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ABSTRACT

Rapidly spinning magnetic grains can acquire large magnetic dipole moments due to the Barnett

effect. Here we study the new effect of Barnett magnetic dipole-dipole interaction on grain-grain col-

lisions and grain growth, assuming grains spun up by radiative torques. We find that the collision

rate between grains having embedded iron inclusions can be significantly enhanced due to Barnett

magnetic dipole-dipole interaction when grains rotate suprathermally by radiative torques. We dis-

cuss the implications of enhanced collision rate for grain growth and destruction in the circumstellar

envelope of evolved stars, photodissociation regions, and protostellar environments. Our results first

reveal the importance of the dust magnetic properties and the local radiation field on grain growth

and destruction.
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1. INTRODUCTION

Dust is an essential component of the interstellar

medium (ISM) and plays an important role in astro-

physical processes, including star formation, gas heat-

ing and cooling, planet formation, and surface chem-

istry (Tielens 2007; Draine 2011). Dust grains grow via

the accretion of gas species on the grain surface and

grain-grain collisions. Grain destruction processes in-

clude grain sputtering, grain shattering by grain-grain

collisions, and rotational disruption by centrifugal stress

(see Hoang et al. 2021 for a review).

Grain-grain collisions play an essential role in the

grain growth process in astrophysical environments, in-

cluding the circumstellar envelope, protostellar environ-

ments, and planetary atmospheres. Grain collisions in

dense molecular clouds lead to grain growth, which is

the first stage of planetesimal formation and planet for-

mation (Wurm & Teiser 2021). Grain collisions at high

velocities can destroy grains via shattering or evapora-

tion. Therefore, the grain-grain collision rate is crucial

for describing grain evolution and planetesimal forma-

tion.

The rate of grain collisions depends on collision cross-

section, which is determined by the physical interaction

between dust grains. Previous studies on the collision

cross-section usually consider hard-sphere collisions for

neutral grains (Dominik & Tielens 1997) or Coulomb

interaction for charged grains (Okuzumi 2009). How-

ever, astrophysical dust grains can have magnetic dipole

moments due to the existence of paramagnetic material

within the dust.

Indeed, dust grains containing embedded iron atoms

(e.g., silicate or composite dust grains) can acquire a

magnetic moment through three processes, including (1)

spontaneous magnetization for ferromagnetic material,

(2) induced magnetization by an ambient magnetic field

for paramagnetic/superparamagnetic material, (3) and

grain rotation (Barnett effect, Barnett 1915). Note that

spinning charged grains can also acquire magnetic mo-

ment (Martin & Campbell 1976), but it is less efficient

than the Barnett effect (see Hilchenbach et al. 2016).

The dipole-dipole interaction of the grain’s magnetic

moments produced by the first two magnetization pro-

cesses has been previously studied (Nuth et al. 1994;

Hubbard 2016). An experimental study by Nuth et al.

(1994) showed that grain growth is efficient for metal-

lic (iron particles). The authors explained the effect

based on the attraction of grains by spontaneous mag-

netic dipole-dipole interaction, which is valid for single-

domain ferromagnetic nanoparticles of size a ∼ 10 nm

only (Nuth & Wilkinson 1995). Hubbard (2016) con-

sidered the dipole-dipole interaction of induced mag-

netic moments for ferromagnetic grains in protoplane-

tary disks. This mechanism is more efficient in stronger

magnetic fields (closer to the star) and was appealed

to explain the formation of iron-rich Mercury (Kruss &

Wurm 2020; McDonough & Yoshizaki 2021).

In this paper, we study the effect of dipole-dipole in-

teraction where the magnetic dipole moment is induced
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2 Hoang and Truong

by the Barnett effect (henceforth Barnett magnetic mo-

ment). The Barnett magnetic moment of a magnetic

grain of susceptibility χ(0) rotating at Ω is proportional

to the angular velocity as µBar ∝ χ(0)Ω (Dolginov &

Mitrofanov 1976). Therefore, faster-rotating grains ac-

quire larger magnetic moments.

Astrophysical grains tend to rotate suprathermally

due to surface processes (Purcell 1979), radiative torques

(Dolginov & Mitrofanov 1976; Draine & Weingart-

ner 1996), and mechanical torques (Lazarian & Hoang

2007b; Hoang et al. 2018). Lazarian & Hoang (2007a)

introduced an Analytical Model (AMO) of radiative

torques (RATs), which is based on a helical grain con-

sisting of an oblate spheroid and a weightless mirror.

The AMO is shown to reproduce the basic properties of

RATs obtained from numerical calculations for realisti-

cally irregular grain shapes (Lazarian & Hoang 2007a;

Hoang & Lazarian 2008; Herranen et al. 2021), and en-

ables us to make quantitative predictions for various

conditions (Hoang & Lazarian 2014) and dust composi-

tions (Lazarian & Hoang 2008; Hoang & Lazarian 2009,

2016a).

The rest of our paper is structured as follows. In Sec-

tion 2 we describe the grain magnetic dipole of spinning

magnetic grains induced by the Barnett effect and the

effect of dipole-dipole interaction on the grain-grain col-

lision cross-section. In Section 3 we quantify the Barnett

dipole-dipole interaction for grains spun-up by RATs.

The implications of our study for grain growth and de-

struction in different environments are discussed in Sec-

tion 4. Our main findings are summarized in Section

5.

2. BARNETT MAGNETIC DIPOLE-DIPOLE

INTERACTION

2.1. Grain rotation

Grains in the ISM rotate due to various interac-

tion processes with ambient gas, radiation, and cos-

mic rays. In the absence of the latter interactions,

grains can achieve thermal energy equilibrium. For

an oblate spheroidal grain shape of the semi-major

axis of length a, the thermal angular velocity of the

grain rotation along the symmetry axis in the gas of

temperature Tgas is ΩT = (kTgas/I‖)
1/2 ' 1.66 ×

105ρ̂−1/2T
1/2
2 s−1/2a

−5/2
−5 rad s−1 with T2 = Tgas/100 K

and s < 1 the axial ratio. The effective size of the

spheroidal grain aeff = sa1/3. Dust grains can be spun-

up to an angular momentum greater than its thermal

value (i.e., suprathermal rotation) by surface processes

(Purcell 1979), radiative torques due to interaction with

radiation and mechanical torques due to gas flow. To de-

scribe the grain suprathermal rotation, we introduce a

dimensionless parameter, St = Ω/ΩT , which is referred

to as the suprathermal rotation number.

2.2. Magnetic susceptibility

2.2.1. Composite grains with embedded iron inclusions

We consider the composite model of dust grains which

contain embedded iron clusters. Let Ncl be the number

of iron atoms per cluster and φsp be the volume fill-

ing factor of iron clusters. In thermal equilibrium, the

average magnetic moment of the ensemble of magnetic

inclusions can be described by the Langevin function

with argument mH/kTd, where m = Nclµ0 with µ0 be-

ing the magnetic moment per Fe atom in iron clusters is

the total magnetic moment of the cluster, and H is the

applied magnetic field (see e.g., Jones & Spitzer 1967).

The composite grain exhibits superparamagnetic be-

havior, which has the magnetic susceptibility given by

the Curie law

χsp(0) =
nclm

2

3kTd
, (1)

where ncl is the number of iron clusters per unit volume.

Following Hoang & Lazarian (2016a), the zero-frequency

superparamagnetic susceptibility can be written as

χsp(0) ≈ 0.052Nclφspp̂
2

(
10 K

Td

)
, (2)

where φsp is the volume filling factor of iron clusters,

and p̂ = p/5.5 with p = µ0/µB with µ0 being the atomic

magnetic moment and µB = e~/2mec Bohr magneton.

Above, Ncl spans from ∼ 20 to 105 (Jones & Spitzer

1967), φsp ∼ 0.3 if 100% of Fe abundance present in

iron clusters.

2.2.2. Ferromagnetic grains

Ferromagnetic grains have anisotropic ferromagnetic

magnetization, and only the magnetic component B

perpendicular to the magnetic moment M s contributes

to the magnetic susceptibility (i.e., χ‖(0) = 0 and χ⊥(0);

see Draine & Lazarian 1999). Thus, the effective mag-

netic susceptibility at zero-frequency is calculated as

χferro(0) =
2φχ⊥(0)/3

1 + (4π/3)χ⊥(0)[1− 2φ/3]
, (3)

where φ is the volume filling factor of single-domain fer-

romagnetic inclusions. We consider 1% of single-domain

ferromagnetic particles randomly distributed in large

grains with χ⊥(0) = 3.3, therefore, χferro(0) ∼ 0.016.

2.3. Barnett magnetic moment

A magnetic grain of zero-frequency susceptibility,

χ(0), rotating with an angular velocity Ω becomes mag-

netized via the Barnett effect (Barnett 1915). According
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to the Barnett effect, atomic electrons within a rotating

grain of angular velocity Ω are subject to an equivalent

magnetic field of strength given by

BBar =
Ω

γe
=

2me

ege
Ω

'9.4ρ̂−1/2T
1/2
2 s−1/2a

−5/2
−5

(
Ω

ΩT

)
mG, (4)

γe = −geµB/~ the electron gyromagnetic ratio where

ge ≈ 2. The Barnett magnetic field is much larger than

the magnetic field of the diffuse ISM with B ∼ 10µG

(see Crutcher 2010).

The acquired magnetic moment of the grain of volume

V = 4πa3
eff/3 is then given by

µBar =χ(0)V BBar =
χ(0)V

γe
Ω,

=
4πa3

effχ(0)

3γe
Ω (5)

where χ(0) = χsp(0) for superparamagnetic grains.

The magnitude of the Barnett magnetic moment for

SPM grains is

µBar,SPM ' 9.2× 10−17T
1/2
2 a

1/2
−5 St

(
Ncl,4φsp,−2

Td,1

)
esu, (6)

where φsp,−2 = φsp/10−2 where the normalization factor

of 10−2 corresponds to 3% of iron abundance embedded

in the dust in the form of iron clusters (see Hoang &

Lazarian 2016a).

The Barnett effect can also magnetize grains with

single-domain ferromagnetic inclusions. By substitut-

ing with Equation 3, the Barnett magnetic moment for

large ferromagnetic grains is calculated as

µBar,ferro ' 2× 10−19a
1/2
−5 T

1/2
1 St esu. (7)

2.4. Spontaneous and induced magnetic moment

Magnetic grains can acquire a magnetic moment by

the ambient magnetic field. The induced magnetic mo-

ment for SPM grains is given by

µind,SPM =χ(0)V B

'2.1× 10−19Ncl,4φsp,−2a
3
−5B1T

−1
1 esu. (8)

Ferromagnetic grains have a spontaneous magnetic

moment. The magnetic moment is given by

µspon,ferro =MFe(0)Vgr

'7.3× 10−12a3
−5 esu, (9)

where MFe = 22000/(4π) G is the spontaneous mag-

netization of single-domain ferromagnetic material (see

Hoang & Lazarian 2016b).

Comparing Equations (8) and (9) to Equation (6) and

(7), one can see that the induced magnetic moment is

weakest for the typical ISM magnetic field of 10µG,

whereas the Barnett moment and spontaneous moment

are stronger. Therefore, we disregard the induced mag-

netic moment and consider the last two processes.

2.5. Magnetic dipole-dipole interaction and enhanced

collision rate

2.5.1. Dipole-Dipole interaction potential

Let µ and µ′ be the magnetic moments of two grains.

A magnetic moment produces a magnetic potential at

a large distance r from the dipole, which is given by

(Landau et al. 1984)

φ(r) =
µ.r

r3
, (10)

and the magnetic field

B(r) = −∇φ(r). (11)

The energy potential due to dipole-dipole interaction

of two grains of dipole moments µ and µ′, separated by

a distance r, is given by (see e.g., Nuth & Wilkinson

1995)

Um =−µ′.B(r) = (µ′.∇)φ(r)

=
µ.µ′

r3
− 3

(µ.r)(µ′.r)

r5
. (12)

For the case of two grains aligned with Ω along the

magnetic field, then, µ‖µ′. Therefore, the interaction

energy becomes

Um = −2µ.µ′

r3
. (13)

Using µBar from Equation (5), one obtains the Barnett

dipole-dipole potential energy,

Um = −0.05N2
cl,4φ

2
sp,−1T1

(
St2

a2
−5

)
eV, (14)

which implies Um ∼ 5 eV for St ∼ 10 and 50 eV for St ∼
100. Therefore, the dipole-dipole potential is significant

for grains with suprathermal rotation.

2.5.2. Enhanced grain collision rate by Barnett
dipole-dipole interaction

Let b be the impact factor of the collisions, vgg is the

initial relative velocity of grains at large distance of r �
a. The cross-section of grain-grain collision is defined by

the maximum impact parameter, bmax, that two grains

still collide.
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Figure 1. Schematic illustration of the magnetic dipole-
dipole interaction between two grains of equal size (a) with
magnetic moments µ and µ′ induced by the Barnett effect.
The projectile grain is moving with an initial velocity vgg
relative to the target grain at rest with the impact parameter
bmax.

The angular momentum conservation yields the initial

value equal to the value at the collision at distance rc,

bmvgg = rcmvc, vc =
bvgg

rc
. (15)

The total energy of the two-body interaction system

is then given by

Eeff =−2µ.µ′

r3
c

+
mv2

c

2
= −2µ.µ′

r3
c

+
mgrb

2v2
gg

2r2
c

=
mgrv

2
gg

2
. (16)

The collision between two grains of equal size occur

when rc = a. Then, plugging rc = a into Equation 16,

one obtains the maximum impact factor bmax as given

by

b2max =a2

(
1 + 4

µµ′

mgra3v2
gg

)
,

=a2

(
1 + 4

3µµ′

4πρa6v2
gg

)
, (17)

where mgr is the reduced mass of two grains, which is

4πρa3/3 for grains of equal size. The process of grain

collision by Barnett dipole-dipole interaction is illus-

trated in Figure 1. 1

The rate of grain-grain collisions of two equal size

grains is then given by

Rcoll = ngrvggπb
2
max, (18)

where ngr is the number density of grain size a.

1 Our formula differs by a factor 4 in Nuth & Wilkinson (1995).

Therefore, the enhancement in collision rate by Bar-

nett dipole-dipole interaction can be described by

Rcoll/(ngrvggσgeo) = b2max/a
2 where σgeo = πa2 is the

grain geometrical cross-section.

3. APPLICATIONS FOR SUPRATHERMAL

GRAINS BY RATS

3.1. Suprathermal rotation by RATs

Let γ and λ̄ be the anisotropy degree and the mean

wavelength of the radiation field. Following Hoang

(2021) (see also Hoang et al. 2021), an irregular grain

of effective size aeff subject to a luminous radiation field

can be spun up by RATs to a maximum angular velocity

given by

ΩRAT =
3γuradaeff λ̄

−2

1.6nH

√
2πmHkTgas

(
1

1 + FIR

)

'9.4× 108s1/3a−5

(
λ̄

1.2µm

)−2
(

γU

n1T
1/2
1

)

×
(

1

1 + FIR

)
rad s−1, (19)

for aeff . atrans with atrans = λ̄/2.5 being the transition

size at which the average RAT efficiency changes the

slope.

For large grains with aeff > atrans, one has

ΩRAT =
1.5γuradλ̄a

−2
eff

12nH

√
2πmHkTgas

(
1

1 + FIR

)

'8.1× 1010s−2/3a−2
−5

(
λ̄

1.2µm

)(
γU

n1T
1/2
1

)

×
(

1

1 + FIR

)
rad s−1. (20)

The suprathermal rotation number for the grain spin-

up by RATs is then,

StRAT =
ΩRAT

ΩT

'1.8× 104ρ̂1/2s5/6a
7/2
−5

(
λ̄

1.2µm

)−2(
γU

n1T1

)
×
(

1

1 + FIR

)
, (21)

and

StRAT'2.1× 106ρ̂1/2s−1/6a
1/2
−5

(
λ̄

1.2µm

)(
γU

n1T1

)
×
(

1

1 + FIR

)
, (22)
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3.2. Grain alignment by magnetically enhanced RAT

(MRAT)

Dust grains in the ISM tend to have efficient internal

alignment of the grain axis of maximum inertia with its

angular momentum due to various internal relaxation

processes, including Barnett relaxation, inelastic relax-

ation.

For external alignment of the grain angular momen-

tum with the magnetic field, (Hoang & Lazarian 2016a)

demonstrated that grains with iron inclusions can have

perfect external alignment due to the joint effect of

RATs and enhanced magnetic relaxation (cf. Davis

& Greenstein 1951), which is called magnetically en-

hanced RAT (i.e., MRAT) alignment. Therefore, mag-

netic grains are aligned with the magnetic field with

â1‖Ω‖B. As the result, then Barnett magnetic mo-

ments of grains are parallel to each other. The perfect

alignment of grains with the magnetic field induces the

magnetic dipole-dipole interaction to occur at the max-

imum level because the angle between magnetic dipoles

θ = 0.

One can easily check the effect of magnetic relaxation

by comparing their timescales with the grain random-

ization by gas collisions. For grains with iron inclusions,

the characteristic time of superparamagnetic relaxation

is given by (Hoang & Lazarian 2016a)

τmag,sp =
I‖

V Ksp(Ω)B2
=

2ρa2

5Ksp(Ω)B2
,

'0.15
ρ̂a2
−5

Nclφspp̂2B2
3

Td,1
ksp(Ω)

yr, (23)

where ksp is the function of the rotation frequency (see

Hoang et al. 2022).

The efficiency of magnetic relaxation is described by

the ratio of the magnetic relaxation rate to the random-

ization rate of grain orientation by gas collisions (see

Hoang & Lazarian 2016a),

δmag,sp =
τ−1
mag,sp

τ−1
gas

= 5.6× 103a−1
−5

Ncl,4φsp,−2p̂
2B2

3

ρ̂n5T
1/2
1

ksp(Ω)

Td,1
, (24)

which implies δmag,sp = 56, 5600 for Ncl,4 = 0.01, 1,

respectively, assuming a = 0.1µm, n5 = 1 and B =

103 µG. The efficiency of MRAT alignment depends on

δmag and become perfect for δmag,sp > 10 (Hoang &

Lazarian 2016a).

3.3. Numerical Results

For our numerical calculations in this section, we as-

sume that dust grains move randomly with Brownian

motion relative to the ambient gas. The grain thermal

speed is defined by

vth =

(
2kTgas

mgr

)1/2

' 1.5T
1/2
2 a

−3/2
−5 cm s−1, (25)

which implies vth = 1.5 and 4.6 cm s−1 for the gas of

Tgas = 100 and 1000 K, respectively. Larger grains have

lower thermal speed due to their larger mass.

For the collisions of two equal-size grains of size a <

atrans spun-up by RATs, from Equations (6) and (17),

one obtains the enhancement in the grain collision rate

by Barnett dipole-dipole interaction as follows

b2max

a2
' 1 + 12

a2
−5N

2
cl,4φ

2
sp,−2

v2
−2

(
γU

n1T1

)2(
1.2µm

λ̄

)4

, (26)

where v−2 = v/10−2 km s−1. The equation implies that

the cross-section can be enhanced by a factor of 10 for

a−5 = 1 or a = 0.1µm, assuming the normalized pa-

rameters.

For large grains of a > atrans, one obtains

b2max

a2
' 1 + 4.4× 104

N2
cl,4φ

2
sp,−2

v2
−2a

4
−5

(
γU

n1T1

)2(
λ̄

1.2µm

)2

, (27)

which decreases with increasing the grain size.

Equations (26) and (27) reveal that the enhancement

in the grain collision rate by Barnett dipole-dipole effect

depends on dust magnetic properties (φsp, Ncl), grain

sizes, the radiation field, and gas properties, γU/n1T1,

and the grain relative velocity. For the typical values,

one obtains (bmax/a)2 ∼ 12 for a = atrans = 0.5µm for

λ̄ = 1.2µm.

Figure 2 shows the enhancement in grain collision rate

due to Barnett magnetic dipole-dipole interaction as a

function of the grain sizes for different radiation fields

and gas density, denoted by γU/n1, assuming grains

moving at thermal speeds vgg = vth. Different levels

of iron inclusions are considered with Ncl = 10− 104.

One can see that, under a luminous radiation field

(i.e., γU/n1 > 1), the impact of radiative torques is more

significant (i.e., high ΩRAT), leading to the enhancement

of the magnetic moment by Barnett effect (see Equation

5). The enhancement links to the level of iron inclusions

and increases with Ncl. Even with a small iron clus-

ter of Ncl = 10, the Barnett dipole-dipole interaction is

still important. The parameter space for enhancement is

broadened for higher radiation fields (γU/n1) and large

grain sizes.

As an example, for SPM grains a = 0.1µm with

Ncl = 10 (upper left panel of Figure 2), the collision

cross-section (bmax/a)2 could increase up to 10 when

γU/n1 ∼ 10. The impact parameter is higher with
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(bmax/a)2 > 100 for larger grains a > 1µm as a result

of lower thermal speed (see Equation 25). In contrast,

in the environments with higher gas density or weak

radiation field (i.e., γU/n1 < 1), the grain rotation is

affected by the damping by gas collisions, which slows

down the grain rotation. Consequently, the collision rate

is not enhanced by the Barnett dipole-dipole interaction.

However, if the grain has a high level of iron inclusions

(i.e., Ncl > 102), the collision rate by the Barnett dipole

interaction could be enhanced with (bmax/a)2 > 100,

even in a dense environment with γU/n1 ∼ 0.1 (see in

the bottom panels of Figure 2).

Figure 3 shows the similar results as in Figure 2 but

for grains in a warmer region with Tgas = 500 K. The

Barnett dipole interaction is still efficient, but less effi-

cient than the case of Tgas = 100 K due to both faster

relative grain motion and the damping by gas collisions.

For instance, the collision rate (bmax/a)2 decreases to

∼ 2 for sub-micron SPM grains with a = 0.1µm and

Ncl = 10.

Figure 4 shows the numerical calculation of the en-

hanced collision rate (bmax/a)2 for iron metallic grains.

As seen, the Barnett dipole-dipole interaction can also

enhance the collision rate of two grains containing single-

domain iron metallic irons for the local conditions of

γU/n1 > 1. However, in comparison with the SPM

grains in Figures 2 and 3, the Barnett dipole interaction

is less efficient due to the lower magnetic susceptibility

(see Equation 7).

4. DISCUSSION

Here we discuss the implications of the Barnett dipole-

dipole interaction for grain growth in potential astro-

physical environments.

4.1. The role of the Barnett dipole-dipole and grain

growth and destruction

The grain-grain collision timescale in the Barnett ef-

fect is given by

tcoll =
1

Rcoll
=

(
bmax

a

)−2

t0coll

=

(
bmax

a

)−2(
1

ngrπa2vgg

)
, (28)

where t0coll is the grain-grain collision time without the

Barnett effect and ngr is the number density of dust

grains.

Equations (26) and (27) reveal that the enhancement

in the grain collision rate by Barnett dipole-dipole effect

depends on dust magnetic properties (φsp, Ncl), grain

sizes, the radiation field and gas properties, γU/n1T1,

and the grain relative velocity. For a given local ra-

diation field and gas density, the rate of grain growth

sensitively depends on the grain’s magnetic properties.

Grains with a higher abundance of iron (larger φsp and

Ncl) have a higher collision rate due to the stronger Bar-

nett dipole interaction. As a result, magnetic grains

can collide and grow faster than carbonaceous or silicate

grains without iron clusters. This process leads to the

accelerating growth of superparamagnetic grains, which

eventually form the iron-rich.

4.2. Grain coagulation in the envelope of AGB and

RSG stars

Collisions between grains in the envelope are the pri-

mary process for grain growth. Note that iron grains are

expected to form (Jones 1990; Kemper et al. 2002) or

incorporated gradually in silicate grains (Höfner et al.

2022) in the inner envelope of O-rich Asymptotic Gi-

ant Branch (AGB) stars. Given the strong radiation

field in the envelope, grains should spin rapidly. For the

circumstellar envelope of AGB stars with the magnetic

field strength of B ∼ 10(100 au/r)−2 mG for a dipole

magnetic field (see Vlemmings 2018), and the hydrogen

density profile of

nH'4.5× 105

(
Ṁ

10−5M� yr−1

)(
10 km s−1

vexp

)

×
(

100 au

r

)2

cm−3, (29)

where Ṁ is the mass-loss rate, and vexp is the expansion

velocity of the envelope (Tram et al. 2020).

Using Equation (24), one can see that magnetic grains

are aligned perfectly by MRAT for Ncl,4φsp,−2 > 10−3

or Nclφsp,−2 > 10. Therefore, grains with iron inclusions

can have perfect alignment by MRAT.

The interaction of induced dipoles by ambient mag-

netic fields would become more efficient for large mag-

netic fields. Figure 5 shows these effects on grain colli-

sion in the envelope of a particular AGB star - IK Tau

varying from 10 AU to 40,000 AU, with a stellar mag-

netic field (1 G - 100 mG) and a gas density profile of

nH ∼ 1/r−2 (see more in Vlemmings 2018 and Tram

et al. 2020). One can see that, as a result of strong

magnetic fields in the inner regions of the AGB enve-

lope, the dipole interaction is significantly effective for

large SPM grains a > 0.1µm. And the enhancement of

grain collision rate extends from the inner to the outer

envelope with increasing Ncl due to higher magnetic sus-

ceptibility (bottom panels of Figure 5).

In the envelope of red supergiant stars (RSGs), the

typical density and radiation field is γU/n1 ∼ 10 − 100
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Figure 2. Enhanced collision rate of SPM grains by Barnett dipole-dipole interaction assuming grains having Brownian motion
in the gas of temperature Tgas = 100 K, calculated for different iron inclusions, Ncl. The Barnett dipole-dipole interaction is
more effective (i.e., (bmax/a)2 > 100) for larger grain sizes due to lower thermal speed.

(see Truong et al. 2022). Using the results from Figure 2

and 3, one can see that the cross-section is significantly

enhanced for metallic grains or grains with iron inclu-

sions. As a result, the growth of metallic grains or grains

with iron inclusions. The accelerated dust coagulation

can rapidly form large grains inside dust clumps in RSG

envelopes.

4.3. Grain growth and destruction in PDRs

In PDRs, depending on the distance to the star, the

typical density and radiation field is U/n1 ∼ 1 − 10.

For the Orion Bar, one has U = 4 × 104 and nH ∼
5×105 cm−3 (see Tielens), which corresponds to U/n1 =

2.7. Using the results from Figure 2 and 3 one can see

that the cross-section is significantly enhanced. As a

result, grain growth can occur faster due to enhanced

grain collisions.

4.4. Grain growth in protostellar environments

In hot cores/corinos surrounding the Class 0/I proto-

star, grains are subject to strong protostellar radiation.

Therefore, the Barnett dipole-dipole interaction can be

efficient in enhancing grain collisions and grain growth.

A similar effect can occur in the inner envelope of Class 0

protostars. A detailed modeling for grain growth will be

presented in our follow-up paper. For the conditions of

low-mass protostellar cores, one can have U ∼ 103−106

and nH ∼ 107 (see Giang et al. 2023). In this case,

one has U/n1 ∼ 10−3 − 1. From Figure 6, one can

see that the Barnett dipole effect is important in the

hot cores/corinos for grains with large iron inclusions of

Ncl = 103 − 104.

4.5. Effect of grain acceleration by gas turbulence

In the presence of interstellar turbulence, grains can

be accelerated by hydrodynamic turbulence (Draine

1985; Lazarian & Yan 2002). In this case, the grain

velocity increases with the grain size because they are

affected by larger turbulent eddies that have higher tur-

bulent energy. For grains in molecular clouds, the turbu-

lence driving scale is the Jean length. Then, the relative

grain velocity by hydrodynamic turbulence is given by
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Figure 3. Same as Figure 2 but with Tgas = 500 K. The cross-section (bmax/a)2 tends to decrease due to the efficient gas
collision damping at higher gas temperature environments.
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Figure 4. The enhanced collision rate, (bmax/a)2, of iron metallic grains moving at a thermal speed vth with Tgas = 100 K
(left panel) and Tgas = 500 K (right panel). The Barnett dipole interaction is less efficient due to lower magnetic susceptibility
produced by single-domain iron metallic inclusions, compared with the case of SPM grains in Figure 2 and 3.
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Figure 5. The enhancement of collision rate by dipole-dipole interaction induced by ambient magnetic fields with respect to
the envelope distance, adopting magnetic field strength and gas properties of O-rich AGB stars (i.e., IK Tau, see in Vlemmings
2018 and Tram et al. 2020). With the impact of strong magnetic field (1 G − 100 mG), large grains could be efficiently grown
by dipole interaction in the inner regions of AGB envelopes.
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(see Hirashita & Li 2013)

vturb(a) ' 1.86× 103ρ̂1/2T
1/4
2 a

1/2
−5 n

−1/4
5 cm s−1, (30)

where n5 = nH/105 cm−3.

We calculate the enhancement in collision rates as-

suming vgg = vturb for the different physical parame-

ters. Figure 6 shows the increase in the collision rate of

SPM grains under the effect of gas turbulence, assuming

a value of φsp = 0.1 and Tgas = 100 K. The impact of

Barnett dipole interaction on grain growth is still signif-

icant when the grain is exposed to strong radiation fields

(i.e., γU/n1 > 10), and associated with the increasing

levels of iron inclusions. With the presence of hydrody-

namic turbulence, sub-micron grains (a < 0.1µm) are

driven by small-scale turbulent eddies with lower turbu-

lence energy, and thus, they are moving at lower relative

velocity. They could easily collide with each other by

the Barnett dipole interaction, resulting in the enhance-

ment of collision cross-section with (bmax/a)2 > 10,

compared with the case of large grains a > 1µm with

(bmax/a)2 < 10. The results raise the importance of

gas turbulence in grain growth by magnetic dipole in-

teraction and imply the possibility of the growth from

nanoparticles (i.e., a < 100 Å) and sub-micron grains

(i.e., a < 0.1µm) to very large grains (i.e., a > 10µm)

in hydrodynamic turbulence environments such as PDRs

and protostellar cores.

Note that charged grains can be accelerated by magne-

tohydrodynamic turbulence (Yan & Lazarian 2003; Yan

et al. 2004; Hoang et al. 2012), which is not considered

here.

4.6. Effects of Radiative Torque Disruption (RAT-D)

As experiencing suprathermal rotation by RATs, the

grain develops centrifugal stress S = ρΩ2a2/4 on grain

materials. If the centrifugal stress exceeds the binding

energy of grains, they are spontaneously fragmented into

many smaller species, which is called Radiative Torque

Disruption (RAT-D) (see more in Hoang et al. (2019)).

The critical angular velocity at which the grain is dis-

rupted is calculated as

Ωdisr =
2

a

(
Smax

ρ

)1/2

' 3.65× 108

a−5
ρ̂−1/2S

1/2
max,7 rad s−1, (31)

where Smax,7 = Smax/(107 erg cm−3) is the maxi-

mum tensile strength of grains (Hoang et al. 2019),

which is characterized by the grain internal structure.

Porous/composite grains have low values of Smax =

106 − 108 erg cm−3, while compact grains have higher

values as Smax = 109 − 1010 erg cm−3.

Dust grains undergo rotational disruption when the

grain angular velocity spun-up by RATs, ΩRAT, exceeds

the critical velocity of Ωdisr. The minimum size adisr

that grains can be disrupted by RATs is defined as

adisr =

(
0.8nH

√
2πmHkTgas

γuradλ̄−2

)1/2(
Smax

ρ

)1/4

(1 + FIR)1/2

'53.7

(
γU

n1T1

)1/2(
λ̄

1.2µm

)
ρ̂−1/4S

1/4
max,7

× (1 + FIR)1/2 µm, (32)

and the maximum grain size still being disrupted by

RAT-D is

adisr,max =
γuradλ̄

16nH

√
2πmHkTgas

(
Smax

ρ

)−1/2

(1 + FIR)−1

'30

(
γU

n1T1

)(
λ̄

1.2µm

)
ρ̂1/2S

−1/2
max,7

× (1 + FIR)−1 µm, (33)

which depends on the radiation field γU , the local gas

properties n1T1 and grain internal structure Smax. Un-

der the effects of RAT-D, the grain growth by Barnett

dipole-dipole interaction is efficiently constrained in the

local environment with strong radiation strength U and

less gas density nH.

In Figure 6, the disruption is efficient for disrupting

large grains, particularly for porous grains with Smax <

109 erg cm−3 even in the environments of weaker radi-

ation field strength (i.e., γU/n1 < 1). For grains with

small iron clusters, RAT-D is more effective than the

dipole-dipole interaction. However, for larger iron clus-

ters, the dipole-dipole interaction is effective for small

grains of a < 0.1− 0.5µm. Beyond this size, grains are

disrupted by RAT-D for Smax > 109 erg cm−3.

5. SUMMARY

We study the effect of Barnett magnetic dipole-dipole

interaction on grain collisions and our main results are

summarized as follows.

1. Rapidly spinning magnetic grains spun up by

RATs acquire large magnetic moments due to the

Barnett effect. The interaction between resulting

Barnett magnetic moments can significantly en-

hance the collision cross-section of spinning grains

and the grain collision rate.

2. The enhanced grain collision rate by the Bar-

nett magnetic moments can be important for

grain growth and destruction in the radiation-

dominated regions such as the circumstellar en-

velope of evolved stars, PDRs, and central proto-

stellar cores.
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Figure 6. Enhanced collision rate (bmax/a)2 of SPM grains driven by hydrodynamic turbulence (i.e., vgg = vturb). Small grains
a < 1µm obtain lower speed produced by small eddies (i.e., lower turbulence energy), resulting in the enhancement of grain
growth by Barnett dipole interaction.

3. In strong radiation fields, the rate of grain growth

is significantly enhanced by Barnett dipole-dipole

interaction. On the other hand, the rotational

disruption by RATs (RAT-D mechanism) can ef-

ficiently destroy large grains. Thus, the combined

effect of the Barnett dipole-dipole and RAT-D can

speed up the process of grain coagulation and de-

struction.

4. Our results suggest the importance of the dust

magnetic properties and the radiation field on

grain growth and disruption, which must be taken

into account for accurate modeling of grain evolu-

tion.
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