upto 50%)
can move directly to high-J attractor points (see Figures
7 and 8). This can significantly decrease the timescale of
grain disruption. This timescale is directly measurable
for the time variable sources of radiation, i.e., SNe ex-
plosions, gamma ray bursts. This presents a unique way
of testing magnetic properties of dust grains.

Grains with weak magnetic response, e.g., carbona-
ceous grains, may, on the contrary, be disrupted with
lower efficiency. Such grains are more likely to be aligned
in the direction of the radiation with ¢ = 0. For this set-
ting, the fraction of grains aligned with high-J attractors
is of frigh—s S 20% (see Figure 7, upper panel). At the
same time, the disruption of grains with only low-J at-
tractors is a very inefficient process.

Observations are necessary to test grain alignment
and rotational disruption. Grain alignment is only con-
strained by polarimetric observations, whereas rotational
disruption can be constrained by photometric (starlight
extinction, thermal and spinning dust emission), polari-
metric, and chemical observations because rotational dis-
ruption affects the grain size distribution and grain sur-
face chemistry (see Hoang 2020 for a review).

In the presence of the depolarization related to the tur-
bulent magnetic field and the variations of grain shape
and composition, it is difficult to distinguish the ordi-
nary RAT alignment and the RAT alignment enhanced
through magnetic inclusions. Thus, the variations of
grain alignment at different distances from the radiation
sources as well as in the presence of variations of radia-
tion flux were considered in Lazarian & Hoang (2019) as
a way of probing whether the magnetic inclusions were
present. It can be complementary to the approach based
on disruption of grains by RATs.

10.4. Grain alignment and grain surface chemistry

Our present study is focused on revealing the connec-
tion of grain alignment and grain rotational disruption.
In terms of physics, this connection arises from the close
relation between the RAT and MET grain alignment and
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the rate of grain rotation. The latter rate, however, is af-
fecting not only the rotational disruption, but also phys-
ical and chemical processes taking place over the grain
surface.

Hoang & Tram (2020) identified grain rotation arising
from RATSs as an important factor of removing grain ice
mantles, while Hoang & Tung (2019) demonstrated that
chemical processes on the grain surfaces can be signif-
icantly modified due to the centrifugal forces that act
on the molecules adsorbed on the grain surface. Hoang
(2019) studied the effect of rotation on hopping and seg-
regation of ice species in the ice mantle. Naturally, METs
can induce similar effects and this can be a reason of re-
moving ice mantles and change of the chemical processes
that are induced by shocks. The effect of METS seems
promising particularly in cold environments where the
numerous complex organic molecules are detected, which
is unexpected due to the lack of radiation to warm up
the ice mantles (see Herbst & van Dishoeck 2009 for a
review).

Similar to the grain disruption that we described in the
present paper, the processes above can be significantly
different depending whether the grains are aligned and
whether they are aligned with high-J attractor points or
only low-J attractors. For grains aligned with high-J at-
tractors, the effect on grain rotation on surface chemistry
in star-forming regions and PDRs is efficient because
grains at the low-J attractor are moved to the high-J
attractor in a short timescale, much shorter than the dy-
namical timescale (see Section 6.4). However, for grains
aligned with only low-J attractor points, its effect on sur-
face chemistry is expected to decrease, depending on the
time fraction that grains spend on the rapid rotation be-
tween the low-J attractor and high-J repellor points (see
Figure 9).

10.5. Consequences for astronomical ”standard
candle” research

Measuring distances in astronomical research is fre-
quently based on using the ”standard candle” approach,
i.e., using the astrophysical sources with robust well
known properties. A well known example of ”standard
candle” that is used for measuring the Hubble constant
is SNe Ia.

Naturally, the variations of dust properties on the line
of sight from the source to the observer introduce un-
certainties that are being accounted for by using dust
models. The present study testifies that accounting for
the dynamics of dust alignment and dust disruption can
be an important factor that must be considered for high
precision measurements involving the ”standard candle”
approach.

The alignment changes not only the polarization from
the signal, but also the extinction. Indeed, grains aligned
with the magnetic field perpendicular to the line of sight
have less extinction compared to the case of random-
ized grains. The effects of grain disruption have even
more serious consequences for the extinction. The grain
fragments have both different total extinction and differ-
entially change the extinction for different wavelengths.
Accounting for the grain disruption and the alignment of
grains fragments by SNe Ia was performed in Giang et
al. (2020) and provided the important predictions on the
evolution of the properties of dust in the vicinity of SNe.

Our present study adds to this an additional parameter
to account for, namely the angle i) between the direction
of the magnetic field and the radiation direction. In-
deed, our study shows that the disruption of grains can
be significantly affected the angle v as well as the grain
composition (see Section 8). These two parameters are
expected to introduce the additional dispersion of the
measurements obtained with SNe Ia and accounting for
them can contribute to resolving the ongoing controversy
on the value of the Hubble constant. Indeed, analysis of
SNe observational data by Brout & Scolnic (2020) and
Uddin et al. (2020) suggest dust in the host galaxies as
a potential factor for the large dispersion in the Hubble
constant.

10.6. New physical processes and resolved problems

Our research revealed a process of reduced grain rota-
tional disruption as the intensity of radiation increase.
This process is intrinsically related to the properties of
RATSs that tend to move the majority of grains from an
isotropic distribution to the low-J attractor point. In
addition, we revealed that the number of grains that are
moved to high-J attractor point increases for the align-
ment with respect to B as the magnetic susceptibility of
grains increases.

Another interesting effect described in our study is the
action of the torques of different nature against each
other and thus limiting the grain disruption. For in-
stance, in the case of METSs aligning grains in the low-J
attractor points can act against the spin-up induced by
strong random torques. Such an alignment can extend
the time-scale of the grain disruption up to a several
Trand- Another example is the action of Purcell’s torques
on the grains aligned at high-J attractor points. If the
Purcell’s torques are weaker than the value of RATs at
the high-J attractor point, the increase of J is expected
for a half of the grains at high-J alignment, while for the
other half the value of J decreases. This can prevent the
disruption of 1/2 of the grains over the time of resurfac-
ing of the grain, the latter can be comparable to Tqamp
(Spitzer & McGlynn 1979; Lazarian & Draine 1997).

We also noticed that the evolution of ¢™®* is another
effect that can affect the disruption processes. Indeed,
if for a given setting the grains for a range of ¢™®* get
aligned at high-J attractors and be destroyed, this would
result in the preferential selection of grains with only
low-J attractors. Potentially, this process can act to de-
stroy grains with high magnetic response in general ISM.
At the same time, in accretion disks, grains aligned with
toroidal magnetic field experience reduced torques due
to ¥ ~ 90° (see Figure 10). For this setting the disrup-
tion of grains with magnetic inclusions may be reduced
compared to the grains for which Q > Qp and which
can be aligned at low-J attractors.

The process of randomization of grains arising from
the variations of the electric dipole moment was a seri-
ous puzzle for the RAT theory that was developed disre-
garding the process of anomalous randomization. Never-
theless the theory provided predictions that well corre-
sponded to observations (see Andersson et al. 2015). In
the present paper we have resolved this puzzle, namely,
we have shown that the anomalous randomization is a
subdominant process (see Section C).
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10.7. Synergy between MET and RAT studies

METs are the major source of grain alignment for
grains in mechanical flows. Our present study identi-
fied new mechanisms of MET alignment, photoemission
torques (PT) and Hy torques (H2T), which arise when
the grain are subject to radiation and atomic hydrogen
anisotropic flows. Unlike RATs, METs do not have the
requirement of grain size to be of the order of the radi-
ation wavelength, which ensures that METs have their
niche for inducing both alignment and disruption.

There have been much less research of MET's compared
to RATs and the MET research relies on the analogy be-
tween the MET and RAT torques established on the basis
of AMO and supported by the subsequent studies. We
expect the properties of RATs and METSs to be similar
with MET's both aligning and disrupting grains whenever
there is a significant relative motion of dust and grains.
Shocks provide the most natural setting for METSs to act.

The difference between METs and RATSs arise from
the fact that the gas collisions sample not the helicity of
the entire grain, but only the helicity of the facet of the
grain that is exposed to the directed gaseous flux. As
the grain size increases, we, however, expect to see more
analogy between the properties of METs and RATs. In-
deed, in the limit of the grain size a much larger than the
characteristic wavelength of radiation A, the interaction
of photons with the grain surface is expected to be more
similar to the interaction of atoms. In this limit, the re-
sults obtained with numerical studies of METs become
applicable to RATs acting on large a > A grains

Although the functional dependence of METs deviates
much more from AMO than that for RATSs, the physical
essence and the main global features of the two types of
alignment are similar. Both RATs and METSs can align
grains in low-J and high-J attractor points. METSs, sim-
ilar to RATSs can disrupt grains moving them to high-J
points and decrease grain disruption by moving grains
into low-J attractors. For instance, one may expect that
some grains that can be spun-up and rotationally dis-
rupted by stochastic torques, be aligned by METs at
low-J attractors and survive.

When grains are disrupted, for both processes the grain
fragments are likely to be brought initially at a high-J
alignment state. The further evolution of the fragments
depends on whether this state corresponds to a repeller
or an attractor. For both RATs and METSs, the presence
of magnetic inclusions increases the rate of alignment
and the disruption efficiency. As a result, we expect that
in shocks METSs may preferentially further disrupt grain
fragments with magnetic inclusions, producing bare mag-
netic grains eventually.

Table 1 summarizes our results on the MET and RAT
grain alignment and rotational disruption for different
grain properties. The alignment and disruption depends
closely on whether grain alignment implied by RATs and
METs exist high-J and low-J attractors. Note that low-J
attractors are not stable under gas randomization, and
its notion here is inferred from only RATs and the gas
damping, excluding gas randomization. For the case of
alignment with high-J attractor, both alignment and dis-
ruption are efficient. For the case grains aligned only on
low-J, rotational disruption does not occur, but the de-
gree of alignment is rather low, ~ 10 — 20%.

TABLE 1
SUMMARY OF ALIGNMENT AND DISRUPTION BY RATS AND METS

Feature Alignment  Disruption

Superparamagnetic Grains

Fast Imperfect  Imperfect
Slow Perfect Perfect
Paramagnetic Grains
High-J
Fast Imperfect  Imperfect
Slow Perfect Perfect
Low-J Inefficient  Inefficient
Diamagnetic Grains
High-J
Fast Imperfect  Imperfect
Slow Perfect Perfect
Low-J Inefficient  Inefficient

Notes: Fast (slow) process: timescale shorter than
(greater than) a damping time.

10.8. Progress in understanding grain dynamics and
existing uncertainties

The grain alignment research has a long history (see
Lazarian 2003) and the corresponding studies resulted
in many unexpected discoveries. Some of them include
the new physical effects, e.g. Barnett relaxation (Purcell
1979), nuclear relaxation (Lazarian & Draine 1999b, see
also Appendix D), resonance magnetic relaxation (Lazar-
ian & Draine 2000). More recent advances in understand-
ing of grain dynamics include the analytical description
of RATs in LHO7, understanding of the role of high-J
and low-J attractors, as well as stabilization of high-J
attractors by magnetic dissipation (Lazarian & Hoang
2008; Hoang & Lazarian 2016b), the transport from low-
J to high-J attractor induced by gaseous bombardment
(Hoang & Lazarian 2008, 2016b)) as well as the stabiliza-
tion of low-J attractor point by pinwheel torques (Hoang
& Lazarian 2009b). These and earlier classical studies
form the foundations of modern understanding of grain
alignment and grain disruption.

It was based on the understanding of RATSs, that the
process of RAT disruption (RATD) was introduced in
Hoang et al. (2019). RATD has provided a completely
new insight into the evolution of astrophysical dust with
its numerous consequences being evaluated actively (see
Hoang 2020 for a review). Additional effects of RATSs
include a very exciting new avenue of the research is the
changes of grain surface chemistry induced by fast grain
rotation.

Through appreciating the role of grain helicity for grain
alignment, it was possible to introduce also mechani-
cal torques acting on irregular dust grains, i.e., METs
(Lazarian & Hoang 2007b). Although less well studied
compared with RATs (although see Das & Weingartner
2016; Hoang et al. 2018), METs have proven to domi-
nate the stochastic mechanical torques (see Gold 1952)
and are expected to be stronger than RATSs for special
astrophysical settings, e.g., small grains a < A in shocks.
Our current study reveals additional types of METS, e.g.,
METs arising from the photoemission. In analogy with
RATD we introduce in this paper METD and expect this
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process to be of major significance for interstellar dust
evolution. In analogy to the effects of RATs on interstel-
lar grain surface chemistry, we may also expect similar
changes induced by METs.

This work capitalizes on the earlier research on the
physics of RAT and MET alignment. The present
paper demonstrates a very strong connection between
grain alignment and rate of grain rotation induced by
RATs and METs. An important advance achieved in
the present study is our understanding that the vari-
ations of grain electric dipole moment do not induce
any efficient randomization (see Appendix C). This ef-
fect could potentially change the entire picture of RAT
and MET alignment as well as RATD and METD pro-
cesses. We also demonstrated a new effect of suppres-
sion by intensive radiation of the transport of grains
from low-J to high-J attractors and described the impor-
tance of this effect for decreasing both grain alignment
and RATD/METD. In addition, our study reveals signifi-
cant differences in alignment and rotational disruption of
grains with different magnetic responses. For instance,
we found more efficient disruption of grains with mag-
netic inclusions and much less efficient disruption of car-
bonaceous grains that demonstrate only weak magnetic
response.

We, however, have to accept the existing uncertainties.
For instance, we accepted in Section 9.1 that the existing
ambiguities in the process of thermal flipping of irregular
grains prevents us from reaching solid quantitative con-
clusions related to the role of Purcell pinwheel torques
for the stabilization of grain rotation at the low-J attrac-
tor point. In particular, at this point, it is difficult to
evaluate at which grain sizes the pinwheel torques are
getting important. The corresponding problem requires
further studies. The progress in pinwheel torque under-
standing will help to evaluate better both the efficiencies
of grain alignment and grain disruption. It also should
help to our understanding of the alignment of grains with
low degree of internal relaxation (see Appendix D). Such
grains according to Hoang & Lazarian (2009b) can align
with long axes parallel to magnetic field, i.e., 90 degrees
to the classical alignment with the grain axis of maximal
moment of inertia being along magnetic field (see Ap-
pendix E). The pinwheel torques are important for such
"wrong” alignment to stabilize it.

Last, but not the least, one should not overestimate the
accuracy of AMO while evaluating the alignment and the
corresponding processes of disruption for realistic irreg-
ular grains. One should keep in mind that AMO was
used in LHO7 to successfully explain the physical process
of RAT alignment, i.e. the process that was mysterious
before its introduction. The fact that a simple mechan-
ical model happened to be able also to provide a good
quantitative description of RATSs for a limited sample of
the irregular grains at a range of studied wavelengths
was a pleasant surprise. At the same time, LHO7 already
reported that AMO requires modifications in order to
reproduce the properties of RATs e.g. at the UV wave-
lengths. These modifications could be achieved by the
change of the angle of the mirror employed in AMO, but
this direction was not pursued as it was depriving AMO
of its simplicity. More recent research with a large en-
semble of irregular grains in Herranen et al. (2019, 2020)
shows both the remarkable utility of AMO for explaining

the alignment, but also demonstrates the limitations of
this simple model. The application of AMO for MET's
(Lazarian & Hoang 2007b) is limited mostly to identify-
ing the grain helicity as the major driver for MET align-
ment. The structure of torques obtained numerically in
Hoang et al. (2018) is much more complicated compared
to simple dependence of AMO (see Appendix A). There-
fore, for studies of RATs and RATD, as well as METs and
MeTD, the physical picture of the processes obtained by
AMO should be augmented by the corresponding numer-
ical studies of torques acting on ensembles of irregular
grains.

As it stands, our present study provides a number of
predictions related in relation to the rate of grain disrup-
tion, as well as peculiarities of grain surface chemistry
with the grain alignment. Testing these predictions can
provide the insight into grain chemical composition and
grain structure.

10.9. Selective grain disruption and its effect on grain
alignment

The efficient rotational disruption of grains aligned at
high-J attractors discussed in the paper induces a new
important effect of grain selection. It follows from our
study that the rotational disruption is forcefully destroy-
ing the grains with ¢""** corresponding for the given set-
ting to high-J attractors. This leads to the selection of
the grain shapes have for the given v have only low-J
attractor points (see Figure 6. It is also obvious that if
grains have enhanced magnetic susceptibility, they are
more likely to be aligned with high-J and therefore are
more likely to be disrupted. As a result, grains with
magnetic inclusions, e.g., with small superparamagnetic
clusters (Morrish 2001), are more likely to be disrupted.
This process tends to move inclusions to small grains that
are not rotationally disrupted in the given settings. In
larger grains, the inclusions will tend to survive in more
solid compact grains.

We can predict that this selection can decrease the de-
gree of alignment in the vicinity of bright sources as well
as to decrease the magnetic susceptibility of grains cor-
responding to larger sizes.

11. SUMMARY

The problem of grain alignment is of longest standing,
more than 70 years, while the mechanism of rotational
disruption of dust grains has been identified in Hoang
et al. (2019). The former problem still has unclear fea-
tures, but a number of theoretical prediction has been
successfully tested with the existing observational data.
We demonstrate in the present paper that the problems
of grain alignment and grain rotational disruption are in-
trinsically connected and the present-day theory of grain
alignment can guide our quantitative understanding of
the disruption. Similarly, as the modification of the
chemical processes induced by rapid grain rotation (see
Hoang & Tung 2019) also depends on the grain rota-
tional rate, the theory of grain alignment can be used to
understand catalytic reactions on grain surfaces.

In the paper above, we considered the alignment and
disruption of astrophysical dust grains by RAdiative
Torques (RATSs) from AMO and MEchanical Torques
(METs). In addition, we discuss the pinwheel torques
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introduced in Purcell (1979) and their effect on the RAT
and MET alignment.

While RATs have proven to be a powerful agent for
controlling the alignment and spin-up of astrophysical
dust, their mechanical analogs, i.e., METS, require more
studies. Nevertheless, METs also look promising in
terms of spinning up grains in astrophysical conditions.
Rotational disruption induced by both RATs and MET's
is controlled by the same physics that govern the align-
ment. In the paper above we have shown that the pro-
cesses of RAT/MET alignment and RAT/MET disrup-
tion are intrinsically connected. Our principal findings
are summarized as follows:

e The rotational disruption of grains induced by
RATs/METs occurs for grains aligned with high-
J attractor points and does not occur for low-J
attractor points. This makes the grain disruption
selective and opens ways of testing the predictions
of the grain alignment theory by studying grain
disruption.

e We describe the fast disruption process for grains
that are directly driven to the high-J attractor
by RATs, and slow disruption for grains that are
transported from the low-J to high-J attractor by
gas collisions. We calculate fpign—jy for different
grain shapes and magnetic properties using the
AMO. In case of RATSs the fast disruption is ap-
plicable for dust surrounding transient sources, for
METSs this process can take place in shocks. The
slow disruption is applicable for interstellar and cir-
cumstellar dust.

e The increase of magnetic relaxation (e.g., via iron
inclusions) extends the parameter space corre-
sponding to the alignment with high-J attractors
(see Figure 6) and increases the fraction of grains
moving directly to the high-J attractors (see Fig-
ures 7 and 8). This results in more efficient fast
disruption and increases the rate of slow disrup-
tion.

e Numerical calculations for an ensemble of grain
shapes and compositions by Herranen & Lazarian
(2020) show that RATs can induce grain alignment
with high-J attractor of fnign—g 2 50% for ordi-

nary paramagnetic grains. This implies efficient

fast alignment and rotational disruption of a sig-
nificant part of ordinary paramagnetic grains by

RATS.

e If grains are aligned with magnetic field, the effi-
ciency of rotational disruption of grains depends on
the angle v between the magnetic field an the direc-
tion of the radiation flux or gas flow. For instance,
it decreases v close to 90° as the consequence of
the decrease of RATs/METS in amplitude.

e The sudden increase of the radiation flux or of the
inflow of bombarding atoms can induce the realign-
ment of grains from the direction given by mag-
netic field to the direction of the flux or the in-
flow, i.e. induce the transition from B-alignment
to k-alignment. In this situation only the grains

that for k-alignment have high-J attractor points
will be rotationally disrupted and their disruption
will take the time of the order or longer than the
damping time. This is the consequence of the ini-
tial moving of the absolute majority of grains into
low-J attractor points. This process can mitigate
the rotational disruption of grains in shocks.

e Pinwheel torques can increase the efficiency of fast
rotational disruption by RATs through increasing
the angular momentum of high-J attractors as well
as increasing the grain angular momentum on their
way to low-J attractors in the absence of high-J at-
tractors. At the same time, pinwheel torques may
reduce the efficiency of slow disruption by stabiliz-
ing the low-J attractors, although it is uncertain
due to efficient flipping rate at low-J.

e The timescale of fast disruption decreases with in-
creasing the radiation intensity, but the timescale
of slow alignment/disruption increases.  Thus,
counterintuitively, the time-scale of perfect grain
disruption can be longer for a fraction of grains
closer to the time-dependent source of radiation.
This is the consequence of stronger RATs delaying
the transport of grains from the low-J to high-J at-
tractor. At the same time, increasing the local gas
density can increase the slow disruption.

e Turbulence can accelerate grains and this changes
grain dynamics, e.g. changes the alignment of car-
bonaceous grains by 90 degrees, but it does not
introduce anomalous randomization of grains that
would change the physics of the rotational disrup-
tion. The disruption of carbonaceous grains may
be reduced due to lower probability of them being
at high-J attractor points.

e The selective rotational disruption of grains aligned
at high-J attractor points reduces percentage of
perfectly aligned large grains, especially those with
high magnetic response near the bright sources. In
some cases, counterintuitively, this even can de-
crease the observed alignment efficiency near bright
sources.

e We provide predictions for the observational test-
ing for grain rotational disruption and believe that
the corresponding tests can shed light on the key
processes of grain alignment, i.e., high-J or low-J
attractors, as well as grain properties (geometry
and magnetic susceptibility).
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F1G. 14.— Panel (a): Normalized RAT components, Q.1 and Q.2, as function of © from the AMO. Panel (b): Phase trajectory map for
alignment of grains starting from fast rotation at J = 20Iywr. The phase trajectory map of grain alignment without a high-J attractor
and only low-J attractors (C) where arrows indicate the time-evolution of grain orientation under the effect of RATs. Points A and B are
repellor points. Grains initially have a positive and negative flipping states. Gas randomization is disregarded. From Lazarian & Hoang
(2007a).

APPENDIX
A: PHYSICAL UNDERSTANDING OF RAT ALIGNMENT

The RAT alignment is easy to understand assuming that the angular momentum J is aligned with the grain axis
of the maximal moment of inertia a;. This is the natural arrangement in the situation when the rate of internal
dissipation within grains is faster than the rate of randomization of angular momentum in grain axes. The former is
induced by a number of processes that include inelastic relaxation (Purcell 1979; Lazarian & Efroimsky 1999), Barnett
relaxation (Purcell 1979; Hoang & Lazarian 2009b) and nuclear relaxation (Lazarian & Draine 1999a). It is easy to
see that if J that is parallel to a; makes an angle £ with the axis of fast precession, the precession-averaged component
of RAT torque that changes the angle £ is ~ sin¢, i.e., it gets to zero when the grain axis a; is perfectly aligned with
the precession axis. Therefore, for grains angular momentum along the precession axis, the aligning torque component
vanishes. Therefore, the positions of £ equal to zero or 7 correspond to the stationary points. These points can be
stable, corresponding to attractor points or unstable, corresponding to repeller points. The alignment can happen with
long grain axes parallel to the magnetic field direction if the grain precession about the magnetic field is the fastest.
It was shown in LHO7 that the radiation direction constitutes the axis of alignment if the precession induced by the
RAT component Q.3 is the fastest.

A phase trajectory of the AMO is illustrated in the lower panel of Figure 14 (Panel (b)), where both low angular
momentum, i.e., low-J, stationary points, as well as high angular momentum, i.e., high-J stationary points are shown.
For the given setting the high-J stationary points A and B are the repeller points, and therefore the trajectories of
all grains that we assumed to start at J/Iywpr = 20, where wr is the grain angular momentum corresponding to the
grain thermal rotation corresponding the temperature of ambient gas, converge at the point low-J attractor point C.
Formally, the angular momentum at this point is zero, but in reality the value of angular momentum at this point gets
a bit less than I1wr grqin, Where wr grqin is the angular velocity corresponding to the grain temperature. This happens
due to the fact that dissipation processes get inefficient for the thermal equilibrium conditions and the direction of J
get randomized with respect to a;. The upper and lower parts of the phase map correspond to J being parallel or anti-
parallel to a;. The grain can transfer from the parallel to anti-parallel state by thermal flipping (Lazarian & Draine
1999b; Weingartner 2009; Hoang & Lazarian 2009b; Kolasi & Weingartner 2017). However, the phase trajectories are
symmetric for the parallel and antiparallel states, which is an intrinsic property of grain helicity.

The requirement of the trajectories to be symmetric with respect to the horizontal axis are obvious when AMO is
considered. Indeed, the flip corresponds to the rotating the grain over 7 around the axis az in Figure 2. As a result of
this turn, the mirror also turns over m. The plane of the mirror preserves its direction in space with the only change
being that the front side of the mirror becoming the back side and vise versa. If the reflection of light by the front and
back side of the mirror is the same, the flip does not change the value and direction of RATs. Numerical calculations
using DDSCAT (LHO7) and T-matrix (Herranen et al. 2019) for many grains shapes confirm that RATs do not change
with the flip of the grain, confirming the conclusions obtained using AMO.

B: STOCHASTIC ALIGNMENT BY MECHANICAL TORQUES

Stochastic process of mechanical alignment of thermally rotating grains proposed by Gold (1952) who considered a
flow of atoms bombarding a grain, which shape was approximated by a stick. A more elaborate studies (Purcell 1969;
Roberge et al. 1995; Lazarian 1994; Lazarian 1995a) provided qualitative description of the process. In particular,
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in the latter papers, ubiquitous magnetohydorodynamic turbulence (see Beresnyak & Lazarian 2019) was identified
as a source of relative grain-gas motion. The later studies, indeed, showed that turbulence can accelerate grains to
supersonic speeds with respect to the ambient gas. Such speeds are required for the Gold process to be efficient.

The Purcell (1979) torques that spin up grains to suprathermal rates (see Section 9.1) significantly diminish the
efficiency of the Gold process. However, the mechanisms of cross-sectional or cross-over alignment proposed for such
fast rotating grains (Lazarian 1995a; Lazarian & Efroimsky 1999).

The expected niche for importance of the mechanical stochastic torques (MST) shrunk after it became clear that
for typical interstellar conditions they cannot compete with RATs. After the introduction of METSs it became clear
that the latter regular torques are bound to be more important for the alignment compared to the MSTs. The cross-
sectional alignment found its narrow niche for the alignment of nano-particles subjected to UV radiation (Hoang &
Lazarian 2018).

C: CALCULATION OF ANOMALOUS RANDOMIZATION

W06 considered both thermal flipping of grains and variations of the grain charge as the reasons for the causes of
grain electric moment change p.;. These changes induce the fluctuations torque I'e; = pe; X Einq that act to randomize
charged grains. The effect of the these randomizing torques depend on whether the time-scale of their action is longer
or shorter than the period of grain precession. The precession frequency is 60 ~ I'¢;/J Tfuct-

Unlike W06 and JW09, we distinguish the alignment with respect to electric field and the alignment arising from
the grain motion with respect to magnetic field and the precession with respect to magnetic field. As we discussed in
Section 2 these are two very different types of alignment resulting in orthogonal directions of polarization. Therefore
we disagree with W06 and JW09 who applied their process to carbonaceous grains assuming that these grains are also
aligned with respect to the ambient magnetic field. Instead, we limiting our discussion to the silicate grains providing
our simple derivation of the expressions in W6 and then providing our arguments why we believe that the anomalous
randomization is, in fact, inefficient.

For silicate grains the factor R given by Equation (11) is approximately 0.05 and therefore the precession is taking
place with respect to magnetic field with electric field just slightly modifying grain precession about magnetic field.
W06 noticed, however, that the component of the electric moment p; can vary both in the grains stochastically losing
and gaining individual electrons. W06 considered the flip of the direction of p; as a result of this process. Another
possibility for grain to flip the direction of pe; is thermal flipping. The latter process introduced in Lazarian & Draine
(1999a) happens for grains with lower angular value momentum as a result of coupling of rotational and vibrational
degrees of freedom (see more in Weingartner 2009, Hoang & Lazarian 2009b, Kolasi & Weingartner 2017). As a result
of grain flipping, the change of the p.; is also taking place. These two processes were discussed in W06 as a source of
the randomization grain precession around magnetic field.

WO06 considered two regimes of randomization. In the first regime, the significant variation/flipping of the electric
moment p.; happens over time 7 which is much shorter than the grain Larmor precession time le. For the stochastic®
change of pe; the change perturbation in the angle between the grain angular momentum J and the magnetic field
direction can be estimated as

69fast ~ NQB’7_~ (Cl)

W06 assumed that the fluctuations of §0g,s are accumulated as a random walk. Then for the fast fluctuation regime
that we consider the number of steps over one grain precession is ~ (7Qp)~! and during one precession time the
direction of J deviates by

t9pcriod ~ QilTN2Q%. (CQ)

To randomize the direction of J the required number of steps can be found from Ngteps, fasteﬁcriod ~ 1, which gives
Nsteps, fast ~ l/ﬁgeriod. These steps takes time

Tanom, fast ™ Nsteps,fastggl ~ T_l(NQB)_Qv (Cg)

which coincides with the expression obtained in a more complicated way in WO06.

In the opposite regime when 7 is significantly longer than Q! within the approach in W06 it is assumed that the
randomization happens at the last precession of the grain during which the flipping of p; takes place. Therefore the
time of the action of perturbing torque RQ on the grain is ~ 2! and the corresponding variation in J direction is

50s1ow ~ RQOQ™L, (C4)

Similarly to the case of fast flipping the number of steps Niotai,siow can be estimated from the relation Nyoral,si0w (50)2 ~
1, i.e. Niotal,stow ~ N~2. The randomization time is

Tanom,slow ™~ Nt~ N_QTa (C5)
which transfers into the expression in W06 for X2 > 1.

6 Later we explain why the process is not a random walk in reality.
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The most significant assumption that we, following W06, adopted in the derivations above was that the process of
flipping of p.; can be described as a random walk process. It is clear, however, that this is an incorrect assumption.
Indeed, consider thermal flipping. The direction of the electric moment p.; during the flip changes to the opposite. This
constitutes one step in 06, for instance (see Equation (C1), which we can assume to be in the positive direction, i.e.
increasing the precession angle of J. For the random walk the next step should be equally probable in both directions,
i.e. next 605t should be possible to be positive and negative. This, however, cannot happen as the next flip of p
can only get it into its original orientation, thus determining the direction of torques and the direction of change of J.
In other words, the next change of d6r, is necessarily negative, compensating the deviation at an

The nature of the randomization due to flips may be generalized for more gradual variations of p.; due to changes
arising from attaching of individual electrons to the grain. For instance, the arguments in W06 may be modified if
one presents p.; as a sum of the mean pe; ymeqn and the fluctuating dp.;. Instead of considering the regular precession
in the electric plus magnetic field for X < 1 one use the original equation in W06 for change of the precession angle:

dé .
i —QpNsin(¢ + weyro ) (C6)
where wgyro is a slow gyration frequency given by Equation (7). It is evident from Equation(C6) that the changes in
N do not present a random walk as of dp.; cannot change in the random walk fashion.

The variations of the magnitude of angular momentum J that happen simultaneously with the variations of p.; can
bring the true stochasticity in the variations of 6. However, these variations happen over the time scale of grain
damping or acceleration and this makes this process subdominant in most settings.

Another anomalous randomization process is discussed in Lazarian & Hoang (2019) and it is related to the thermally
induced magnetic fluctuations in grain material as the grain is being aligned by RATs with respect to the radiation
direction (see Section 2). In this process it is the grain magnetic moment that fluctuates and its interactions with the
magnetic field induces the fluctuating torques. However, this process of anomalous magnetic randomization is also
inefficient due to the same arguments that we discussed above.

D: INTERNAL RELAXATION AND INTERNAL RANDOMIZATION

The processes that we described earlier are the processes of the alignment of grains with respect to the ambient
magnetic field or radiation direction. A wobbling grain is subject to internal relaxation. The inelastic relaxation being
the simplest relaxation process (Purcell 1979). For instance, for an oblate graphite grain Lazarian & Efroimsky (1999)
obtained:

/2 P 1z
~ —-1,5.5y3
Tinelast ~ 2.3 x 10 CL75X10 <3gcrn_3> yr, (D].)
where Xi¢ is the grain axis ratio normalized by 10.

A rotating paramagnetic grain induces magnetization of its material due to the Barnett effect and the this mag-
netization is aligned with the grain angular momentum (Dolginov & Mitrofanov 1976). It was discovered by Purcell
(1979) that as the grain wobbles around its angular momentum J, the dissipation takes place due to the change of the
direction.

The Barnett relaxation time for an oblate grain with of dimensions 2a X 2a X a was estimated in Purcell (1979)

2.2 5 —1\ 2
pacy 10° s
TBR = W ~4x 107 <w> s, (D2)

which is a short time compared to the characteristic timescales involved in the alignment of interstellar grains.”
Lazarian & Draine (1999a) identified another mechanism of internal relaxation related to nuclear spins. The time

scale for the nuclear relaxation for a ”brick” with dimensions a x av/3 x av/3 is:

™R = GNrp2a” 5, (D3)

2
G = 610 () (L2)* (£ (WN) 1+ @r?] s (D4)
Ny w 3.1 Ln
where p = p/(2g cm™2), wy is the angular velocity of a grain rotating thermally at Ty = 10K, i.e. ~ 3 x 10* s~
The nuclear spins with magnetic moments pu,, = g,pun are normalized by the magnetic moment of the proton uy =
5.05 x eh/2mpyc = 10724 erg G, 7,, is the time of spin-spin relaxation within the system of nuclear spins. Compared
to Lazarian & Draine (1999a) we, following arguments in Lazarian & Hoang (2019), use a different asymptotic behavior
of the relaxation.
In general, the rate of internal relaxation is the sum of the individual internal relaxation rates, i.e.

-1
Tint

where

1 —1 —1
=TNr T TBR T Tinelast: (D5)

7 It is wrong to assume that grains must have J and a perfectly

aligned. It was noted by Lazarian (1994) that for thermally ro- tating grains, the alignment is far from being perfect due to the

thermal fluctuations within grain body (see more in Lazarian &
Roberge 1997).
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All these processes act for oblate grains as the magnetization of the grain stays constant in amplitude, but changes
its direction within the grain body. An additional relaxation process was introduced in Lazarian & Hoang (2019) for
irregular wobbling grains and it involves the change of the magnetization amplitude. A study in Lazarian & Hoang
(2019) has shown that the for a limited range of scales this process is dominant. However, as this does not radically
change our estimates, for the same of simplicity, we consider only the internal relaxation of oblate grains.

The internal relaxation significantly changes the processes of alignment and the spin-up. For instance, it was shown
in Hoang & Lazarian (2009b) that the alignment of grains with only low-J attractor points happens with the long
grain axes parallel to either k or B depending whether Q or Qg are larger. As it was shown in Lazarian (2020) the
alignment of carbonaceous grains can also happen with respect to E if Qg > Qp, and Qg > Q. Then the alignment
will happen still with respect to magnetic field, but the alignment will be perpendicular to that expected for the
classical alignment for which Qg is disregarded.

E: ”"WRONG” ALIGNMENT

The RAT alignment is significantly affected by the internal relaxation. This was revealed in Hoang & Lazarian
(2009a) where the alignment on the time scales less than the internal relaxation was considered. The condition
considered there was Tiny > Tdamp and therefore the internal alignment was dynamically irrelevant. For this setting,
it was shown that the alignment with the low-J attractors happens in a "wrong way”, i.e. with the long grain axes
being aligned parallel to the alignment axes, which for Qp > Qf corresponds to the magnetic field direction.

The alignment with low-J, as we discussed earlier, is unstable and we expect significant fluctuations of the grain
axes to take place. This can make the "wrong alignment” difficult to observe via polarization measurements. We,
however, want to point out that in the presence of additional Purcell’s torques (see Section 9) the rotation with about
the axis of minimal inertia can be stabilized.

In addition, even Tiny < Tqamp the transient fast RAT alignment can take place on the time ~ Q,;l as described in
LHO7. Such an alignment will happen with grain low-J attractor points corresponding to long grain axes along the
magnetic field. Similar to the earlier case, Purcell’s torques can stabilize the direction of the ”wrong alignment”. On
the time scales larger than 7, the alignment gets into the conventional regime of the ”right alignment”, i.e. in the
alignment with long grain axes perpendicular to the alignment axis.

The suppression of Purcell’s torques is important both from the point of view of their joint action with RATs in
terms of grain alignment as well as the grain disruption (see Section 9).

F: GRAIN ROTATION INDUCED BY ISOTROPIC AND ANISOTROPIC TORQUES

Grain can be spun up both by isotropic and anisotropic radiation fluxes. The numerical calculations show that the
torques induced by isotropic fluxes are reduced by a factor of ~ 100 compared to the torques arising from unidirectional
flow. Therefore, unless the radiation field is highly isotropic, the most important for grain dynamics are the torques
arising from anisotropic radiation flux.

Originally it was considered that RATSs are similar to the pinwheel torques that we discuss in the next section (see
Section 9), i.e. that RATSs produce grain rotation that can allow paramagnetic torques to align grains with magnetic
field (Draine & Weingartner 1996). In fact, RATs can be subdivided into anisotropic and isotropic components. These
components arise from the grain interacting, respectively, with anisotropic and isotropic radiation fields. The isotropic
RATSs are, indeed, similar to the pinwheel torques, while the anisotropic RATs are different.

Later research has revealed a complex dynamics of grains subjected to anisotropic RATs. In particular, it was found
that the rate of grain rotation and the degree of grain alignment by anisotropic RATs are interrelated (LHOT). On the
contrary, the amplitude of isotropic torques does not depend on grain alignment, but the rates of rotation induced by
these torques are significantly smaller than those that can be achieved from the action of anisotropic torques.

METSs introduced in analogy with RATs in are anisotropic in its nature. The role analogous to the isotropic
mechanical torques are played by pinwheel torques introduced by Purcell (1979) (see Section 9).

For most settings the effect of isotropic torques RATSs is negligible compared to their anisotropic counterparts.
Therefore, for the rest of the paper we do not consider torques arising from the isotropic illumination of an irregular
grain or due to the mechanical bombardment by atoms of a grain in rest with respect to the gas. The isotropic METs,
i.e. pinwheel torques are discussed in the next section.

G: PROPERTIES OF PINWHEEL TORQUES AND RESURFACING

The properties of Purcell’s torques depend on the properties of grain surface. This surface is subject is resurfacing
which can change the amplitude and the direction of the torques. For instance, the catalytic sites of Hy formation
can be ”poisoned” while new sites can be created. The corresponding resurfacing process was considered by Spitzer
& McGlynn (1979) who showed that this process can decrease the grain rotational rate if the time scale of resurfacing
tresurt 1S less than the damping time Tdamp.8

The time-scale for grain resurfacing tyesurf is not well defined with designated laboratory experiments required. In
Spitzer & McGlynn (1979) it was assumed that that tyesurf is of the order of Tgamp. This, however, is not a necessary
requirement and grain shape, as we can see on the example of METs can play also an important role for determining

8 They also showed that the paramagnetic alignment of grains

subject to Purcell’s torques is significantly reduced. The latter conclusion was modified later in Lazarian & Draine (1997).
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the life-time of pinwheel torques. Indeed, a grain with the uniform surface accommodation coefficient but with a
cavity on its surface will interact with the bombarding gaseous molecules similar to the grain with the variation of
the accommodation coefficient. However the .oyt in this case would require the change of the grain shape, which
can take significantly longer than the 7qamp. In other words, the pinwheel torques can be long-lived. The argument
against this can be that the the long-lived Purcell’s torques should induce the efficient alignment of grains of different
sizes, including small grains. This, however, is not what is observations tell us (see Andersson et al. 2015). Therefore,
in what follows, we will assume that the t,esurf is limited by 7qamp. In reality, there can be other factors that prevent
small grains from alignment, one of them is fast flipping of sufficiently small grains that we discuss further.
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