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ABSTRACT

Irregular dust grains are subject to radiative torques when irradiated by interstellar starlight. It is
shown how these radiative torques may be calculated using the discrete dipole approximation. Calcu-
lations are carried out for one irregular grain geometry and three different grain sizes. It is shown that
radiative torques can play an important dynamical role in spin-up of interstellar dust grains, resulting in
rotation rates that may exceed even those expected from H, formation on the grain surface. Because the
radiative torque on an interstellar grain is determined by the overall grain geometry rather than merely
the condition of the grain surface, the resulting superthermal rotation is expected to be quite long-lived.
By itself, long-lived superthermal rotation would permit grain alignment by normal paramagnetic dissi-
pation on the “Davis-Greenstein” timescale 7. However, radiative torques arising from anisotropy of
the starlight background can act directly to alter the grain alignment on times short compared to 7pg.
Radiative torques must therefore play a central role in the process of interstellar grain alignment.

The radiative torques depend strongly on the grain size, measured by a., the radius of a sphere of
equal volume. In diffuse clouds, radiative torques dominate the torques due to H, formation for g, =
0.2 um grains, but are relatively unimportant for a., < 0.05 um grains. We argue that this may provide
a natural explanation for the observation that a. = 0.1 um grains in diffuse clouds are aligned, while
there is very little alignment of a.; < 0.05 um grains. We show that radiative torques are ineffective at
producing superthermal rotation within quiescent dark clouds, but can be very effective in star-forming

regions such as the M17 molecular cloud.

Subject headings: ISM: dust, extinction — polarization — radiative transfer — scattering

1. INTRODUCTION

Polarization of starlight by aligned interstellar dust
grains was discovered nearly half a century ago (Hiltner
1949a, 1949b; Hall 1949; Hall & Mikesell 1949), but the
processes responsible for the observed alignment remain
uncertain. Davis & Greenstein (1951) observed that inter-
stellar grains were expected to be rotating rapidly as a result
of Brownian motion, and proposed that these spinning
grains could be aligned with the local magnetic field by
paramagnetic dissipation. However, further study of the
statistical mechanics of grain alignment (Jones & Spitzer
1967; Purcell & Spitzer 1971) raised questions about the
ability of the interstellar magnetic field to achieve the
observed degree of alignment, since random gas-grain colli-
sions would tend to oppose the alignment process.

Purcell (1975, 1979) first recognized that interstellar
grains were expected to have superthermal rotational
velocities as the result of systematic torques, the most
important of which appeared to be due to the process of H,
formation on the grain surface. As discussed by Purcell,
superthermal rotation due to torques that are fixed in body
coordinates can enhance the degree of grain alignment,
since the “thermal ” torques due to random collisions with
gas atoms now have little effect on the direction of the grain
angular momentum, allowing paramagnetic dissipation to
inexorably bring the angular momentum into alignment
with the galactic field. ,

The systematic torques considered by Purcell were due to
processes taking place at the grain surface—H, formation,
photoelectric emission, and inelastic collisions with gas
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atoms—but the grain surface may be altered as a result of
contamination or erosion on relatively short timescales.
The resulting changes in direction of the systematic torque
can cause the grain to occasionally undergo short periods
when its rotation is “spun down”; during these
“crossover” episodes, the grain may become disaligned
(Spitzer & McGlynn 1979). Because of this disorientation
during “crossover,” it was not clear whether ordinary
paramagnetic dissipation plus superthermal rotation driven
by “Purcell torques” can account for the observed grain
alignment.

In addition, dust grains were observed to be aligned in
some dense molecular regions where “Purcell torques”
were expected to be ineffective because of a low H/H, ratio,
attenuation of the ultraviolet radiation required for photo-
electric emission, and near-equality of gas and grain tem-
peratures. As a result, there has been renewed interest in
alternatives, including the possibility that grains may be
superparamagnetic (Jones & Spitzer 1967; Duley 1978;
Martin 1995; Goodman & Whittet 1995), or that grain
alignment is due to gas-grain streaming (Gold 1952;
Lazarian 1994, 1995a; Roberge, Hanany, & Messinger
1995). Lazarian (1995b) has emphasized the possible impor-
tance of grain “helicity,” since helical grains can be driven
to superthermal rotational velocities, and possibly aligned,
when exposed to either streaming gas atoms or anisotropic
radiation.

Harwit (1970a, 1970b) suggested that the quantized
angular momentum of the photon could lead to rapid rota-
tion of a grain following absorption and emission of many
photons, and proposed that the anisotropy of starlight
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could result in a tendency for interstellar grains to spin with
their angular momentum vectors parallel to the Galactic
plane. Dolginov (1972) observed that interstellar grains
might have different absorption and scattering cross sec-
tions for left- and right-handed circularly polarized light, so
that the grain angular momentum could be changed if illu-
minated by unpolarized but anisotropic radiation. This
effect was further discussed by Dolginov & Mytrophanov
(1976) for particles in the Rayleigh limit, and by Dolginov &
Silant’ev (1976) for larger particles but with refractive index
close to unity so that the Rayleigh-Gans approximation
could be used. Dolginov & Mytrophanov (1976) noted that
this process could lead to both rapid rotation and possible
alignment. Unfortunately, Dolginov and collaborators were
unable to calculate the torques on grains with realistic com-
positions and sizes.

That irregular interstellar grains should be subject to
radiative torques is not surprising. We consider two macro-
scopic examples for illustration. Figure 1a shows a fourfold
symmetric target with square top and bottom, with each of
its four rectangular sides divided into perfectly absorbing
and perfectly reflecting halves. In the geometric optics limit,
the normal component of the radiation pressure force will
be twice as large on the reflecting sections as on the absorb-
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ing sections; as a result, an isotropic radiation field illumi-
nating this target will produce a positive torque along axis
a,. However, incident radiation that is either parallel or
antiparallel to @, will not produce any torque on this target.

Figure 1b shows a target obtained by starting with the
shape of Figure 1a and removing four wedges from the top
and four from the bottom, with the resulting shape being
symmetric under reflection through the centroid. Figure 1b
is an example of a shape with “helicity.” From symmetry it
is clear that an isotropic radiation field will produce no
torque on this target: whatever torque is exerted on the
“top” half of the grain will be canceled by an opposite
torque on the “bottom” half. However, anisotropic illumi-
nation can produce a torque on this target. If, for example,
the surfaces are all perfectly reflecting, then incident radi-
ation that is antiparallel to @, will produce a torque parallel
to a,, while radiation parallel to @; will produce a torque
antiparallel to @;. These two examples show that macro-
scopic objects will be subject to radiative torques unless
they are highly symmetric; thus, irregular targets should
generally be subject to radiative torques. Interstellar grains
are, of course, comparable to or smaller than the wave-
length of the illuminating radiation, but one does not expect
the radiative torques to vanish when target geometries

F16. 1.—Two examples of macroscopic targets. (a) A target on which an isotropic radiation field would exert a torque along axisd,. The target is perfectly
reflecting except for the regions painted black. (b) A perfectly reflecting target on which an isotropic radiation field would exert zero torque: radiation
antiparallel to @, would exert a positive torque parallel to &,, and radiation parallel to @, would exert a torque antiparallel to &,.
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such as in Figure 1 are reduced to sizes comparable to the
wavelength.

In this paper we discuss the forces and torques on grains
of arbitrary shape and with sizes that are neither large nor
small compared to the wavelength of the incident radiation.
We show how these forces and torques can be calculated
using the discrete dipole approximation. Quantitative
results are obtained for one particular irregular grain shape.

The first part of this paper, §§ 2-5, is devoted to develop-
ment of the theory of scattering by irregular particles to
enable efficient computation of radiative torques. This is
carried out within the conceptual (and computational)
framework of the discrete dipole approximation. In § 6 we
report results of extensive computations for one specific
irregular grain geometry and composition, and three differ-
ent sizes, d.q = 0.2, 0.05, and 0.02 um (a.g is the radius of a
sphere of equal volume).

Readers primarily interested in the implications for grain
rotation may elect to skip §§ 2-6, and proceed directly to§ 7,
where we discuss the effects of starlight and gas drag under
realistic conditions in interstellar diffuse clouds, and § 8,
where the resulting superthermal rotation is evaluated. It is
seen in § 8.3 that moderately anisotropic starlight can
torque da. e = 0.2 um grains in diffuse clouds up to
extremely large rotational velocities, exceeding even the
superthermal rotation due to H, formation. Smaller (a.¢ <
0.05 um) grains, on the other hand, are only weakly affected
by radiative torques.

We also examine the importance of radiative torques
within quiescent dark clouds (§ 8.4), and within active star-
forming regions (§ 8.5).

Our results are summarized in § 9. Our principal result is
that the torques exerted on interstellar grains by back-
ground starlight are dynamically very important for grains
with a.s 2 0.1 um. These torques will produce extreme
superthermal rotation of interstellar grains in both diffuse
clouds and star-forming clouds. In a separate paper (Draine
& Weingartner 1996) we examine the role of these radiative
torques in the alignment of interstellar grains with the
Galactic magnetic field.

2. THE DISCRETE DIPOLE APPROXIMATION

We adopt the “discrete dipole approximation” (Draine
& Flatau 1994), and represent the target by an array of
polarizable points, at locations r;, with electric polarizabil-
ities ;. The space between the points is vacuum. We con-
sider the response of this array to monochromatic
illumination, and adopt the usual complex representation
for all time-dependent variables that are first-order (i.e., E
and B fields, and dipole moments p;). Second-order vari-
ables (i.e., forces F and torques I') will be taken to be purely
real. We assume an incident plane wave

Einc = Ljnc,0 €Xp (lk *r— iwo t) > (1)
Binc = Binc,O €Xp (lk ‘F— iwo t) > (2)
Binc,O = E X Einc,O > (3)

where the unit vector k£ = k/k, and k = w,/c. By suitable
choice of complex E;, ,, We can represent general elliptical
polarization.

The dipole at location r; acquires a dipole moment

Pj(t) =pj(0)e_iw0t = aj Ej ’ (4)
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where E; is the electric field at r; due to the incident electro-
magnetic field and all dipoles except dipole j:

Ej = Einc,j + Esca,j’ (5)
Einc,j = Einc,O €Xp (lk ‘ rj - in t) s (6)
. eikrjx
Egj=e'") r {kz" X (P % ry)
1#2j Tjt

(1 — ikry)
+ ) . [3rj(ry - p) — "Jgth] > U
Jl
where r;; = r; — r,. Similarly, the magnetic field at r; may be
written

Bj = Binc,j + Bsca,j H (8)
B, ;= B0 exp (ik - r; —iwgt), )

eikl'ﬂ
. ,—iwot 2
Bsca,j =e Z k r2
Jjl

1#j

eenf1-7=). o

Jjl
(see, e.g., Jackson 1975).

3. ELECTROMAGNETIC FORCE ON A GRAIN

The instantaneous force on point dipole j is

F;= [Re (pj . Vj> Re (E) + % Re (%) x Re (Bj):l .

(11

The first term in equation (11) is due to gradients in the
local electric field; the second is the Lorentz force on the
currents associated with the oscillating dipole moments.

It is convenient to separate the total force F,,q4 = Zj F;
into two terms:

Frad = Finc + Fscaa (12)

where

N

Finc = ,21 [Re (pj : VJ) Re (Einc,j)
j=

1 dp;
+ z Re <d_tj> x Re (Binc,j)] ’ (13)

N

F.., = ,Zl [Re ;- V) Re (E,,))
j=

1 dp;
+ . Re < dt) x Re (B, J-)] . (14)
The time-averaged force is

<Frad> = <Finc> + <Fsca> . (15)

Letting x* denote the complex conjugate of x, it is straight-
forward to show that

(Foo> =5 Re { 3, ik{P3) * Eine,o] oxp (i - r,-)} (16)

Jj=1

1 N
= EC. Cext | Einc,O |2k ’ (17)

where C,,, is the total extinction cross section, evaluated
using the optical theorem (Draine 1988). Thus, (F;,.> is just
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the average rate at which momentum is removed from the
incident radiation field.

Direct evaluation of (F,,) from equation (14), using
equations (7) and (10), involves summing over N(N — 1)
terms, which for N > 10° becomes computationally pro-
hibitive.! Alternatively, we may evaluate the net rate of
momentum transport to infinity by the scattered radiation
field; let this be denoted (F,,>. Overall momentum conser-
vation requires that the momentum removed from the inci-
dent beam either be transferred to the grain or carried off by
the outgoing scattered radiation:

1
8n

Thus, we see that (F,,,) = —<{F,.,>: F,., can be thought of
as simply the “recoil” of the grain due to the scattered
radiation.

The time-averaged rate of transport of momentum by the
scattered radiation is

CextlEinc,0|2E = <Frad> + <Fout> . (18)

<Fout> = Jrz dQ 8_11(',_ Re (E:'l;d X Brad) (19)
k* N o
~on ‘[ an 'Zl {pA0)—afa-pfO)l}e™™ 7| , (20)

where in equation (20) we have assumed the surface of inte-
gration to have radius r > A = 2n/k, retaining only the
leading terms of O(r " !) in E and B (see Appendix A). Each
scattering direction requires evaluation of O(N) terms; the
angular integrations typically require a few hundred scat-
tering directions for accurate evaluation.

We define a dimensionless radiation pressure efficiency
vector Q,, such that the radiation pressure force

| Ejne,o I?
<Frad> = Qpr nasz %;0 s

where the effective target radius a.; = (3V/4n)'/3, where V
is the volume of target material. The vector Q,, depends on
both the orientation of the grain and the direction of propa-
gation and polarization of the incident radiation (e.g., lin-
early or circularly polarized). It is clear that Q,, * k is just
the quantity usually described as the “radiation pressure
efficiency factor” = Q,,c + (1 — {cos 6>)Q,.,, Where Q,
and Q,., are the usual absorption and scattering efficiency
factors, and {cos 0) is the mean value of cos 6 for the scat-
tered radiation, where 0 is the scattering angle (see, e.g.,
Bohren & Huffman 1983). It is obvious that Q,, | £ for
targets—e.g., spheres—that are symmetric under rotation
around an axis parallel to £.

ey

4. ELECTROMAGNETIC TORQUE ON A GRAIN

We choose a coordinate system such that the grain
center-of-mass is at r=0. The instantanecous radiative
torque on the grain is

N N
Too= Y r;xF;+ ) Re(p) x Re (E) . (22)
i=1 i=1

! These sums could presumably be evaluated in O(N InN) operations
using FFT techniques similar to those used for evaluation of the fields E;
(Goodman, Draine, & Flatau 1991), but this has not been implemented
here.
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As for the force calculation, we separate the radiative torque
into “incident ” and “scattered ” components:

rrad = rinc + rsca N (23)

T, is the torque exerted on the oscillating dipoles by E,,.
and B, ., and T, is the torque exerted on the oscillating
dipoles by the scattered radiation field—i.e., the fields E,_,
and B, due to the oscillating dipoles. The time-averaged
value of T, is straightforward:

1 N o
<rinc> = E RC le;k(()) X Einc,Oelk T

N
- lk X Z rl[p;k(o) ° Einc,O]eik '”} . (24)
ji=1

As was the case for F,,, direct evaluation of I',., would be
time-consuming. By analogy to F,_,, we appeal to the fact
that the time-averaged torque exerted by the scattered field
plus the time-averaged rate of transport of angular momen-
tum to infinity by this field must sum to zero: {I.,)
+ Louy =0, where I, is the net rate of transport of
angular momentum by the scattered radiation field across a
fixed surface enclosing the target. In dyadic notation, the
instantaneous angular momentum flux may be written

M= 217; [Re (E) Re (E) + Re (B) Re (B)

_lRe(E)I2+IRe(B)|21]xr 25

2

(Jackson 1975, p. 264, problem 6.11), where I is the unit
dyadic. Integrating M over a spherical surface of radius r,

T, = JP %ﬁ -[Re (E) Re (E) + Re (B) Re (B)] x i .
S

(26)

Now, if r > A, the field radiated by the oscillating dipoles
has |f - E,,|ocr™ 2, |f* By,|ocr™ 2, |Egy x R cc7™?, and
| By, x | ocr™!. Thus, we need retain only the leading-
order terms in evaluating each of these quantities. Expand-
ing E,_, and B, , as shown in Appendix A, letting r — oo,

<rsca> = —<rom>

k4
-5 JdQ Re SV, + SiVe), (27)

J

N 2i
Sp= [rj—(ﬁ-rjﬁ_flﬁ]'l’,(o) exp (—ikii-r),
=1

(28)

=z

Sp=n-

J

N
Vo= 3 p/0) — ili * pJOII} exp (—iki 1), (30

PA0) x rjexp (—ikii - r;), (29)
1

I

N

Ve= Y pf0) x i exp (—ikii-r), (31)
j=1

= —ax V. (32)
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Target Orientation

F1G. 2—Grain orientation in “ scattering coordinates ”

Noting that for pure right-handed circularly polarized radi-
ation, the time-averaged angular momentum flux is just
|Emc o|2Kk/87k (easily seen by notmg that each photon
carries angular momentum #), it is convenient to define a

dimensionless “torque efficiency vector” O = O ;nc
+ Or .. such that the time-averaged torque
| Emc 1%inc,01 |2
<rrad> <ch> + <Fsca> QF 7taeff 8 k
= Ml g 7= o Qr s (33)

where u,q = |Ej 0[*/8n is the time-averaged energy
density of the incident radiation. Clearly, we have

O =K Re {i PH0) x E, o™ "
frine aZi| Eine o I? = a0
N
— ik x 3 rpf0) - Ein.ole* } , (34)
j= iy
Qr,sca = na—zlE—olz JdQ Re (Si Vs + S; VE) . (35)
eff inc,

The direction and magnitude of Qr depends on the grain
orientation and on the direction of propagation and polar-
ization of the incident radiation.

It is clear that for right-hand circularly polarized radi-
ation with 4 > a ¢, we will have O =~ Q.. k

5. TARGET ORIENTATION

It is necessary to specify the orientation of the target
relative to the incident radiation. Let the target contain two
axes d, and @, (with @, - @, = 0), which are fixed relative to
the target. Let us further suppose that @,, @,, and d; = a,
x @, are the principal axes of the target’s moment of inertia
tensor, with moments of inertia I, > I, > I about these
axes. The grain orientation is completely specified by the
orientations of any two nonparallel fixed axes, in particular
4, and @,.

We define a scattermg frame, defined by unit vectors
é, =k é, | é,and é, = é, x é,. Three angles are required
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to specify the target orientation. The orientation of @, in the
scattering frame is described by the two angles ® € [0, =]
and @ € [0, 2x], where

@, =cos ®¢; + sin O® cos Pé, + sin O sin Pé; . (36)

A third angle B € [0, 2n] describes rotations of the target
axis @, around @, :

d, = —sin O cos fé,
+ (cos © cos B cos @ — sin B sin ®)é,
+ (cos © cos fsin @ + sin B cos D)e; . (37)

The target orientation in the scattering frame is illustrated
in Figure 2.

6. COMPUTATIONS FOR ONE SHAPE

We consider one specific grain shape. This shape, shown
in Figure 3, is not intended to be realistic, but is chosen to
be (1) easily described, (2) asymmetric, and (3) well suited to
representation by a cubic array of point dipoles. The shape
chosen is an assembly of 13 identical cubes. The coordinates
of these cubes (in units of cube width) are listed in Table 1.
The first eight cubes are arranged to form a single larger
cube; the remaining five cubes are attached to the central
eight cubes.

Let the eigenvalues I, > I, > I of the moment of inertia
tensor be written

I.=

J

2
g “jMafff =

87
E o Pagff, (38)

where p is the solid density, and «; are geometric factors. A
sphere has «; = 1; a 2:2:1 rectangular solid (“brick ”) has

N=22464

o0
.y;u””//’;jlﬂ;/mzﬂ//lll

277 o
I/ I///}I lllﬁll
-

///

7
,.'wm”ﬁ 77
77 ,ﬁ‘//w/ ';;,,,,
Il;//?””’lll/:;’,” ”Juf’ /ﬁ””
2 55% l’;/,ll}y,”} T 75

Ay

FI1G. 3.—Representative irregular grain shape. The principal axes d,, @,,
and @, are shown.
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TABLE 1

TARGET GEOMETRY : COORDINATES
OF CONSTITUENT BLOCKS

-
X
=
&

DN OCOOR R PR ROOOC
N R OONNMEFNN =
CONNFR R OROMORO

a, = (5/3)=/3)** = 1.719, a, = ay = (25/24)(n/3)*® =
1.074. The principal axes d; and factors a; for our adopted
grain geometry are given in Table 2.

Let T, be the grain temperature. Purcell (1979) has
shown that if the grain is spinning with angular momentum
J, and J? > I,kT,, then viscoelastic damping and Barnett
effect damping will rapidly bring the grain’s principal axis
@, into alignment with J. In our discussion below we will
therefore assume that @, is at all times perfectly aligned with
the angular momentum J of the grain. The grain rotation
period will be short compared to all other dynamical time-
scales, so it is appropriate to average the forces and torques
over the grain rotation angle B, and henceforth we will
discuss only the “f-averaged” efficiency vectors Q,(®, @)
and OO, D).

We have carried out scattering calculations for grains
with the shape shown in Figure 3, the refractive index of
“astronomical silicate” (Draine & Lee 1984)? and effective
radii a. = 0.2, 0.05, and 0.02 um. The computations were
carried out using the discrete dipole approximation
program DDSCAT.5a.3 The targets were represented by
arrays of N = 6656, 22464, and 53248 dipoles; in each case,
N was taken to be large enough to satisfy the validity cri-
terion | m| kd < 1 (Draine & Flatau 1994), where m(w) is the
complex refractive index, and d = (4n/3N)!/3a.; is the inter-
dipole spacing. Lattice dispersion relation theory (Draine &
Goodman 1993) was used to determine the optimal choice
of dipole polarizabilities at each wavelength. The computa-
tions employed FFT techniques (Goodman et al. 1991) and
a stabilized version of the biconjugate gradients method
(Flatau 1996); nevertheless, the computational demands
were substantial, because of the need to compute scattering
for many different wavelengths and orientations. For
example, determining the scattering properties for one

TABLE 2
TARGET PRINCIPAL AXES d; AND FACTORS o;

J @), @), @), o
1...... 0.4488 0.4357 0.7802 1.745
2...... 0.6673 —0.7441 0.0317 1.610
3. 0.5944 0.5064 — 0.6247 0.876

2 This dielectric function may be obtained by anonymous ftp to
astro.princeton.edu, file draine/dust/eps.Sil.

3 The Fortran program DDSCAT.5a is available from B. T. Draine and
P. J. Flatau; contact draine@astro.princeton.edu for further information.
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orientation and two polarization states for the a ¢ = 0.2 um
target at a single wavelength A = 0.4 um, with the target
represented by N = 22464 dipoles, required 720 CPU
seconds on a Sun-10 computer with a 125 MHz Hypersparc
CPU. For the a, = 0.2 um grain, computations were
carried out for 26 distinct wavelengths (from 0.1 to 20 um)
and 285 orientations (15 values of f for each of 19 values of
), requiring ~ 2000 CPU hours.

Consider a grain spinning around axis @&,, witha, 1 k. In
Figure 4 we show

Cext(E 1 é1) + Cext(E ” ﬁl)

Qo= — (9)
Cex Ela )- Cex(E”ﬁ
Qp°1 = t( 1 3 t 1) , (40)
Thete

where C,,, is the extinction cross section averaged over
grain rotation angle f. We see that the polarization cross
section for the a.; = 0.2 um grain peaks near 4 = 0.5 um.
Grains of approximately this size would therefore be suit-
able for producing the bulk of the observed interstellar
polarization, which tends to peak near A ~ 0.55 um. The
aqe = 0.05 pum grain, on the other hand, is most effective at
polarizing near A = 0.2 um (see Fig. 5); the observed wave-
length dependence of interstellar polarization indicates that
grains of this size are not appreciably aligned in the inter-
stellar medium (Kim & Martin 1994b).

We can restrict our calculations to ® = 0; for other
values of @, the efficiency vectors Q may be obtained by a
simple rotation:

Q(®5 (I)) = Q(®> 0) : élél
+ (O, 0) - é,(é, cos ® + &5 sin D)
+ OO, 0) - é5(é5 cos ® — &, sin @) . (41)

Let (Q},, Q%) and (QF, QF) be the radiation pressure and
radiation torque efficiency vectors for polarization states 1

\ /Qext

| ! [ T | | P
04 06081 2 4

A(pm)

Fic. 4—Extinction and polarization efficiency factors for the grain
shape shown in Fig. 3, with a. = 0.2 um, spinning around the principal
axis @,, with radiation propagating perpendicular to d,. The polarization
cross section peaks at 4 = 0.5 pm, with Q ,,/Q.,, = 0.086 for this particular
grain.
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T T T T T 17T

a,,=0.05um

| 1 l 1 ! 1 J il
0.1 0.2 0.4 0.6 08 1

A(um)

F16. 5—Same as Fig. 4, but for a,; = 0.05 um, with @, peaking at
A =02 pm, with Q,,/Q.,, = 0.15.

and 2 (these can be any two orthogonal polarization states,
e.g., two linear polarization states, or left- and right-handed
circular polarization states). For unpolarized incident radi-
ation (i.e., equal amounts of two orthogonal polarization
states), we have efficiency vectors

o = 3(Q5 + B2 “2)
O =3(0r + 07 - 43)

Henceforth in this paper we will be concerned only with
unpolarized radiation, and we will omit the “un” super-
script. In Figure 6 we show our results for the component of

0.01
1
A (um)

FiG. 6—Component of the radiation pressure efficiency vector
0,0, 0) along k, the propagation direction of the incident radiation, as a
function of wavelength A, for several values of the angle ® between &k and
the grain axis @,, and for two different grain sizes, a ., = 0.2 and 0.05 ym.
0, is averaged over the angle f measuring rotations of the grain around
@,. The peak near 10 pm is the silicate absorption feature.
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FiG. 7—Three components of AQ; for ® = 30°, as a function of 4, for
an a,, = 0.2 um grain. Results are shown for DDA calculations using
N = 6656, 22464, and 53248 dipoles. It is seen that the N = 22464 dipole
array provides a good approximation to the target for A 2 0.15 pm.

0,.(0, 0) along k, as a function of 4, for several values of ©.
This is, of course, just the usual “radiation pressure effi-
ciency factor” [Q,, + (1 — {cos ®})Q,.,]. We see the
expected tendency for @, « k to be small when 4 > a., and
to be of order unity when 2ma./A = 1 (ie, 4 <1 pm for
agee = 0.2 um, and 4 < 0.3 um for g, = 0.05 um.

In Figure 7 we show the three components of the radi-
ation torque efficiency vector Qr for the a.¢; = 0.2 um target
oriented at ® = 30°. For A > 0.1585 um, results are shown
for three different dipole arrays, with N = 6656, 22464, and
53248 dipoles, with interdipole separations d = 171, 114,

0.002
0.001
g P
2 =g 0
- - '\.v
@ L d 1
~ L ; il ]
S L N /’/ n_&e/[ N
\ , 4 i v
\@1—0.1 = \\»»/ / /4" Bgr=0.2m I.; 4 ~0.001
o L \ o 9 o 1 ]
< L \\ | g ...... P 0° ‘Ilﬁ |
3 g I T3 T
. ,g e —B0° §i |
[ \ | i — +—-90° ¢
-02 . i —e—-120° — —0.002
r \ I ——— 150° 1
- ¥ | ——-180° E
| ]
03 . A el —0.003
0.1 1 10

A (um)

F1G. 8—10(®, 0) - @,, where Q. is the radiation torque efficiency
vector and 4, is the principal axis with the largest moment of inertia, for
@, = 0.2 um grain and various values of the angle ® between @, and £.
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Fi1G. 9.—Same as Fig. 8 but for a ¢ = 0.05 ym

and 85.7 A. At 2 = 0.1585 um, we have m = 2.153 + 0.263i,
so that for the three dipole arrays at this wavelength we
have |m|kd = 1.47, 0.98, and 0.74. We see that the DDA
calculations appear to have converged when |m|kd < 1.
At the shortest wavelength, A=0.1 um, we have

= 1.545 + 0.956i, and for the N = 53248 array we have
|m|kd = 0.98, marginally satisfying our validity criterion.

Figures 8 and 9 show, as a function of 4, the component
of QO along the principal axis d@,, about which we have
assumed the grains to be spinning, for a. =02 and
0.05 pm grains. This component of Qp will tend to spin
up the grain if Q- a,/J-d, >0, or to spin it down if
Op-a/J-a, <0.

7. INTERSTELLAR GRAINS

7.1. Radiation Fields

The average interstellar radiation field (ISRF) spectrum
in the solar neighborhood has been estimated to be
(Mezger, Mathis, & Panagia 1982; Mathis, Mezger, &
Panagia 1983)

Augser,, = U(D)
_4nd

for 1 <2460 A  (44)
A
Z W,B,(T) for A>2460 A, (45)

where the ultraviolet function

Vol. 470

(0, for A <912 A or 1> 2460 A ,
1.287 x 107 °(A/um)**172 ergs cm ™3,
for 912 — 1100 A ,
U() = £ 6.825 x 10~*3(4/um) ergs cm~* 46)
for 1100 — 1340 A ,
2.373 x 107 *4(4/um)~ %6678 ergs cm ™3,
L for 1340 — 2460 A .
The three blackbody components are indicated in Table 3,

where we also provide values of u and 1 for each of the four
spectral components, where

usjuldl, (47)
_fluld/l
T [u,dd - “8)

The total starlight energy density is ugr = 8.64

x 10”7 13ergs cm 3. We expect appreciable anisotropy in
the typical interstellar radiation field: generally, there will
be more starlight from the direction of the Galactic center,
the nearest bright star or association may be important, and
nearby dust may attenuate the starlight over one part of the
sky. We define an anisotropy parameter y, such that the net
Poynting flux is yu,,4 c, where u,,4 is the total energy density
of radiation. We assume y = 0.1 to be a characteristic value.
In our discussions below we will represent the radiation
field as an isotropic component with energy density
(1 — 9)u,q plus a unidirectional component with energy
density yu,,q.

7.2. Radiative Forces and T orques Due to Starlight
7.2.1. Unidirectional Radiation

For a grain subject to a unidirectional radiation field with
energy density yu,,4, the force and torque on the grain are

F, rad — "asz 'yurad<Qpr(®’ (I))> H (49)
yl
l-‘md = nasz YUrad 5_7; <Ql'(®n (I))> H (50)

where angle brackets now denote spectral averaging:

[ Q©, D)t dA- 50

[ Au, i

In Table 4 we present values of @, - <{Q,,> and @, - {Q,,>
for (®, @) = (0, 0), with the spectral averages evaluated for
each of the u; in Table 3, for three grain sizes, a.; = 0.02,
0.05, and 0.2 um. Note that the torque efficiencies (Qr)

0O, D)) =

TABLE 3
INTERSTELLAR RADIATION FIELD COMPONENTS

Radiation Field

Uraa )'

(ergs cm™?) (pm)

UVIeq. 46)] -ceovvvvevniiiiiiinennnnnn,
W=1x10""%T= 7500K(A>2460A)
W=165x10"3T 4000K().>2460A) ......
W=4x10"13 T—3000K(}.>2460A)

713 x 107 0.1566
229 x 10713 0.7333
3.19 x 10713 1.3319
245 x 10713 1.7755
8.64 x 10713 1.2021
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TABLE 4
SILICATE GRAIN PROPERTIES
Parameter Gy = 0.02 pm Ao = 0.05 pm Gy = 02 pm
(Qapsduy v vevenrreenenenenennnnns 0.758 1.254 1.100
Dabs) 7500 K «vvvvorvmeerensnenene 0.0150 0.0479 0.340
Qabs) 4000 K <+ v vrrrrrrnrncnenns 0.00855 0.0234 0.163
Dt 3000 K v vvvrerresnsnnencn 0.00664 0.0181 0.111
Qabs DISRE ++ v vvvrernersnennnenens 0.0716 0.130 0.273
L 131 x 1073 —6.82 x 1073 —4.12 x 1073
CQpeP7500 «voeremnmernmnnernnnns 2.x 1077 129 x 1074 —225 x 1072
(Qif;’)woo ....................... 54 x 1076 3.76 x 1073
gg{;woo ....................... u ;.10_4 _525. “ 10-+ :ggg i }g:‘;
BEDISRE «+++vvoerrnsernerannenns . . .
COE Dy o ovemnnmnesmnennniinnns 264 x 1074 252 %1073 534 x 1073
COEOD7500K wvrvereneresennanens 443 x 1078 2.04 x 107 531 x 1074
COF D 4000 K ++rvvvrrrrnrrnnernnns 141 x 1078 1.89 x 1077 1.06 x 1074
COF 3000k ++rvvreeneennerennnns 9.03 x 107° 6.48 x 1078 299 x 1075
COPODISRE -+ vvvvvnvnensnennnnnnsn 2.84 x 1076 275 x 1073 1.99 x 1074
k- @y @ =0 ......e.. 1.141 1.860 1.438
L {Qp)7500x @ =0 ....... 0.0203 0.184 1117
k- or 2000k (@ =0°) ....... 0.00965 0.0454 0.651
lg *{@pr3000k @ =0 ....... 0.00724 0.0257 0.457
k- @y srr @ =0.......... 0.105 0.226 0.784
{0, ©®=0% ........... 254 x 1073 294 x 1072 701 x 1072
@+ {0y, (@ =60°.......... 3.55x 1073 1.67 x 102 9.06 x 1072
ay * {Or7000x @ =07 ....... 6.01 x 107 2.00 x 107 745 x 1072
@, {07000k (@ =60°...... 122 x 1073 2.16 x 1074 438 x 1073
a; - {OrD4000x @=0%....... 1.60 x 1076 1.88 x 1073 7.78 x 1073
@y * {OrYa000k (© =60%...... 3.88 x 107¢ 290 x 1073 439 x 1073
@y - {03000k @ =07 ....... 9.01 x 10”7 736 x 1076 207 x 1073
@, + {03000k (@ =60%...... 227 x 107° 1.52 x 1073 2.07 x 1073
@ (O)ipr @ =0%.......... 293 x 107° 3.59 x 1074 1.69 x 1072
a; Oy @ =60 ........ 426 x 1073 233 x 1074 435 x 1073

become very small as the grain size is decreased below

~0.1 pym.

In Figures 10-15 we show the three vector components of
{QH®, 0)), for the a, =02 and a. = 0.05 um grains;

results are again shown for each of the u, in Table 3.

0.04

0.02
&
3 0
«@
/\La
<@ —-0.02
v
l<
T — uv B
L/ — — —7500K 1
. 4000K .
L/ ————3000K 1
-0.06 ISRF -
T 1 1 1 1 ' 1 1 i 1 l 1 I 1 1 | 1 1 1 ]
-1 -0.5 0 0.5
cos®

7.2.2. Isotropic Radiation

Consider a grain spinning around axis &,. An isotropic

radiation field will result in a force F,,4 and torque I',,4 on
the grain that are each fixed in body coordinates. Because of

the grain rotation, in inertial coordinates the only com-
ponent of the force or torque that will not average to zero

F1G. 10.—Component of the spectrum-averaged radiation torque effi-
ciency vector {Qr) along @, for a ., = 0.2 ym grain, multiplied by 4, as a
function of cos @, for the five radiation fields of Table 3. (@) is averaged

over rotations of the grain around &,.

0.0004

0.0002

A<Q>

—0.0002

cos@®

FiG. 11.—Same as Fig. 10 but for a . = 0.05 um. The results for the
“UV ” radiation field have been multiplied by a factor 0.1.
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0.1
L / \\ 4
' 8,=0.2um / \ 1
L v / \ ]
- ——7500K / Vo
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Fic. 12—Same as Fig. 10 except showing the component of the
spectrum-averaged radiation torque efficiency vector along é,. This torque
would tend to cause precession of J around £.

will be the component parallel to the rotation axis @, :

Fo = {1 — s O3, 52
Crus = mell — M e QD (5

where
(0= = % L " sin ©d0a, - (OO, 0)> (54)

is the effective efficiency vector for a grain spinning around
@, and exposed to isotropic radiation. Values of <Q;7) and
{Q°) are given in Table 4.

7.3. Rotational Damping

For a grain in neutral gas of hydrogen density ny = n(H)
+ 2n(H,) and temperature T, the gas drag torque on a

0.01
g
2 0
«
/\f—
<3
Vv
< |
-0.01 -
_0'02|\||l||;|||1|1141‘|
-1 -0.5 0 0.5 1
cos®

F1G. 13—Same as Fig.12 except for a.; = 0.05 ym
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-1 -0.5 0 0.5 1
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FiG. 14—Same as Fig. 10 except showing the component of the
spectrum-averaged torque efficiency vector (Qr) along @; X &, for a.,; =
0.2 ym grain. If @, || J, this torque (if positive) would tend to cause align-
ment of J with £.

grain with angular velocity w around axis @, may be written
- %6"]{(1.2}(871'”1“ kT)I/Za:ff wél > (55)

where my is the mass of an H atom. If all impinging atoms
“stick” and then leave with negligible velocity relative to
the local (moving) surface, then 6 = 1 for a sphere, and
& = 2(n/3)/3 = 2.01 for a 2:2:1 brick; in general, we expect
0 =~ ay. The factor 1.2 in equation (55) allows for the effects
of helium with ny, = 0.1n4.*

rdrag, gas =

310 7 T T
L a,,=0.05um |

- --=-0.1xUV |
| ——"7500K |
————— - 4000K

-——3000K -

—ISRF

T T T

- 2x10~*
g
2
@
X--
«
A 10
<3
v
<
0

Fi16. 15—Same as Fig. 14 but for a., = 0.05 um. The results for the
“UV?” radiation field have been multiplied by 0.1.

4 We have assumed the H to be fully atomic; in fully molecular gas the
factor 1.2 in equation (55) should be replaced by 27 /2 + 0.2 = .907.
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The rotational damping time is

- _ Tty PAss _ 4
! Sarmane = Sm g ey = (874 % 10° 30
3000 cm~* K
1/2
5 psa_sT; <_n—HT ), (56)
where p;=p/3 g cm™3, a_s=a,/107° cm, and T, =
T/10%K.

In addition to collisions with gas atoms, there is rotation-
al damping associated with absorption and emission of
photons by the grain (Purcell & Spitzer 1971; Roberge,
deGraff, & Flaherty 1993). If we assume that the grain is
heated by starlight to a temperature T}, and that Q,,,, oc A7#
at wavelengths A 2 0.1hc/kTy, then the damping time due to
thermal emission may be written

_8u,(B+3) LB +4) _paidkT)’

T ra; em 57
drs 5 U+ 3) WctnalOurr> 7

o P3“3—5 1; 2 UsRF
= (1.60 x 10° yr) = < >( ) 58
( Y) <Qabs> 18K rad ( )

where {(x) denotes the Riemann {-function,
1

<Qabs> = u g jul Qabs()')dl s (59)

and we have assumed B = 2 in equation (58), as expected for
simple models (Draine & Lee 1984) and as appears to be
required by the far-infrared emission from dust in diffuse
clouds (Draine 1994).5 In equation (58) it is assumed that
the radiated photons have angular momentum # relative to
the grain center of mass; this will be true for radii a <€
he/kT; = 800(18 K/T;) um. There is additional damping
associated with absorption of starlight photons, but it is
smaller than the damping due to thermal emission by a
factor ~ Ty/T,,4 ~ 1/500, where T,,4 is the color temperature
of the radiation responsible for heating the grain (Purcell
1979), and hence may be neglected. Values of {Q,,,) are
given in Table 4. The rotational damping time 74, is given
by

-1 _ -1 -1
Tdrag - Tdrag,gas + Tdrag,em . (60)

8. SUPERTHERMAL ROTATION

8.1. H, Formation
The thermal rotation rate for a grain may be written

15 kT
8nay paky’

w2 =

(61)

assuming rotation around &, with kinetic energy kT/2.
Purcell (1979) pointed out that H, formation on the grain
surface, taking place only at randomly located “active
sites,” would result in a large torque. The component of the

5 The damping time T4, . is insensitive to the prec1se value of f: the
factor (B + 3){(B + 4)/((B + 3) decreases by only 22% if B is reduced from
p=2to1.
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torque perpendicular to the rotation axis @, would average
to zero; for a 2:2:1 rectangular solid, Purcell estimated the
component parallel to the rotation axis to be

. 1
er ‘@ = §
where n(H) is the density of H atoms in the gas, [* is the
surface area per H, formation site on the grain surface,
fis the fraction of arriving H atoms which depart as H,,
E is the kinetic energy of the departing H, molecules, and
p(t) is a random variable with time averages {p(t)> =0,
{p)p(t + 1)) = e~ ", where t, is the “lifetime ” of a surface
recombination site.

If the only torques acting on the grain are those due to
gas drag and H, formation, the grain will attain a rotation
rate wy,; the mean kinetic energy will exceed 0.5kT by a

7\ /6
(g) SH(H)2EKT) Pak1p(t),  (62)

factor
% 2 _ 5(%1 f2 E@ > £ paeffl2 Tdrag 2
wr)  2166% | ny | kT My \Taraggas
to
T 63
* (tO + Tdrag) ( )
(Purcell 1979).

8.2. Radiative Torques
If the grain is subject to a steady radiative torque

[(1 — KO +1<Qr(®)) - 4,14,
(64)

along the rotation axis @,, then, ignoring other sources of
rotational excitation by the gas, we equate equations (55)
and (64) to find that the grain will rotate around @; with an
angular velocity

o = 52 kT \Y?( ting
d 7 85aZ, \8mmy) \ngkT

x [(1 = p<OF*> +<Qr> - aJ( o ) (65)

drag gas,

rrad naef f urad

We see that, in addition to {Q%°> and {Qr) * @;, W4 is
determined by the ratio of radiation pressure to gas pres-
sure (u,,q/My kT) and the anisotropy factor y. The rotational
kinetic energy will exceed 0.5k T by a factor

Wrag 2 — Sal Urad 2 paeffzz
oy 1926% \ng kT My

x [(1 = yKQE> + <@ - ﬁ1]2< Fons ) (66)

drag,gas

2 7 \2
_ 9 & urad '1
=472 x 10 52 Ps3 a_5<nH kT) (——Ilm>

2
x [(1 = P)KQE°> + <@ - ad( ‘) . (67)

drag, gas

8.3. Diffuse Clouds

In a diffuse cloud where the hydrogen is predominantly
atomic, H, recombination on the grain surface will result in
very rapid grain rotation. Values of (wy,/wr)* are given in
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TABLE 5
SILICATE GRAINS IN DIFFusE CLOUDS

Parameter Gy =002 pm @ =005 pum  a, =02 pm
Toraggas (T1) osevermenenennnnnnns 1.53 x 10* 381 x 10* 153 x 10°
Tarme o (1) oo, 3.12 x 10 2.68 x 10° 8.18 x 10°
Tarny ) v 1.03 x 10* 334 x 10* 1.50 x 10°
op(rad s™Y) oo 7.01 x 108 7.10 x 10° 222 x 10*
(@pg/g)? for to=10%yr...... 2.10 x 10? 4.16 x 10? 565 x 102
(@ra/ooy)? for to =105 yr...... 3.86 x 102 135 x 103 3.62 x 103
(wya/wg)* for to =10% yr...... 422 x 10? 175 x 10® 7.86 x 103
(@ /02 for ® =0° .......... 3.56 x 1072 184 8.73 x 10*
Tal
(@,pq/@7)? for @ =60°......... 5.49 x 1072 115 1.00 x 10*

NoTe.—We assume the grain properties of Table 4, p =3 gcm™3, a; = 1.745, § = 2,
ng=30em™3 T =100K, T, = 18K, f=1/3,n(H)/ny = 1, Ey, = 02V, = 104, u,, =

Usgp, and y = 0.1.

Table 5 for three grain sizes and three possible values of the
surface recombination site lifetime ¢,.

A typical diffuse cloud may have ny T = 3000 cm ™3 K;;
the average interstellar radiation field then corresponds to
Ueaa/Ma kT = 2.09. We adopt an anisotropy factor y = 0.1 as
representative.

As seen from Figures 10 and 11, the spectrum-averaged
{QH®)> - a, varies considerably with ®, the angle between
@, and the radiation flux. Values of (w,,q/w7)* are given in
Table 5 for ® = 0° and 60°, and for three grain sizes.

For the a4 = 0.2 um grain at ® = 0°, we find that radi-
ative torques result in extreme superthermal rotation, with
(0,0/07)* =9 x 10%, greater than the rotation due to H,
formation on the grain surface if | < 35 A. The A = 0.05
pum grain, on the other hand, has a radiatively driven rota-
tion rate only slightly in excess of thermal, with
(0,q0/07)* = 18 (for ® = 0°), far smaller than the rotation
velocity expected from H, formation. The a.; = 0.02 ym
grain is essentially unaffected by radiative torques: the rota-
tional kinetic energy resulting from these torques is small
compared to kT. We therefore see that—at least for the
particular shape considered here—radiative torques will
drive the larger (d.; = 0.1 pm) grains to highly super-
thermal rotation rates, while having only a slight effect on
the smaller (a.;; < 0.05 um) grains.

Paramagnetic dissipation can align the grain angular
momentum with the magnetic field on the “Davis-
Greenstein ” timescale

Te = 20, a2
PG ™ 5K(w)B2

1 -13 2
— 1.5 x 106«1p3a2_5[ (;{(w)s](SBLG> yr (69)
0

(Davis & Greenstein 1951), where K(w) = Im [y(w)]/@
~107'*s for normal paramagnetism at T ~ 18 K
(Draine 1996); equation (56) then implies Tpg & 17a_ 5 Tyro,.

It has been known for some time that the observed wave-
length dependence of polarization requires that if the small
grains and large grains have similar shapes, then the degree
of alignment declines rapidly for a. e < 0.1 um (Mathis
1979, 1986; Kim & Martin 1994a, 1994b). This was some-
what unexpected: since Tpg oc a?, one might naively expect
that small grains would exhibit a higher degree of alignment
than large grains.

Several ideas have been put forward to explain the low
degree of alignment of small grains. Mathis (1986) proposed
that a grain would not be aligned unless it contained at least

(68)

one superparamagnetic inclusion, and that small grains
were statistically unlikely to contain such an inclusion.
Mathis obtained a good fit to the average polarization
curve by assuming that a grain with a.; = 0.08 yum had a
50% probability of containing one or more inclusions.
Lazarian (1994) argued that if grain alignment was due to
the Gold mechanism (gas-grain streaming) driven by Alfvén
waves, then only the larger grains (a.; 2 0.1 um) were suffi-
ciently inertial to be aligned. Lazarian (1995c) argued that
H, formation on fractal grains would only be able to drive
grains with a ¢ 2 0.02 um to superthermal rotation.

As pointed out by Purcell (1975, 1979), superthermal
rotation contributes to grain alignment by rendering unim-
portant the disaligning effects of random collisions with gas
atoms. Purcell considered three processes that could drive
grains to superthermal rotation: H, formation on the grain
surface, photoelectric emission, and variations in the effec-
tive accommodation coefficient over the grain surface; of
the three, H, formation appears to be the most powerful. As
discussed in § 8.1, the effects of this torque depend on the
“correlation time ” t,, for the torques driving superthermal
rotation. If the only torques are due to H, formation and
collisions with gas atoms, the grain will undergo spin-down
and “crossover events” with a frequency ;=
(mto Tarag) /%, With mean time back to the previous cross-
over t, & 1.3(tg + Tarag) (Purcell 1979). Each crossover event
will be accompanied by partial disalignment due to random
impulses on the grain while it is rotating slowly (Spitzer &
McGlynn 1979). If t, < 1pg, then grain alignment by para-
magnetic dissipation will be suppressed, whereas if t, 2 tpg,
then paramagnetic dissipation will result in a high degree of
alignment. The three processes discussed by Purcell depend
upon surface properties; if the grain surface is altered on a
relatively short timescale, then substantial grain alignment
will not occur unless the grains are superparamagnetic (in
which case 1y is short).

Here we propose another mechanism for selective align-
ment of the larger grains. The radiative torques on the grain
depend upon the global geometry of the grain, and will
therefore have a correlation time of order the grain lifetime,
~108 yr. For the a. =02 um grains considered here,
ITral®*> | Ty, %, and we may expect long-lived super-
thermal rotation. By itself, long-lived superthermal rotation
would lead to grain alignment by paramagnetic dissipation
on the Davis-Greenstein timescale tpg, as expected for
“Purcell torques” that are fixed in body coordinates.
However, when an anisotropic radiation field is present, the
radiative torque components perpendicular to @, may act
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TABLE 6
SILICATE GRAINS IN DARK CLOUDS

Parameter A = 0.02 ym a. = 0.05 pym A = 0.2 pm

I | J B 1.02 x 10? 2.56 x 10? 1.02 x 103
Tarag,em (VT) = evvvevnnennnnennnnns 9.63 x 10° 8.29 x 10° 2.52 x 108
Tarag (I) +evvevvneennennnnnnnnnnn, 1.02 x 102 2.56 x 10? 1.02 x 10°
opad s7Y) i 3.14 x 106 3.17 x 10° 9.92 x 10°
(wya/wq)? for to =10 yr...... 0.466 1.15 4.27
(wya/orr)? for £y 2 105 yr...... 0.470 117 4.70
(Wppa/07)? fOr ® =0°.......... 130 x 107° 9.63 x 107* 4.04
(Wrq/0p)* for @ =60°......... 539 x 1076 2.10 x 1074 0.275

NoTE—We assume the grain parameters of Table 4, p =3 gem ™3, a; = 1.745,6 = 2,
ny=10* cm™3, T =20 K, f=1/3, n(H)/ny = 01, Ey, =02 ¢V, =10 A, T,=10 K,

U,g = 0Tugpg, and y = 0.7.

directly to change the grain alignment on timescales short
compared to tpg; it appears that this may be the mecha-
nism responsible for the observed alignment of a. = 0.1
um dust grains with the interstellar magnetic field (Draine
& Weingartner 1996).

For the a. = 0.05 um grains, on the other hand, the
radiative torques are weak compared to the Purcell torques
due to H, formation. If ¢, < tpg, there will be frequent
crossover events, with a resulting low degree of grain align-
ment. This may explain the observed preferential alignment
of the larger a.e = 0.1 um interstellar grains and the
minimal alignment of a . < 0.05 um grains.

The dynamics of grain alignment, including radiative
torques, will be examined in more detail in a later paper
(Draine & Weingartner 1996).

8.4. Dark Clouds

The alignment of grains in dense clouds has been prob-
lematic. Recent studies of polarization of background stars
indicate a low degree of grain alignment in the central
regions of some dark clouds (Goodman et al. 1995). This
has been attributed to lack of superthermal rotation in
regions where the hydrogen is predominantly molecular,
where the grains are shielded from ultraviolet photons
capable of producing photoelectric emission, and where the
gas and grain temperatures tend to be similar. However,
observations of polarized FIR emission from M17, M42
(Orion), and W3 (Hildebrand et al. 1995; Hildebrand 1996)
shows that the grains responsible for the FIR emission in
these dark clouds are significantly aligned, and it has not
been clear why grains in some dense molecular regions are
aligned, while in others they are not.

The dark cloud L1755 observed by Goodman et al. (1995)
has ny = 10* cm ™3 and T ~ 20K, with a peak extinction
through the cloud A4, 2 8. We suppose the cloud to be
externally illuminated by the average interstellar radiation

field. At the cloud surface, we have u 4 = 0.5ur and
y = 0.5, and at a depth 4 ~ 2 mag from the cloud surface,
we estimate® u_,; & 0.07upr, ¥ & 0.7; the radiation will of
course be substantially reddened, but we neglect this here.
Table 6 lists values of (w,,o/@w7)* for grains at this depth. We
see that the weakened radiation field, and the higher gas
density, make the radiative torques relatively unimportant
in this environment. Near the cloud surface, of course, con-
ditions are closer to the diffuse cloud conditions of Table 5,
and radiative torques will maintain superthermal rotation.
Thus, we expect grain alignment near the cloud surface, but
not at depths 4 = 2 mag.

8.5. Star-Forming Clouds

In star-forming clouds, there are obviously sources of
starlight within the clouds. To estimate the characteristic
starlight energy density to which the FIR-emitting dust is
exposed, we note that for grains with far-infrared emissivity
Q.bs o 472, the power radiated by the grain P oc TS, where
T, is the grain temperature. If we assume that the grain is
heated by starlight with an energy density u,,4, then, since
the average interstellar radiation field u;p heats grains to
T; ~ 18 K, we find

T, \°
Upag X 8K UisRF - (70)

As an example, we consider one point on the M17 molecu-
lar cloud: (a, &) = (18%17™40°, — 15°16'). The 100 um emis-
sion at this point has a linear polarization of ~5%
(Hildebrand et al. 1995), indicating that the grains are

S If the dust has albedo ~0.5 and is highly forward-scattering, then
Uyaq & 0.5u,,4 E;(0.54/1.086), y ~ E4(0.54/1.086)/E,(0.54/1.086), where E,
and E, are exponential integrals. For 4 =2, we would have u_4 =
0742ug, y =~ 0.739.

TABLE 7
SILICATE GRAINS IN STAR-FORMING CLOUDS
Parameter Ggee = 0.02 pym Ay =005 yum  a, =02 um

Taraggas (J) -+vvevmrmeeneennennns 171 68.2
Taragrem (YI) o vevevmeenmnneineenns 8120 6.99 x 103 2.13 x 10°
I 4 T 171 68.2
opads™) ool 4.70 x 10° 4.76 x 10° 1.49 x 10*
(wyp/wq)? for ty 2 10* yr...... 0.522 2.09
(0ag/0p)* for @ =0°.......... 7.59 x 1073 2.65 1.79 x 10*
(0,,q/07)? for @ = 60°......... 142 x 1072 1.31 1.38 x 103

NoTe—We assume the grain parameters of Table 4, p =3 gem ™3, o, = 1.745,6 = 2,
ny=10° cm™3, T =45 K, f=1/3, n(H)/ny = .01, Ez, =02 ¢V, I=10 A T,=45K,

Upag = 240“[51117, and')’ =0.3.
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appreciably aligned. The emission from the dust has a
50 pm/100 um color temperature of ~85 K (Gatley et al.
1979); for a A~2 emissivity, this color temperature corre-
sponds to a dust temperature T, ~ 45 K. If heated radi-
atively, these grains must therefore be exposed to a
radiation field” with u,,4/uipr ~ (45/18)° = 240 if the radi-
ation heating the grains has a spectrum similar to inter-
stellar starlight (ISRF). While the spectrum no doubt differs
from the ISRF spectrum, it is not obvious how: the embed-
ded massive stars will tend to be bluer, but the spectrum will
be reddened by propagation through the dust. For the
present purposes, we will assume the ISRF spectrum, with
an anisotropy factor y = 0.3. The gas in M17 has ny ~ 10°
cm ™3 (see Stutzki & Giisten 1990), and presumably has
T ~ 45 K, close to the grain temperature. We use equation
(67) to obtain the w,,4 values given in Table 7. We see that
Ay = 0.2 pm grains will have (,4/07)* ~ 2 x 10* (for
® = 0°). Evidently, the radiation field within a star-forming
region like M17 is sufficiently intense to drive extreme
superthermal rotation of the g, 2 0.1 ym grains. In addi-
tion to producing superthermal rotation, the components of
the radiative torques perpendicular to @, may bring about
the observed grain alignment (Draine & Weingartner 1996).

9. SUMMARY
The principal results in this paper are as follows:

1. We show how forces and torques on an irregular grain
may be calculated using the discrete dipole approximation.
2. We report numerical results (in Fig. 6 and Table 4) for
k- Q,(4), the component of the radiation pressure effi-
ciency vector parallel to the radiative flux for one particular
irregular grain geometry, where the grain is assumed to be
spinning around its principal axis @, of largest moment of
inertia.

3. We report numerical results for the “radiation torque
efficiency vector” Qp(4), (in Figs. 8-15) for one irregular
grain geometry. The torque depends upon the angle ®
between the incident flux and the grain rotation axis ;.

4. In interstellar diffuse clouds, radiative torques will

7For T;=45 K, the 50 um optical depth at this position is
7(50 um) ~ 0.08, so that the grains must be heated by radiation at
A <50 pm.

Vol. 470

drive a. = 0.1 pm grains to extreme superthermal rotation.

5. Radiative torques will dominate the torques due to H,
formation for a. = 0.1 um interstellar grains. For these
grains, the superthermal rotation is expected to be very
long-lived, since it depends upon global properties of the
grain, rather than the relatively short-lived surface proper-
ties that determine superthermal rotation due to H, forma-
tion, photoelectric emission, or variations in surface
accommodation coefficient.

6. In an isotropic radiation field, the long-lived super-
thermal rotation of a. 2 0.1 um grains due to radiative
torques would facilitate alignment of these grains with the
Galactic magnetic field by the Davis-Greenstein mechanism
of paramagnetic relaxation.

7. Since the rotation of smaller (¢ < 0.05 um) grains is
not dominated by radiative torques, alignment of these
grains with the Galactic magnetic field would be limited as
a result of random variations in the torque associated with
H, formation on the grain surface. This may explain why
Ay 2 0.1 um grains in diffuse clouds are aligned, while
there is evidently minimal alignment of the a.; < 0.05 um
grains, which dominate the extreme ultraviolet extinction.

8. Radiative torques appear to be able to drive grains to
superthermal rotation in star-forming regions, such as M17,
where the ratio of anisotropic radiation to gas pressure is
relatively high, thereby potentially explaining the observed
alignment of far-infrared—emitting dust in M17 and other
star-forming regions with warm dust. In cold dark clouds,
on the other hand, radiative torques are unable to drive the
grains to superthermal rotation, consistent with the
observed lack of aligned grains deep in quiescent dark
clouds.

9. In addition to the torque component parallel to the
grain rotation axis @, (which drives superthermal rotation),
anisotropy of the radiation field can result in radiative
torque components perpendicular to the grain angular
momentum; these components can affect grain alignment
directly.

This research was supported in part by NSF grant AST-
9219283 to B. T. D, and by an NSF Graduate Research
Fellowship to J. C. W. We are grateful to R. H. Lupton
for the availability of the SM plotting package and to
A. Lazarian, W. G. Roberge, and L. Spitzer for helpful
comments.

APPENDIX A

RADIATION FIELD DUE TO OSCILLATING DIPOLES

Consider an array of oscillating point electric dipoles p;, at locations r;. At large distances r, the fields due to these dipoles

may be written

. N k2 o k2 R ikr?—ﬁ-r.z ;
E.=¢e"}, (7 Lp; — i - p))] TP {(n ‘r) +#+ E}

i=1
2

3i ik

+n % [(Vj -Pj) — (A ‘pj){3(ﬁ . rj) + E + E [r,z — (- rj)z]}:“ +r I:_z (A 'Pj)) exp (—ikn + ,.j) + O(r‘3) , (A1

r

ikrN k> k? - ik, ~ 2 1. k? 7 -3
B, ,=c¢ 2 Tnx_pj+r—2 2(n-rj)+3[rj—(n~rj)]—ﬁnxpj-—z—rjxpj exp (—iki-r) + O~ >)-. (A2)

i=1
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Thus,
. k? i ul . . 2i A _3
n-Em=r—2e” (rj-p)—(a-p) (n'rj)+z exp (—iki - r) + O(r™°), (A3)
j=1
kz . N
E, xh= - e* Y p; x fexp (—ikii-r)+ 003, (A%)
i=1
kz N
A-B = = e¥h- Y p; xr;exp (—iki-r)+ 073, (A5)
j=1
k2 . N
B, xfi= - e Z [p; — A - p;)] exp (—ikh - r) + or?. (A6)
j=1

These expressions, substituted into equation (26), lead to the result (27) for the time-averaged torque <{I',,,>.
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