Blod s BRE e E T A

Department of Physics

College of Science
National Taiwan University

Doctoral Dissertation

B4 R SRk 2 B P X L i g

3R 7T o
FER R

NN

Investigating the influence of the radiative torque

disruption on the size evolution of dust in the heliosphere

Chi-Hang Ng

R FRT B4
x PE#F; Wk 258 B4
Advisor: Hsi-Yu Schive Ph.D.

Co-advisor: Pin-Gao Gu Ph.D.

PEARII4E T

July, 2025

doi:10.6342/NTU202501513


http://dx.doi.org/10.6342/NTU202501513

SEER AL SRR LN
AL E S
PhD DISSERTATION ACCEPTANCE CERTIFICATE
NATIONAL TAIWAN UNIVERSITY

(=7 <49 ) (Chinese title of PhD dissertation)

15 5+ 4 B4 gmafw Hokk Ay ixgand

(#h> #=<3p ) (English title of PhD dissertation)

Investigating the Influence of Radiative Torque Disruption on the Size Evolution of
Dust in the Heliosphere

rhe R R (4 %) D04222001 (&%) L@ 48
LB F@ kdem@er (K/0/F B aas B % 0 AR

08P ARTATRELAFHLUEEE v F2 o @y -

The undersigned, appointed by the Department / Institute of Phy SiCS

on _08 (date)_ 07 (month)_ 2025 (year) have examined a PhD dissertation entitled above
presented by  Chi-Hang Ng (name) D04222001 (student ID) candidate and hereby

certify that it is worthy of acceptance.

gt A ﬁ Oral examination committee:

doi:10.6342/NTU202501513


http://dx.doi.org/10.6342/NTU202501513

W%

*h v 0§ 8 aEek (Radiative Torque Disruption, RATD ) #+41] &
BB N B B B A KRR niT T o WA A A 4
Bt THOREER R APERP RATD ¥- 68 »ch fRick s ipkchiae o 8
P AZARH @ RS ] o gt RATD #r4] 7 85 8RR 4 80K B 3p ke aiBRik - i

RITMAIB AN B

7 40 RATD & F e % K2 5 (water snow line) =¥ » @ HAzdx4 4 &
FHEOER 0 REERZIE T HP A S FHELRE o H R iR
d 2> RATD cn2 38 27 N ¥ D H A4 B gizg 2 b o pbob s gz
— B kit d RATD 13 eais ehspae [ A fF > $F7 0 ek B3k sk B
SPREE D R Sk B R R A R 4 o RA T BT 0 £ 0 80% A%
R B R S ae 1T 3 % J 2313 (high-J attractors) i | % £ 5] » RATD

FHATR & < A P SRR 55

Bofs o AP D REE RATD 8 4160f % = 2 > T3dem 0 20 i cnfic 3] g ¥

W B T R

B R

BIsEF : Bdy ~ R —EBAF L Fi LA R W ) i

iii doi:10.6342/NTU202501513


http://dx.doi.org/10.6342/NTU202501513

iv

doi:10.6342/NTU202501513


http://dx.doi.org/10.6342/NTU202501513

Abstract

This thesis investigates the role of the Radiative Torque Disruption (RATD)
mechanism in the fragmentation of micrometer-sized dust grains into nanoparti-
cles within the heliosphere. By analyzing the disruption timescales under varying
centrifugal stresses, we demonstrate that RATD is an efficient process for breaking
down micrometer-sized grains, surpassing other fragmentation mechanisms in its
effectiveness. Additionally, RATD inhibits the expulsion of micrometer-sized grains

by radiation pressure, altering their dynamical behavior within the heliosphere.

This study reveals that RATD significantly alters the water snow line’s po-
sition beyond its thermally defined boundary, emphasizing the dual influence of
temperature and grain size on heliospheric dynamics. For smaller grains, the snow
line can extend beyond its thermally defined position due to the impact of RATD.
Furthermore, we construct a simplified model to characterize the grain size distri-

bution modified by RATD, revealing a substantial reduction in the number density
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of micrometer-sized grains and a corresponding increase in sub-micrometer-sized

grains. However, we find that if fewer than 80% of dust grains are aligned at high-J

attractors by radiative torques, the impact of RATD on the grain size distribution

is significantly weakened.

Finally, we propose experimental approaches to test the RATD mechanism and

discuss the uncertainties associated with applying our model to heliospheric dust

studies.

Keywords: dust, extinction — ISM: evolution — ISM: general — solar wind
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Chapter 1  Introduction

The majority of the content in this thesis is based on ( ).

Remote sensing and in situ measurements within the heliosphere have revealed
the presence of very small dust grains (radius below tens of nanometers, hereafter
nanoparticles) that can be produced through various fragmentation mechanisms.
The first in situ detection of micrometer-sized dust (radius between 0.1 um and
1000 um) dates back to the Voyager missions, which observed dust around Sat-
urn, Uranus, and Neptune ( , ). During the Voyager 2 mission,
the planetary radio astronomy experiment detected intense unpolarized broadband
noise, likely resulting from dust impacts on the spacecraft ( , ).
Later missions, including Ulysses and Cassini, provided further evidence of dust par-
ticles in the heliosphere (e.g., , ). Ulysses carried an in situ dust detector,
enabling the direct observation of interstellar dust (ISD), interplanetary dust parti-
cles (IDP), and circumplanetary dust (e.g., , : , :

, ). The Cassini spacecraft detected dust impacts around Saturn
using both antennas ( , ) and a dedicated dust instrument ( :

). Observations from Cassini’ s flyby around Jupiter confirmed that some dust
streams originated from the volcanically active Jovian moon Io ( ,

). Data from Cassini suggested that nanoparticles are produced in the inner-
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most heliosphere and are subsequently picked up by the solar wind ( 3
). Additional evidence for dust impact signals was found in measurements
from the S/WAVES plasma wave antenna instruments on the STEREQO spacecraft
( , ), with high nanoparticle velocities proposed to explain the fre-
quency of detected events ( , ). These high velocities may
be explained by the acceleration of charged particles by the solar wind (
, ). Furthermore, nanodust from comet 67P/Churyumov-Gerasimenko
has been collected and analyzed by the MIDAS (Micro Imaging Dust Analysis Sys-
tem) ( , ) and the IES (Ion and Electron Sensor) onboard the

Rosetta spacecraft ( , ).

Remote observations have also highlighted the ubiquity of nanoparticles in de-
bris disks. Near-infrared (NIR) observations have revealed excess emission from
the inner regions of these disks, potentially near the silica sublimation zone (

: ). ( ) detected hot dust in Vega, while ( )
observed 2 um emission excess in nearby debris disks around Vega and Fomalhaut,
suggesting that nanoparticles with sizes of 5 —20 nm must be present within tens of
stellar radii to explain these observations. ( ) proposed that
nanoparticles could originate from the collisional fragmentation of cometary dust
grains (see also , ). Spectroscopic observations by
( ) further indicated the presence of very small grains in the debris disk around
HD 32297, while submicron-sized silica grains were identified in the disks around
HD 113766 and HD 172555 ( : ). Various studies have suggested that

nanoparticles can form through sublimation and collisional fragmentation ( ,

Y Y 3 Y )'
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The idea that photon absorption and emission could induce rapid grain rotation
was initially proposed by ( ), though their model was based on a random-
walk process of photon angular momentum transfer. Later,

( ) proposed that differential absorption and scattering of radiation by helical
grains could generate radiative torques, leading to grain alignment. Numerical calcu-
lations by ( ) confirmed that radiative torques (RATs) are
significant for irregularly shaped grains, capable of spinning them up to superther-
mal rotation, where the angular momentum J exceeds its thermal equilibrium value.
( ) developed an analytical model for RATs, and

( ) showed that grains can align at either low-J or high-J attractor
points, with the fraction of grains at high-J states (fhigny) depending on parameters
such as radiation field intensity, grain size, shape, charge distribution, and magnetic

properties ( , : , ).

( ) first proposed that large grains aligned at high-J attrac-
tors could be fragmented into smaller particles if the centrifugal force generated
by suprathermal rotation exceeds the binding force holding the grain together (see
also : ). More recently, ( ) demonstrated that the Ra-
diative Torque Disruption (RATD) mechanism can efficiently produce nanoparticles
by fragmenting large dust grains in the F-corona, offering an explanation for the
observed decrease in F-coronal dust density with distance from the Sun. However,
the impact of RATD on dust fragmentation beyond the F-corona in the heliosphere

remains unexplored.

This thesis investigates whether nanoparticles can also be produced through

RATD-driven fragmentation of larger dust grains (> 0.1 um) in the Solar System
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environment. Several key processes, including collisions and radiative effects, have
been incorporated into models of dust size evolution in the interplanetary medium
(see , , for a review). In this work, we examine the role of RATD in dust
size distribution by incorporating it into a simplified collisional cascade model with
Poynting-Robertson drag. Additionally, we conduct a preliminary analysis of the
rotational disruption of micrometer-sized particles strongly affected by radiation
pressure. Despite the simplified nature of our model, this study aims to provide

insights into the potential impact of RATD on heliospheric dust.

The structure of this thesis is organized into five chapters, each addressing a
specific aspect of the research. In Chapter 2, we review the theoretical foundation
of RATD, including equations for rotational and collisional disruption timescales,
and discuss key heliospheric parameters. We also introduce a simplified model for
computing the dust grain size distribution. In Chapter 3, we apply RATD theory
to dust in the heliosphere, calculating disruption grain sizes and timescales and
analyzing the resulting size distribution under different tensile strengths and grain
alignment fractions. We further explore the implications of RATD for constraining
the present-day location of the water snow line. In Chapter 4, we discuss the effects of
radiation pressure and propose potential future experimental tests. Finally, Chapter
5 summarizes our findings. Additional derivations are provided in the appendices:
Appendix 5 derives the general rotational timescale for a dust grain damped by
hydrogen gas, Appendix 5 derives the radiation pressure cross-section, and Appendix
5 introduces and compares the magnitudes of various torques arising from alignment

mechanisms.
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Chapter 2 Theoretical Foundation of
RATD

In this section, we review the theoretical framework of Radiative Torque Dis-
ruption (RATD), as proposed by ( ). RATD has been extensively
studied in various astrophysical environments and validated through observational

constraints (see ) ).

The core principle of RATD is that radiative torques can align and spin up dust
grains to suprathermal rotation at stable attractor points of high angular momentum
(hereafter high-J attractors) ( : ; , ).
When the rotational velocity becomes sufficiently high, centrifugal forces overcome

the grain’ s material strength, leading to its fragmentation into smaller particles.

However, competing mechanisms such as gas collisions and infrared emission
act to slow down the grain’s rotation. The relative timescales of these processes
determine the effectiveness of RATD and play a crucial role in shaping the final size

distribution of dust grains in different astrophysical environments.
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2.1 Radiation Field, Gas, and Dust Properties in the Helio-

sphere

The energy density of the radiation field is defined as

Upad = fu;\dk. (2.1)

We introduce the dimensionless parameter U, which quantifies the radiation energy

density relative to the interstellar radiation field (ISRF):

U=l (2.2)
UISRF
where the ISRF energy density is usgr = 8.64 X 1072 ergem™ ( , ).

In the Solar System, the radiation field strength varies with heliocentric distance as

-2
U~52x10 (L) . 9.3
X 1 au ( )

The Sun’s radiation intensity depends on its surface temperature, which we
assume to be 5800 K, treating it as a perfect blackbody emitter. The corresponding

radiation energy density at a heliocentric distance r is
Urag = 4.62 X 10_5( d )_2 ergcm ™ (2.4)
rad — - 1au g . :

The mean wavelength of radiation can be estimated as

}_\ _ f)nu)\dk

Urad

=9.18 x 10~ cm. (2.5)
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Inside the heliosphere (r < 100au), hydrogen gas originates from two primary
sources: the solar wind and the Local Interstellar Medium (LISM). The ROSAT mis-
sion provided the first all-sky survey of soft X-ray emission from the LISM, and the
Ulysses mission further constrained its properties ( , ). Within the
heliosphere, a fraction of interstellar dust can be ionized due to photoionization and

charge exchange with the solar wind ( , : ,
).

The number density of solar wind protons follows an inverse square law:

-2
1, (SW) = 7 (ﬁ) em™ (2.6)

( , ; , ). Meanwhile, the LISM hydro-
gen number density is approximately

ny(LISM) = 0.09 cm™ (2.7)
for regions beyond 10au ( , ). Inside 10au, the LISM contri-
bution becomes negligible compared to the solar wind.

The temperatures and drift velocities of the solar wind and LISM hydrogen

atoms are given by:

T(SW) ~ 8.3 x 10*K, T(LISM) ~ 6306 K, (2.8)
v(SW) ~ 500 km/s, v(LISM) =~ 26.24 km/s (2.9)
( , ; , ). Since protons and

hydrogen atoms have nearly identical masses, the rotational damping time of a dust
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grain in both gases is similar (see Equation 2.19). To generalize, we define the

weighted mean for a physical quantity ¢ as:

wOW) - swy + —nH(];ISM)q(LISM), (2.10)
H

g=
ny

where ny is the total number density of solar wind protons and LISM hydrogen

atoms.

Cosmic dust in the Solar System is classified into three main populations: inter-
stellar dust (ISD), interplanetary dust particles (IDP), and circumplanetary dust.
This study focuses on ISD and IDP, as circumplanetary dust has complex orbital

dynamics and rotational damping behavior that depend on planetary atmospheres.

ISD originates from the Local Interstellar Cloud (LIC) and traverses the Solar
System due to the relative velocity between the Sun and the LIC, which is approx-
imately 26kms™! ( , ). At the heliosphere’ s boundary, ISD
particles with high charge-to-mass ratios are filtered by the Lorentz force. Simu-

lations indicate that ISD grains smaller than 0.01 um are entirely excluded (
Y ; Y )'

IDPs, on the other hand, originate from asteroids, comets, and the Kuiper Belt
( , : , ). Within 3 au, IDPs form zodiacal dust bands,

which contribute to zodiacal light ( , ).

The cumulative flux of interplanetary dust at ry = 1au follows ( ,

):

F(m,ro) =(cim®' + ¢2)** + c3(m + cam® + csm®*)*> + co(m + c7m*°)*, (2.11)
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where constants ¢; and g; are fitted from observational data.

Regarding the radial dependence of dust number density, observations suggest
that zodiacal cloud grains originate from multiple sources and their density varies
with heliocentric distance ( , ; , ).

For simplicity, we assume a power-law distribution:

n(ryecr?”, v=13 (2.12)
( , : , ). The flux variation for low-eccentricity orbits is
approximated as:
-18
F(m,r) = F(m, ro) (1) . (2.13)
o

2.2 Theory of Radiative Torque

Radiative torque (RAT) arises from the interaction between an anisotropic ra-
diation field and an irregularly shaped dust grain. This mechanism plays a crucial
role in the rotational dynamics of interstellar and interplanetary dust grains. The
magnitude of the RAT exerted on a dust grain depends on its size, the anisotropy

of the radiation field, and the radiation’s spectral properties.

For a dust grain with an effective radius a, defined as the radius of a sphere

with an equivalent volume, the RAT is given by ( )
2 X
I'raT = A" YradUrad o (Or). (2.14)

where u;,q represents the radiation energy density, and y.q is the anisotropy degree
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of the radiation field. The mean wavelength A of the radiation field is defined as:

_ f )\uxd)\
A= , (2.15)
Urad
and the spectral-averaged RAT efficiency, (Qr), is given by:
[ Orhudi
=— 2.16
(Or) Thand (2.16)

Inside the heliosphere, where the radiation field is highly anisotropic, the anisotropy
parameter is y,q ~ 1. The spectral-averaged RAT efficiency, (Qr), can be approxi-

mated using the empirical relation given by ( ):

2577, asins,
(Or) = (2.17)

0.4, a>MN1.3.

Substituting Equation (2.17) into Equation (2.14), the RAT is obtained as:

5.8 x 107%a*]y,,qUN L7 dynecm, a < 1/1.8,
FRAT =~ (218)

8.6 X 104 ;y,aUhgs dynecm,  a > A/1.8.

Here, the normalized parameters are defined as a_s = @/10™ ¢cm and Ags = /0.5 um.

These expressions provide a quantitative framework for understanding the in-
fluence of radiative torques on dust grains under different radiation conditions. The
RAT efficiency depends strongly on the grain size relative to the mean wavelength,

2

which determines whether the torque scales as a*’ or a®>. This scaling plays a

critical role in modeling the rotational dynamics of dust grains in astrophysical
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environments.

2.3  Rotational Damping Mechanisms and Timescales

Rotational damping can be divided into several different processes, including
neutral impacts, ion impacts, thermal emission of infrared photons, and rotational

dipole emission ( : ).

Here, we calculate the general damping timescale of a dust grain damped by
hydrogen gas as follows (see Appendix 5):

31

a— (2.19)
2numua* v K (s)

Tu(va, vin) =

where the bar notation denotes the weighted mean in Equation 2.10 and will be
omitted afterward, ny is the total number density of protons, v4 is the drift velocity
of dust grains with respect to the gas, viy = (2kTgos/mu)'/* is the thermal gas velocity,

K(s) =2+rm+ns+nm(e™ —1) and s = vq/v.

The above approximation is convenient for numerical calculation, as it covers
both high and low sound speeds in one equation. For instance, for zodiacal dust,
the average drift velocity is much larger than the thermal velocity for protons in the
solar wind, vq > vy for Tgs = 83000K and vq4 = 500km/s. On the other hand, the
average drift velocity and thermal velocity are around 26 km/s according to Lyman-
@ observations ( : ) for dust colliding with neutral gas
in the LISM which dominates within 10 au to 100 au. Therefore, this example shows
the importance of considering dust grains colliding with different sources of gas.
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To facilitate comparisons across different sources of rotational damping, we
adopt Ty with v4 = 0 as a fiducial timescale. The damping time due to process j is
expressed as:

Tl = FjT;Ilv (220)

T

and the total damping time is:

TE;mp:(Fn+Fi+FIR+Fed)Tﬁ1, (2.21)

where F,, F;, Fir, and F¢q are the contributions from neutral imparts, ion impacts,
thermal emission of infrared photons, and rotational dipole emission, respectively.

For gas with He of 10% abundance, F, + F; ~ 1.2 ( , ).

The contributions due to the rotational dipole emission (Feq) can be rewritten

as( ) ; ) )Z

10?1
F= —_—, 2.22
d [3de) Ted ( )

where Ty is the dust temperature, and characteristic damping time 74 is defined as:

3133

= 2.23
Ok T gqs 2 (2:23)

Ted

As we will see in Section 2.5, a dust grain is disrupted when its angular velocity,
w, exceeds the critical rotational velocity, wg. To estimate the upper bound of
the rotational dipole emission, F.q, we substitute w with wg. By incorporating

Equations 2.19, 2.23, and 2.28 into Equation 2.22, the expression for Fq is derived
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as:

Smaxo ) (30em3Y[ Ty \'{ V V{ Tas \*(2
Feg = 14 1073 202 || 2220 (15d (—) ( 2 ) i (|| (2.24)
a-.p ny K 3V/) \100K K(s)

=5

where a_s = a/(107 cm), p = p/Bgem™), and S maxo = Smax/(10° ergem™).

Finally, the IR damping coefficient is ( ; ):
0.4U%3)(30cm=3) (100K )"* (27
FIR ~ . (225)
a_js ny Tgas K(S)

Notably, Tr = FIRT;,1 remains independent of gas temperature Ty, and density ny.
Furthermore, as demonstrated in ( ) and ( ), for a
dust grain that is trapped in high-J attractor points, equilibrium rotation is attained
at:

FRATTdamp

WRAT = f’ (226)

where I = 87pa®/15, p = 3gcm™ are the moment of inertia and the typical density

of the grain, respectively.

Using the parameters S0 = 1, p = 1, and Ty = 15K, Fig. 2.1 compares the
damping coefficient due to thermal emission of infrared photons (F, solid lines; see
Equation 2.25) and rotational dipole emission (Feq, dashed lines; see Equation 2.24)
across different grain sizes (a) and heliocentric distances (r). The figure illustrates
that, within heliocentric distances ranging from 0.1 au to 100 au and for grain sizes
larger than 0.1 um, Fig dominates over F.y. Consequently, Foq can be neglected in

the regions under consideration.
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Figure 2.1: Comparison of damping coefficient due to thermal emission of infrared
photons (Fg, solid lines; see Equation 2.25) and rotational dipole emission (Feq,
dashed lines; see Equation 2.24) for different grain sizes (a) and heliocentric distances

(r).

2.4 Tensile Strength of Dust Grains in the Heliosphere

The tensile strength of dust particles in the heliosphere spans several orders
of magnitude, depending on their composition, structure, and physical properties.
Analyses of meteoroid atmospheric entries (typically “cometary” dust) suggest very
low tensile strengths of approximately ~ 4x10°-10° dyncm™ ( , ),

consistent with extremely fragile, loosely-bound aggregate structures.

For silicate-based dust (e.g., olivine, pyroxene, granite), both laboratory experi-
ments and modeling studies indicate tensile strengths in the range of 10310 dyn cm™2
( , ; , ; , ), primarily reflecting

the properties of silica-rich materials.

Carbonaceous dust, such as organic-rich interplanetary dust particles (IDPs)
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and carbonates, exhibit significantly higher strengths. Micro-compression experi-
ments on ~ 100 pm fragments of CM/CI chondrites (rich in organics) have revealed

tensile strengths in the range of 3 x 10°-3 x 10® dyncm™ ( ; ;

, 2009).

In the case of ice-rich dust (e.g., water ice or ice-dust mixtures), pure water ice
exhibits relatively high tensile strength at low temperatures. For instance, uniaxial
compression tests yield values of ~ 5 x 10°-1.3 x 107 dyncm™2 near 150K (

, ). However, the surface layers of cometary nuclei are much weaker; for
comet 67P, modeling and Rosetta mission data suggest that the dusty ice crust has
tensile strengths of only 30-1500 dyncm™2, low enough that sublimation pressures

Y )

of a few pascals can lift material (

Metal-rich dust grains, such as iron - nickel (FeNi) fragments from asteroid

disruption, are among the strongest. Tensile tests on iron meteorite samples yield

? )

strengths as high as ~ 5.6 x 10° dyncm™ (

2.5 Critical Rotational Velocity and Disruption Thresholds

A rotating dust grain of size a and angular velocity w experiences a centrifugal

stress, which is given by:

2,2
s =2 (2.27)

4
where p is the material density of the grain ( : ). The critical rotational ve-

locity, wgisr, represents the threshold at which centrifugal stress overcomes the grain’s
internal cohesive forces. When this stress equals the maximum tensile strength § .«

(which varies by composition and internal structure), fragmentation occurs. This
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critical velocity is given by:

2 (Smax)”z
Wdisr = —
a\ p

~3.6x 10%a" 71282 rad/s, (2.28)

max,9

where a_s = a/(10° cm), p = p/Bgem™), and S naxo = S max /(107 ergem™).

The values of p and S . can vary significantly depending on the grain’s ma-
terial properties. For reference, bulk ice has p = 0.306 and S .x = 1 X 10’ dyncm™
( , ), while cast iron has p = 2.4 and S o = 2% 10° dyncm™. Monocrys-
talline silicon exhibits p = 0.776 and S . = 7% 10'°dyn cm™2, with additional values

found in ( ).

A dust grain undergoes rotational disruption if wgs; < wrar, Which leads to the

condition:

1/2
2 (Smax) / < 1—‘RATTdamp

. ; (2.29)

a

From this, the disruption size thresholds are derived:

a'l > 7.02x 107p7128 12 ol Tx (2.30)

max,9

l’lH(12 + FIR)vthK(s)
U b

for grains with a < A/1.8, and

U
nH(l 2+ FIR)VthK(S) ’

as <2.1x 107p"28 712 5 Fos

max,9

(2.31)

for grains with a > M/1.8.

Equations (2.30) and (2.31) define the range of grain sizes subject to rotational
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disruption. The upper limit in Equation (2.31) arises from the increasing moment
of inertia for larger grains, while the lower limit in Equation (2.30) is due to the

decreasing cross-sectional area.

Under the assumption of a strong solar radiation field within the heliosphere,

where Fg > 1, Equation (2.30) simplifies to:

11371712 \M27
Qdisr,min =~ 0~16(7’radU / hosS / )

max,9

um, (2.32)
for grains with a < A/1.8. As expected, the minimum disruption size is independent
of gas density and temperature in the first-order approximation.

Similarly, the maximum disruption grain size is found by solving Equation

(2.31):

= U U*3 2
Qdisr,max =~ (0-467rad)\'0.5ﬁ1/25_1/2 vr ) pm, (2.33)

max9 g PU2K(s) 307 T12K(s)
where T2 = Ty /100K and iy = ny/30cm™. Under the strong radiation field

assumption, the second term can be neglected, yielding:

- U
_ - Al)2a—1/2
Adisr,max = 0-46)’rad;\'0.5p Smax,9 nA—HTI/zK(s) M. (234)

The maximum disruption size depends on gas temperature and density, as Fig > 1

no longer holds for a = agisr max-

As detailed in ( ), the equation of motion for irregular grains

17 doi:10.6342/NTU202501513


http://dx.doi.org/10.6342/NTU202501513

subjected to RATs and rotational damping is given by:

ldw lw
—— =Trar — . 2.35
i RAT E— ( )
The corresponding disruption timescale is:
tdisr = _Tdamp 111(1 - Odir ) (236)
WRAT

For cases where the damping time is much greater than the disruption time (wrar >
wgisr) Or when rotational damping is negligible (Tgamp — ©0), the characteristic dis-

ruption timescale is:

I isr
laisr = (2.37)
l—‘RAT
=~ 37.2(yUy) A 1p"7S 12 a3 days, (2.38)
for a < A/1.8, and
taiseo = 246(yUs) Ao 4p' %S |2 ja?s days, (2.39)

for a > 1/1.8. The condition wy; < wrar ensures that tdisr,0 < Tdamp-

2.6 RAT-Driven Grain Dynamics: High-J and Low-J Attrac-

tor

In Equation 2.14, it is assumed that the radiation direction is aligned with
the angular momentum vector J, and due to symmetry, the averaged RATD is

also aligned with the radiation direction. However, this alignment is not generally
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A 4
G\
—
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Figure 2.2: The orientation of a grain is described by three angles 6, ¢, and 8.
The grain’s body frame is defined by the principal axes a;, a,, and a3, while the
laboratory frame (scattering reference system) is described by e, e,, and e;. The

incident radiation is directed along e;. The angular momentum vector J is assumed
to be coupled to the principal axis a; of maximum inertia.

valid. In most realistic scenarios, the radiation direction is not parallel to the angular
momentum vector J. Under these conditions, the torque expression in Equation 2.14

must be revised to reflect the misalignment:

A
IﬂRAT(H, ¢’,3) = ﬂ'az'yradurad (E] QF(Q, ¢7ﬁ) (240)
Asillustrated in Fig. 2.2, 6 is the angle between the maximum moment of inertia

axis a; and the incident light direction e;, ¢ is the precession angle of a; about ey,
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and B is the grain rotation angle around a;. Due to symmetry, the angle ¢ can be

neglected. Therefore, Equation 2.41 simplifies to:

FRAT(G’ﬁ) = ﬂa27radurad (%’(] QF(G’B) (241)

To further simplify, we assume a; and J are coupled due to fast rotation and
efficient internal relaxation ( , ; , ). This enables
averaging over 3

(Trar) (0) = 710" Vradiira (%{] (Qr) (). (2.42)

Here, (-) denotes an average over 8. The radiation torque can be decomposed along

ay, 0, and ¢ directions:
(Trar) (6) = (Trata, ) a1 + (Traro) (08 + (Trar) (0. (2.43)

The equations of motion are then expressed as:

dJ

= = M (Trara, ) (0) = J (2.44)
do <FRAT,9> )

=M (2.45)

where time ¢ and angular momentum J are scaled by the gas damping time Zgamp

and thermal angular momentum /,wr, with I; being the moment of inertia about

The stationary points are determined by setting the equations of motion 2.44

and 2.45 equal to zero. A stationary point becomes an attractor if the following
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Figure 2.3: A representative phase trajectory map showing three attractor points:
A, B, and C. Points B and C correspond to high angular momentum states (high-J
attractors), while point A corresponds to a low angular momentum state (low-J
attractor) (Lazarian & Hoang, 2007).

conditions are satisfied at 8 = 6 (Lazarian & Hoang, 2007):
d <FRAT,6> (©)
— | < 0, for <FRAT,&1>(HS) >0

6=0,

d (Trats) (0)

70 > O, for <FRAT,a1> (Hs) <0

0=0;

(2.46)

(2.47)
Given a specific grain, one can compute the torque components <FRAT,9> (0) and
<FRAT,31> (6). Phase trajectory maps such as in Fig. 2.3 help visualize these attractor

points in angular momentum space, clearly distinguishing high-J attractors (points

B and C) from low-J attractors (point A).
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2.7 Impact of Ice Mantles on Rotational Disruption

The presence of ice mantles on dust grains plays a crucial role in their structural
integrity and rotational dynamics. These ice mantles can form through heteroge-
neous condensation processes in low-temperature interstellar clouds, as described
by ( ). The structural properties of such icy layers have been
extensively studied by ( ), who demonstrated that water vapor
condensation leads to the formation of a layered structure on the surface of the grain

core.

To analyze the rotational disruption of ice-mantled grains, we adopt a simplified
model in which the dust grain is assumed to be a sphere of radius a. The average

tensile strength of a rotating sphere at a distance R from its center is given by

(2005):

pw’(@® - R*)

S(R) = 1

(2.48)

Here, we assume that the adhesion strength between the ice mantle and the
core is equal to the tensile strength of ice. Given that the tensile strength of the
core is significantly higher than that of the outer ice layer, the outer layer is expected
to break first under centrifugal force. The critical rotational velocity at which this

occurs is determined by setting § = S nax:

22 doi:10.6342/NTU202501513


http://dx.doi.org/10.6342/NTU202501513

48 mx \"*
Whisr = | —V 5 5%
‘ p(a®> — R?)

~ 3.6 x 10°(a” = R*)"?a”ip™'?S 2 ; rad/s. (2.49)
By comparing this result to Equation 2.28, we find that the effective tensile

strength of the ice mantle is modified as follows:

Smax
Seff = m (250)

Substituting S max with S ¢ in Equations 2.32 and 2.34, we obtain the expressions

for the minimum and maximum disruption sizes in the ice mantle model:

0.16 priTelz \M2T
@disrmin = [1 _ (R/a)2]1/5.4 ( radU )\‘O.SSmaX,9) Mm, (251>
ap U 2\

Qaisrmax 204657050 [1 = Rla?]” S (2.52)

- m

"9 i T12K (s) H
The results indicate that the minimum disruption size of a grain in the ice
mantle model is larger than that in the bulk ice model, whereas the maximum
disruption size is smaller. This suggests that the presence of an ice mantle enhances

the structural resilience of smaller grains while limiting the disruption of larger
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grains.

Since the results for ice-mantled grains can be derived from the bulk ice sphere
model by modifying the tensile strength S, we simplify our numerical calculations

by assuming R = 0, effectively treating the ice mantle as an ice sphere.

2.8 Poynting-Robertson Drag and Its Effect

The Poynting-Robertson (PR) drag plays a crucial role in the removal of nanopar-
ticles from debris disks. This effect arises due to the momentum transfer from solar
wind particles and the radiation pressure force, commonly referred to as plasma
PR drag and photon PR drag, respectively. By incorporating the flux differential
factor, which accounts for the discrepancy between incoming and outgoing fluxes
( , ), into the PR drag timescale ( : ), the net mass
loss timescale for a dust grain of size a in a circular debris disk at a distance r from

the Sun, subject to photon differential PR drag, is given by:

4 2 42 1 ~ 2
foh = npr ac = 697-273 (IL) yIS. (2.53)
3(Op) Lo ¥~ (Qpr) M au

Here, Ly represents the total solar energy output per second, and v = 1.3
corresponds to the exponent of the number density of dust grains, as discussed
in Section 2.1. The parameters p and a denote the density and size of the dust
grain, respectively, while ¢ is the speed of light. The average pressure cross-section
efficiency, <Qpr>, depends on the shape and composition of the dust grain ( ,

). Theoretical values of <Qpr> range from 0 for perfect transmitters to 2 for
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perfect backscatters, with unity for an ideal absorber ( y ). For
particles with a small size parameter x = 2ma/A < 1, the pressure cross-section

efficiency can be approximated as (see Appendix 5):

(2.54)

where m is the refractive index of the particle.

The relative importance of plasma differential PR drag compared to photon

differential PR drag can be evaluated using the ratio of their timescales (

, 2006):

tsw M L r
v 3(_) (_Q)(Qp ) (2.55)
Ioh My )\ L)\ Qs

where M is the mass loss rate of the star, and M, is the solar mass loss rate.

Consequently, the net mass loss timescale due to plasma differential PR drag in the

heliosphere is given by:

2
foy = 2092 <2‘5> (1_;1) yrs. (2.56)

The momentum transfer cross-section efficiency Qy, follows the relation (

, 2004):
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QSW = - 5 (257)

where X = 2a/l(py) is the "size parameter” !, and py is the initial momentum of
an incident ion. According to SRIM (Stopping and Range of Tons in Matter) simu-
lations, the projected ranges of protons with an initial kinetic energy of 1keV/amu
for SiOy and ice are 0.07 um and 0.11 um, respectively ( , ). For

simplicity, we assume a projected range of I(py) = 0.1 um.

By comparing the timescales of plasma PR drag and photon PR drag, it is
evident that photon PR drag is more efficient for larger particles (¢ > 0.1 um),
whereas plasma PR drag dominates for smaller particles (a < 0.1 um) ( :

; , ). As a result, the overall PR drag timescale is determined

by the minimum of #,, and f,, expressed as:

as [ 1 \?
for = 2092 (—) . 2.58
PR Our \1au yrs ( )

Here, Q. = max(3 <Qpr> , Osw) is the effective cross-section efficiency. For nu-

merical convenience, we approximate Qg as:

[3%]
>
b
A\
[\S] Ne)

QOutr = T (2.59)

(O8]

<

\Y%
o

Note that X = 2a/l(py) in plasma differential PR drag should not be confused with
x = 2ma/\ in photon differential PR drag.
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Figure 2.4: Comparison of average pressure cross-section efficiency ((Qpr>) of ice,
graphite, and fused silicon (dashed line), momentum transfer cross-section efficiency
((Qsw)) (dashed dot line), and the approximation value of the cross-section efficiency
({Qerr)) (solid line). Pressure cross-section efficiencies are computed using optical
constants of ice ( : ), graphite ( : ), and fused
silicon ( , ).

Figure 2.4 presents a comparison of the average pressure cross-section efficiency
of ice, graphite, and fused silicon (dashed line), the momentum transfer cross-section

efficiency (dashed dot line), and the approximation of Qeg (solid line). The approx-

imation accurately reproduces Q,, for small grains and 3 <Qpr> for large grains.

2.9 Trajectory of Dust Grains in a Magnetic Field

To derive the equation of motion for a dust grain with charge Q under the

influence of the Lorentz force Fp in the Parker spiral magnetic field, we begin with:

Fj = (Q)V «B. (2.60)
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Figure 2.5: Schematic illustration of the local coordinate system defined in the
spherical coordinate framework (Lazarian & Hoang, 2007),
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We introduce a local orthonormal coordinate system (e,, ey, e;) defined in the
spherical coordinate framework, as shown in Fig. 2.5. The local axes are defined
as: e, = e, (radial direction), e, = —ey (opposite to the polar direction), and e, = ¢4

(azimuthal direction), where e,, ey, and e, are the standard spherical unit vectors.

In this coordinate system, the Parker spiral magnetic field can be expressed as
B = (B,, B, 0) (see Appendix 5). Considering a dust grain moving in the ecliptic
plane with an unperturbed Keplerian velocity, we express the perturbed position

components as:

rg = rogy + rd)ot + ox,
ré = -0z,

r=ry+ 0y, (2.61)

where ¢g, ¢, and ry are constants determined by the initial conditions. For
Keplerian motion, the angular velocity is ¢o = /GMo/ry. The linearized equations

governing the perturbations due to the Lorentz force are:

mdj(:' = —QBr(SZ,
GMym
méy = QBy6% — ———0y,
"o
GM
msz = Q(B,6x — Bydy) — ——2 sz, (2.62)
"o
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where m is the grain mass and My, is the solar mass.

The general solution for the perturbations can be expressed as:

ox

6
oy|= Z Civie'", (2.63)

i=1
0z

where C; are constants set by initial conditions, v; are the eigenvectors, and A;

are the eigenvalues obtained from the characteristic equation:

2 2 2
A2 [/14 + (2G13V[® + %(Bé + Bf)) 2+ (GMO) Mo ng) = 0. (2.64)
r m

This equation implies that all eigenvalues are either zero or purely imaginary.
Consequently, the dust grain undergoes oscillatory motion around the unperturbed
Keplerian orbit. This behavior is consistent with the findings of
( ), who showed that the Lorentz force induces changes in orbital inclination.
The timescale associated with the inclination variation due to the Lorentz force is

given by:

7S4p2 <l2>
—7r

s = 6.8 x 10°
B V2 cos?i

yrS, (2.65)

where V is the grain potential in volts, s is the grain radius in centimeters, p is
the mass density in gecm™, r is the heliocentric distance in astronomical units (au),

and i is the inclination in radians.
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2.10  Incorporating Rotational Disruption into Grain Size Dis-

tribution Models

Once the timescales for different disruption and replenishment mechanisms are
obtained, the size distribution can be computed using the model proposed by
( ). In this model, small particles are replenished by the collisional dis-
ruption of larger ones, with the replenishment rate determined by a redistribution
function. Following their derivation, rotational disruption is included as an addi-
tional fragmentation mechanism, assuming that the fraction of grains trapped in a

high-J attractor point is fugn = 1 ( , ).

Our model makes several key assumptions: (1) spherical grain geometry with
uniform composition, (2) steady-state conditions in the dust population, (3) negli-
gible effects from radiation pressure on sub-micron grains, and (4) constant tensile
strength throughout the grain volume. While these simplifications enable analytical
tractability, we acknowledge they may introduce systematic uncertainties, particu-

larly for highly irregular or compositionally heterogeneous grains.

Consider a belt of particles where m; represents the total mass in the k-th bin,
D, denotes the typical size of particles in that bin, and the bin width is defined by
Di1/Dy =1 —6. This work adopts a bin width of § = 0.002, satisfying the criterion

s<1( , ). From mass conservation, the governing equation is:

riy = S — i+ " — g - (2.66)

where the subscripts and superscripts denote mass gained or lost due to collisional
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disruption (c), rotational disruption (r), and Poynting-Robertson (PR) drag (pr).

Assuming that fragments follow a power-law distribution from sizes Mmax Dy to
infinitesimally small particles with a power index «,, the redistribution function
F,(k—1) describes the fraction of mass leaving the i-th bin and entering the k-th bin

( , 2011):

Fo(l) = n 4@ — a,)6(1 - §)/), (2.67)

nrmax

Both collisional and rotational disruption are assumed to share the same cascade

properties, i.e., Mmax and a@,. The adopted values are @, = 3.5 and Hua = 2713

( , 2011).

To set boundary conditions, the upper boundary is defined at the bin where
the typical particle size is Dy, with the assumption that the total loss rate from

fragmentation outside this boundary (> D;) remains constant:
k-1 o0
S i = )" S+ VF (k= i) + iy F(D). (2.68)
i=1 1=k

Here, the second term on the right-hand side represents the mass loss rate 7z, beyond

the upper boundary, which is assumed constant.

Under the assumption of a quasi-steady-state distribution (s, = 0), Equation

2.68 simplifies to:

k—1 00
s+ gt i = G+ i VF (k= i) + iy ) Fi(l). (2.69)
i=1 I=k

For consistency with observed dust populations at 1 au, the value iy, = 9006 g/s =

1.8 g/s is chosen, approximately matching the number of particles at a = 10? um
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when rotational disruption is absent (R” = 0). This estimate is based on the most

massive dust population at ~ 100um ( , : s ).

The collisional mass loss rate, R; = 1 “/my, depends on the dust grain size

distribution and follows ( )E
R = Zk“ M (D, + DY Py (2.70)
k £ 2p7TDl3 i ik» .

where Py is the intrinsic collision probability, given by Py = vy /V. The param-
eter V = 2n%er? represents the volume occupied by the particles, with an average
eccentricity e = 0.3 ( , ). The index i, corresponds to the bin with

size X.Dy, where X, is given by:
X. = QQ0p/ve)'". (2.71)

Here, vy ~ € w/% ~ 9 /1% km/sec, and the dispersal law for 0 is:

r

0p = QD™ + Q.D", (2.72)

where Q, = 790Tkg™!, b =0.38, Q. =0.017Jkg™", and ¢ = 1.36, with D in meters.

The mass loss rates for rotational disruption (R} = riv,"/my) and PR drag (R,” =
m;pr /my) are inversely proportional to the disruption timescales t4i, (Equation 2.36)
and fpr (Equation 2.53), respectively. The size distribution is then obtained by
solving:

Jp— g . —pr P " . —pr
mk +mk +mk _mk +mk +mk

c r -pr T -1 -1 -1 -
R, + R + R, Tk T liisex 1 Iork

(2.73)

my =
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Figure 2.6: Grain disruption properties as a function of heliocentric distance. Left
panel: Disruption grain size (agis;) versus heliocentric distance (r) for different effec-
tive tensile strengths (Seg). The upper curves represent maximum disruption sizes
(Equations 2.34), while lower curves show minimum disruption sizes (Equations
2.32). This reveals the size range of grains susceptible to RATD at each distance.
Right panel: Characteristic disruption timescales evaluated at a = agis;, demonstrat-
ing how quickly grains of various tensile strengths will fragment. The vertical purple
line at 5au marks the conventional water snow line temperature boundary (170 K),
highlighting how RATD mechanisms extend beyond traditional thermal constraints
for dust evolution.

This equation is solved iteratively to determine the steady-state size distribution.
Section 3.3 presents a comparison between the numerical results for cases with and

without rotational disruption.

Since the size distribution is influenced by different disruption mechanisms,
variations in these models yield different results. Additionally, the model does not
account for radiation pressure, which expels micrometer-sized particles, nor does it

consider the Lorentz force on sub-micron grains.

2.11  Modeling the Distribution of Dust Grains in high-J and

low-J Attractor Points

In Section 2.10, we assumed that dust grains are always trapped at a high-J
attractor point. However, RATD cannot be so efficient. If grains subject to only
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radiative torques, i.e., disregarding magnetic torques, ( )
showed that the parameter space of a grain can include scenarios where there are no
high-J attractor points, and ( ) demonstrated that the fraction
of grains trapped in a high-J attractor point fheny is always lower than 1 in their
ensemble of grain shapes. However, for grains with embedded iron inclusions, the
value of fhigny can reach 100% due to the effect of enhanced magnetic relaxation
( , ; : ). Note that only grains at high-J
attractors can be disrupted by RATD. In Appendix 5, we estimate magnetic torques
on heliospheric dust, and suggest that they could significantly vary fen depending

on dust size, charge distribution, and magnetic properties.

To keep things simple, unless otherwise stated, we consider fygny as a free pa-
rameter and adopt a fixed fraction fhigny for all fragment sizes originating from the
border and various fragmentation methods. Let my; and myp; represent the mass
of the dust grains trapped in a high-J attractor point and a low-J attractor point
in the k-th bin, respectively. With reference to Equation 2.69, the following are the
loss rate equations for my, and my ;:

For grains in a high-J attractor point:

k-1 oo
s + it = Frig D | Gt + il Ok = 1) + fusgnatitg > F,(D. (2.74)
i=1 1=k

For grains in a low-J attractor point:

k—1 00
S = (1= fiig) D (it + il F, (k= i)+ (1 = fgniitg > F,(D). (2.75)
i=1 I=k
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The size distribution of grains trapped in high-J and low-J attractor points can
be obtained by solving the following equations for my, and my;:

For grains in a high-J attractor point:

N —pr

e
+ ity + i

My k Hk
myy = ] ) B (276)
Tek Flaisek ¥ Tora
For grains in a low-J attractor point:
S+,
Lk Lk
myr = . (277)
Tex +Topk
And the total size distribution is the following:
My = My + My . (2.78)

Therefore, the mass loss rate due to collisions R{ is given by:

& 3m & 3(my + my
Ro= ' 2Dyt pppy = Y I i ppp (2.79)

par 2p7rDi3 = 2/o7rDl.3

2.12  Incorporating the Lorentz Effect into Grain Size Distri-

bution Models

Following the framework established in Section 2.11, the Lorentz force can be
incorporated into the grain size distribution model. For grains located at a high-J

attractor point, the mass loss equation becomes:
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k-1 o)

. ¢ Jp— . —pr . -B _ . J— Jp— . ) , -

M g + g g+ Pty e+ Tty = frighy Z (mis + mH,is) Fy(k =) + frighiity Z F.(D).
=1 =

(2.80)

For grains located at a low-J attractor point, the corresponding equation is:

k—1 0o

s + it iy = (U= fuignr) Y (1 + ringl ) Folk = i) + (1 = fsgnaring Y F(D).
i=1 1=k

(2.81)

Here, the superscript “—B” denotes the mass loss due to the Lorentz force, and
the other superscripts refer to losses from collisions (—c), radiative torques (—r), and

Poynting-Robertson drag (—pr).

The mass of grains at the high-J attractor point can be expressed as:

. e J— . —pr . _B
My g & My + My + My

e ¥ R (2.82)
Tek ¥ laisek + Torac + Tp i
while for grains at the low-J attractor point:
—C « —pr - —B
WL W LW
MLk = "7 o -1 (2.83)
Tek T Ipri ¥ 1B

The total mass at grain size bin k is then given by the sum of both components:
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My = My g + M. (2.84)

Finally, the mass loss rate due to collisions, Ry, is calculated as:

ek 3(my; + my;) 5
RS = ——— " (Dy + D;) Py, 2.85
k Z 207D} (Dx ) P (2.85)

i=1

where D; and Dy are the grain diameters in size bins i and k, respectively, p is
the grain material density, and Py is the collision probability between grains in bins

i and k.
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Chapter 3 Numerical Results

In this section, we present the numerical results of the Radiative Torque Disrup-
tion (RATD) theory applied to the Solar System. This includes the disruption sizes
and characteristic timescales for various fragmentation mechanisms and different
fractions of grain alignment. We also examine how the positions of the present wa-
ter snow line shift with different grain sizes due to RATD effects in the Solar System.
The computational domain for this analysis spans from 107 um to D; = 10* um, with
the total mass of the bins outside the lower boundary extrapolated from the values
within this range. Since the observed dust size distribution described in Equation
2.11 was obtained at 1au, we focus on a heliocentric distance of 1au as the fiducial
location to study the effect of RATD on the dust size distribution in Sections 3.2 and
3.3. Additionally, we discuss the effect of radiation pressure, which is not included

in our model, on dust grains affected by RAT in the heliosphere.

3.1 Disruption Sizes and Characteristic Times of Dust Grains

Figure 2.6 presents the minimum and maximum grain disruption sizes and their
corresponding RATD timescales, as discussed in Section 2.5. The left panel shows

that the disruption size of dust grains ranges from approximately 0.01 um to 0.1 um.
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Figure 3.1: The characteristic times of different mechanisms of fragmentation and
tensile strengths, S.g, as a function of grain size at heliocentric distances of 0.1 au,
lau, 10au, and 100 au. The vertical curves arise because the timescale of rotational
disruption diverges at dgisrmin and dgisrmax- 1 he plotted timescales include those for
rotational disruption (z4), PR drag (fpr), and collisional disruption (fy,)-
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The disruption range is defined by the grain sizes between the minimum (solid line)
and maximum (dashed line) disruption sizes. For r > 10au, the density of protons
in the solar wind is lower than in the Local Interstellar Medium (LISM), making
the disruption size predominantly influenced by the LISM. Additionally, the slope
of the minimum and maximum disruption size curves, dgismin a0d dgisrmax, changes
slightly beyond 10au. The minimum disruption size shifts due to the lower drift
velocity of protons in the LISM, which reduces K(s) in Equation 2.32. The maximum
disruption size, on the other hand, changes more significantly because the proton
density transitions from nyg o ™2 to a constant (see Equation 2.34). Interestingly,
the maximum disruption size can reach up to 1 m. However, such large grains would
take an extended period to be disrupted and are more likely to be destroyed by
grain-grain collisions first (see Fig. 3.1). For grain sizes smaller than dgigmin, since

they cannot be disrupted by RATD, PR drag will remove them on the timescale tpg.

To illustrate the significance of rotational disruption, we compare the character-
istic timescales of rotational disruption (Equation 2.36), PR drag (Equation 2.53),
and collisional disruption (Equation 2.85) as functions of grain size at different he-
liocentric distances in Fig. 3.1. The collisional disruption timescales are computed
using the size distribution obtained in Section 2.11 with S, = 10’dyn cm™2 and
Jhigny = 0.8. The results indicate that the overall trends are similar for » < 100 au.
As expected, the timescale of rotational disruption diverges at dgisrmin and @gisrmax, as
described in Equations 2.32 and 2.34. The rotational disruption timescale is shortest
for grain sizes between agigmin and 10* um. Furthermore, all characteristic timescales
increase as the heliocentric distance r increases. A noticeable change in slope occurs

at a = 0.51 um for the rotational disruption timescale, due to a reduction in Ra-
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diative Torque (RAT) efficiency in Equation 2.17. Additionally, there is a sudden
change in the collisional disruption timescale at dust size a, where X.(a)a = Qisrmin-
This abrupt change arises from variations in mass distribution included in the sum-

mation in Equation 2.70.

It is important to note that Fig. 3.1 shows that the collisional timescale becomes
larger than the PR timescale for dust sizes < 103 um. This is a consequence of our
choice of boundary condition (rr;), which roughly captures the most massive dust
population of 100um at 1au. In the absence of RATD, the dust size evolution
transitions from a collision-dominated regime for larger sizes (>~ 100 um) to a PR-
drag-dominated regime for smaller sizes (<~ 100 um), which aligns with theoretical

predictions (e.g., , ).

Key Findings: Our analysis reveals that RATD is most efficient for dust grains
between 0.1 um and 100 um throughout the heliosphere (r < 100au), with charac-
teristic disruption timescales significantly shorter than competing mechanisms for
grains trapped in high-J attractors. The efficiency zone for RATD extends beyond
the conventional water snow line (~ 5au), suggesting this mechanism substantially
modifies dust populations throughout the inner and middle heliosphere. Impor-
tantly, the transition from solar wind to LISM gas properties beyond 10 au alters
disruption size boundaries but maintains RATD’s dominance as a fragmentation

mechanism.
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3.2 Effect of the Fraction of Grain Alignment on Grain Size

Distribution

To account for the variation in grain alignment at high-J attractors with respect

to grain size, charge, shape, and magnetic properties ( , :
, ) (also see Appendix 5), we vary the fraction fyieny from 0 to 1. Figure
3.2 presents the mass distribution for different values of fiiony with a tensile strength
of Ser = 10’dyn cm™ and a mass loss rate of sy = 1.8 g/s at lau. The results

show that the mass distribution falls between the two limiting cases of fuigny = 0 and

Jhigny = 1.

The impact of RATD on the grain size distribution is highly sensitive to the
fraction of grains aligned at high-J attractor points. As fiieny increases, the mass of
larger grains (a > agis.min) decreases due to more efficient rotational disruption, while
the relative abundance of smaller grains (a < dgigrmin) increases as these fragments
accumulate. For the case of fuigny = 1, the mass distribution of large grains is reduced
while that of nanodust grains is increased by several orders of magnitude. When
1 > fhigny > 0.5 — 0.8, the modification in the mass distribution is weaker but still
significant. This demonstrates the high efficiency of RATD in removing large grains

under conditions of maximal alignment.

Additionally, Fig. 3.2 reveals a saturation in the mass distribution within the
size range 10 um to 10° um for all cases except fuigny = 1. This saturation results from
a transition between a PR-drag-dominated regime and a collision-dominated regime

for grains trapped in low-J attractor points. In these regimes, the characteristic
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Figure 3.2: Mass distribution of dust grains for different fractions of grain alignment
(faigns) and tensile strength (Sex = 10’dyn cm™2). The mass distribution lies between
the cases of figny = 0 and fhigny = 1 at 1au. The y-axis represents the total mass (m)
in logarithmic bins centered on grain sizes (a) given on the x-axis.

timescale changes from decreasing with grain size to increasing with grain size (see

Fig. 3.1).

3.3 Effect of the Tensile Strength on Size Distribution

We now examine how different tensile strengths in RATD affect the steady-
state size distribution. Following the methodology outlined in Section 3.2, we set
D; = 10" um and i, = 1.8 g/s for our fiducial location at 1 au, with a high-J fraction

of fhigh] =0.8.

Based on Equation 2.11, the number of particles observed within a size range

between D, and Dy, can be expressed as:

_aF(m, r)d_mVDkd 3 _OF(m, r) ED?’ Voo
om dD v, om 2 Ky’

Nk = (31)
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Figure 3.3: The number of particles in each bin at 1au, with different tensile
strengths (Seg) as defined in Section 2.10. The size distribution without rotational
disruption, denoted by R, = 0, is also plotted. The measurement curve at 1au

provided by ( ) is shown for comparison.
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Figure 3.4: The steady-state grain size distribution for different tensile strengths
(Ser) with and without rotational disruption at lau. The y-axis represents the
mass (m) in logarithmic bins centered on grain sizes (a) given on the x-axis. The
case R,y = 0 corresponds to the scenario without rotational disruption.
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Figure 3.5: The total mass gained as a function of bin size for different tensile
strengths (Seg) with and without rotational disruption at 1au (R, = O represents
no rotational disruption). The y-axis represents the total mass gained (/i) in log-
arithmic bins centered on grain sizes (a) given on the x-axis.
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Figure 3.6: The loss rates due to collisions (R¢), rotational disruption (R"), and PR
drag (R7P") for different bin sizes and tensile strengths (Seg). The y-axis represents
the loss rate (R) in logarithmic bins, with the bin centers corresponding to the grain
sizes (a) indicated on the x-axis.
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where v, = 116—1;4@ represents the Keplerian velocity at the heliocentric distance r.

Figure 3.3 illustrates the number of particles in each bin based on numerical
results, both with and without considering rotational disruption at 1au, along with
the observational results derived from Equation 3.1 at 1au. The figure shows that
RATD depletes the number of larger dust particles (> 0.1 um) more efficiently com-
pared to the scenario without RATD. Consequently, the number of smaller dust
particles (< 0.1 um) increases significantly due to rotational fragmentation. This
abundance jump of sub-micrometer-sized particles occurs at smaller a for weaker
dust tensile strength S.¢, as illustrated in Fig. 3.3. This trend is consistent with

the results shown in Fig. 3.1.

Figure 3.4 presents the steady-state size (or mass) distribution at 1 au for dif-
ferent tensile strengths, along with the steady-state size distribution in the absence
of rotational disruption. The y-axis represents the mass in logarithmic bins centered
on the sizes given on the x-axis. As expected, the mass in micrometer-sized bins
is significantly lower when rotational disruption is considered, compared to the size

distribution without rotational disruption.

To better understand why the mass in the sub-micrometer size bins is signifi-
cantly higher when rotational disruption is considered, we plot the total mass gain
rate riyy = iy, +n7;" in Fig. 3.5 and the loss rates of different mechanisms for varying
tensile strengths S.¢ in Fig. 3.6. These figures indicate that the total mass gain
rate for the case without rotational disruption (R, = 0) decreases more rapidly than
cases where RATD is active, particularly in the regime where PR drag dominates

over collisions. Therefore, when rotational disruption is absent and collisional frag-
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mentation is less efficient, the total mass gain rate is significantly lower (i.e.; the
blue curve in Fig. 3.5) due to the predominant mass loss via PR drag (i.e., the

orange curve in Fig. 3.6).

By comparing Fig. 3.4 with Fig. 3.2, we observe that for cases where fhigny < 1,
the mass within the size range of 1um to 10° um shows no noticeable variation
across different values of S.¢. This is because, in this size range, the mass is primarily
contributed by grains trapped in low-J attractor points. As a result, the distribution
in this regime is more sensitive to the alignment fraction fygny than to the tensile

strength of the grains.

3.4 Timescale and Size Distribution Including the Lorentz

Effect

Figure 3.7, analogous to Fig. 3.1, presents the characteristic timescales of vari-
ous dust removal mechanisms, now incorporating the Lorentz effect. The inclusion
of the Lorentz timescale tp shows that for sub-micron (um-sized) dust grains, the
Lorentz force becomes the dominant removal mechanism. This underscores the
important role of electromagnetic interactions in regulating the dynamics of small

grains in the heliosphere.

Furthermore, the characteristic timescale for collisions becomes longer when
the Lorentz effect is included. This is due to the efficient removal of small grains by
the Lorentz force, which reduces the grain population and consequently lowers the
probability of collisions.

48 doi:10.6342/NTU202501513


http://dx.doi.org/10.6342/NTU202501513

108 0.1 au 1010 1au
—
106 108+
1044 106
1024 __10%*4
N N
> >
100 102+
10_2 B s Serr=1€07 dyn / cm2 100 B
~—— taisr,Serr=1€08 dyn / cm2
10744 _ i ,::22 :i:ﬁ:i 10-24 or=1e10 dyn / cm2
<hat,Serr=1€07 dyn / cm2 er=1€07 dyn / cm2
1076 T \E T 107* T T T T
102 10° 102 104 1072 10° 102 104
a(um) a(um)
1012 10 au 1014 100 au
1010, || 1012,
108 1010+
__10%4 1084
N N
> >
104* 106,
102 B —— taisr,Serr=1€07 dyn / cm2 1047 isr,Serr=1€07 dyn / cm2
o tgisrSerr=1€08 dyn / cm2 iisrrSerr=1€08 dyn / cm2
—— tgisr,Serr=1€09 dyn / cm2 err=1€09 dyn / cm2
1094 —— tyer,Ser=1e10 dyn / cm2 102 or=1e10 dyn / cm2
—— tonatSer=1€07 dyn / cm2 —— tohanSer=1€07 dyn / cm2
1072 T T \E T 100 T T T T
102 10° 102 104 1072 10° 102 104
a(um) a(um)
Figure 3.7: Same as Fig. 3.1, but with the inclusion of the Lorentz timescale 7.
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Figure 3.8: Same as Fig. 3.2, but with the Lorentz effect included.
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Figure 3.9: Same as Fig. 3.4, but with the Lorentz effect included.

Figures 3.8 and 3.9, analogous to Figs. 3.2 and 3.4, show the resulting grain
size distributions when the Lorentz effect is considered. The distributions are shown
as functions of the high-J fraction and tensile strength. Compared to the case
without the Lorentz effect, the mass of sub-micron grains is significantly reduced.
This depletion results from the more rapid removal of small, charged grains via the

Lorentz force.

3.5  Water Snow Line of the Present Solar System

Icy grains are particularly interesting as they indicate the location of the snow
line. Observations suggest that C-type asteroids, which are one of the primary
sources of water-rich chondrites, are located around 2.7 au ( : ).
However, there is little direct evidence for the existence of surface ice on asteroids

in the main belt ( , ), despite the presence of main-belt comets
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with uncertain compositions ( , ). Another major source of icy
grains in the inner Solar System is comets (e.g., : ). ( )
found that a significant fraction of the zodiacal cloud originates from the disruption

of Jupiter-family comets.

( ) demonstrated that the water snow line in the protosolar
nebula is highly sensitive to model parameters and cannot be precisely determined
theoretically. Additionally, the effects of planetesimal formation on the asteroid belt
remain poorly understood ( , : , ). As a
result, the exact location of the present water snow line is still debated. It is generally
defined as the region where the average temperature falls below 170K, allowing ice
grains to condense, which is thought to be around Sau ( , ;

, : , ). However, for a composite grain with an ice mantle
and an effective tensile strength S.q, the present water snow line is also determined

by the disruption grain size.

In Fig. 2.6, the vertical line marks the present water snow line, located at 5 au.
The disruption grain size can be determined by substituting the parameter values

at 5au into Equation 2.32 and replacing S . with S cg:

Agise.min = 0.0928 X S 1054 yim, (3.2)

For a given effective tensile strength, which depends on the internal structure
of dust grains and the thickness of the ice mantle, as described in Section 2.7, it
is evident from the left panel of Fig. 2.6 that larger grains are disrupted by RAT

at distances beyond the present water snow line at 5au. Consequently, the number
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density of icy grains inside the present water snow line, as defined by RATD, is
significantly lower than the number density of icy grains beyond the present water
snow line, as shown in Section 3.3. This implies that for sufficiently large grains,
the effective snow line may extend beyond the snow line defined by the sublimation

temperature of water ice.

3.6 Effects of Radiation Pressure on Particle Disruption

In previous sections, the RATD effect was analyzed under the assumption that
dust grains are on circular orbits and spun up by radiative torques. In this section,
we examine the impact of radiation pressure on grain motion and the implications

for the RATD effect.

Radiation pressure plays a crucial role in stellar winds and dust grain dynamics.
For Solar-type and late-type stars, ( ) demonstrated that stellar
wind pressure remains ineffective unless M > 10°M,. Conversely, in early-type stars,
stellar winds are primarily governed by line-driven winds, wherein radiation transfers
momentum to wind elements via absorption in spectral lines ( , ;

, ). The efficiency of this momentum transfer is given by
( , 1999):
Mv,,

mom — s 3.3
n e (3.3)

where M is the stellar mass loss rate, vo, is the wind’s terminal velocity, and L is
the stellar luminosity. Since the momentum of the wind originates from radiation,

momentum conservation dictates that the total pressure after transfer equates to

L

the radiation pressure from the star, i.e., Py = Psw + Prag = s

Consequently, the
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. . Mve, L Mye
ratio of stellar wind ram pressure Py, = # to radiation pressure Pp,q = ﬁ - #
is expressed as:
PSW _ nmom (3 4)
Prad 1- Nmom

( ) investigated the winds of five typical early-type stars
and found that, except for Wolf-Rayet stars, nuom values for Xi Pup, Epsilon Orionis,
P Cygni, and Tau Scorpii are approximately 0.2, indicating that ram pressure and
radiation pressure are comparable for these stars. The total force exerted on a

particle of size a is given by:

Fiot = Py <st>ﬂ'a2 + Praa <Qpr> ﬂ'az

= Ptotaradﬂ'aza (35)
where
Psw <st> + Prad <Qpr>
Qrad =
Psw + Prad
= Nmom <st> + (1 - nmom) <Qpr> . (36)

Thus, the ratio of the total force to gravitational force is given by ( ,

; : ):

_ 3 Larad
"~ 167GMcap

_ 019l Mo s 3g/em’ Lum
Lo M 1 Jol a

B

where L/Ly and M/M, are the stellar luminosity and mass in solar units.
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The total photogravitational force is given by ( , B

pg = _GM = pom —ﬁ)mr, (3.8)

r3

where G is the gravitational constant, M is the stellar mass, and m is the particle
mass. A particle becomes unbound when 8 > 1, and fragments released from a
circular orbit become unbound if 8 > 0.5 ( : ). Combining Equa-

tions 2.35 and 3.8, and assuming a particle is released at rest, the derivative of its

rotational velocity w with respect to distance r is:

da) raT ( ) (3 9)
dr \/m N (r— ro) wrar ) '

Empirical data suggest that the mass—luminosity relation follows 8 oc L oc M,
Trar o« L o« M¢, and wgar o L' o« M¥3. Assuming B > 1, Equation 3.9 suggests
that higher-mass stars induce faster particle disruption if £ > 1. Observational
studies indicate that for stars with solar composition, ¢ varies between 2.6 and 4.5

Y )

for masses between ~0.2 and 20M,, (

Since radiation pressure depends on particle properties, ( )
computed B-values for different dust models, showing that only young cometary

, 2019; , 2019)

corroborate this by demonstrating that water ice and porous silicate grains in the

particles have 8 > 1. Other studies (e.g.,

Solar System have 8 < 1, whereas mixed ice, carbon, and silicate compositions can
exceed B = 1. However, our results suggest that RATD effectively disrupts particles

larger than 0.1 um before they can be expelled by radiation pressure.

For B-meteoroids, assuming release from a parent body at heliocentric distance

54 doi:10.6342/NTU202501513


http://dx.doi.org/10.6342/NTU202501513

1010—2 ‘‘‘‘‘
109+ 7 e e T
1084 T T AN
0 N
© 107*5 h
c 3 - ~
5 1062 — B Tl
3 B=1.5
105? — B=4
104: ------ WaisrSeff=1€07 dyn / cm?2
% ****** Wyisr,Serf=1e€08 dyn / cm2
1037; ------ Wisr,SefF=1€09 dyn / cm?2
:\H‘ I \\\\\H‘ I \\\\\H‘ \\\\\H‘ \\\\\H‘
1072 1071 10° 10! 102
a(um)

Figure 3.10: Critical rotational velocities (w, dashed lines) and the maximum rota-
tional velocities (wgisr, solid lines) that the B-meteoroids can reach during the journey
between 1au and 100 au when released on a circular orbit at 1 au with different par-
ticle sizes (a), tensile strengths (S.r) and B-values.

ro on circular orbits ( : ), the radial velocity is:

. \/_ZGM(ﬁ— D_E, GM 2GME-1) 5.10)

r r2 ro ro

where [ = YGMr is the meteoroid’s specific angular momentum. The derivative of

rotational velocity is then:

do _ 1Tear (1— @ ) (3.11)

dr Vy 1 WRAT

Fig. 3.10 shows the critical rotational velocities wgis (dashed line) and the maximum
rotational velocities Wy, (solid line) that B-meteoroids can reach during the journey
between 1au and 100 au when they are released at 1au with different particle sizes
and B-values. The result indicates that S-meteoroids trapped in a high-J attractor
point with sizes between 0.1 um to 1 um will be disrupted before reaching 100 au.

55 doi:10.6342/NTU202501513


http://dx.doi.org/10.6342/NTU202501513

3.7 Location of Disruption in the Presence of Radiation Pres-

sure

The heliocentric distance at which a particle is disrupted due to radiative
torques, denoted as r;, depends on its initial release distance ry. The displace-
ment interval between the initial location and the disruption location is given by

Ar = ry — 1y, leading to:

rg =ro+ Ar. (3.12)

To estimate r;, we assume that Ar < ry, allowing us to approximate the accel-
eration and disruption timescales as locally constant. Under this assumption, the

displacement interval can be expressed as:

1{(B-1DGM P
Ar = Vyoldisr + 5 T + ﬁ lczﬁsr(l"o), (313)
r=ro
where v,g is the radial velocity of the particle at release, and a, = (ﬂ_lr# + i—i is the

radial acceleration.

For a particle released at rest (v,o = 0 and [ = 0), using the gravitational

472 1aud
Mg 1yr2?

M 1 2 Laisr :
ra~ o + 2788 — 1)(ﬁ) (%) (ldﬁ) au. (3.14)
[0} 0

constant G = the disruption location simplifies to:

For a particle released from a circular orbit (v, = 0 and [ = YGMr,), the disruption
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location is:

M 1 ? isr ?
rg=~ry+ 2ﬂ2ﬁ(ﬁ) (ﬂ) (td‘ ) au. (315)

o/\ ro lyr

Thus, the condition Ar < ry requires:

M\ (1au\’ 14\
2N (Lo ) <, (3.16)
My )\ 1o Lyr

From the above, we find that Ar o 73 /rs. If the condition wrar > wgis holds,

then, using Equations 2.38 and 2.39 for a fixed B, the displacement interval follows:

riSa'*, a<M\/18
Ar « . (3.17)

rySat, a>MN1.8

This implies that the ratio Ar/ry decreases with decreasing ry, making the condition

Ar < ry easier to satisfy.

The location of disruption can also be determined numerically using Equations
3.11 and 2.28. Figures 3.12 and 3.13 show the heliocentric distance at which a
particle is disrupted by RATD, corresponding to the cases presented in Figures 3.11
and 3.10, respectively. As predicted by Equation 3.17, the displacement interval
Ar increases more rapidly for a particle with size a increasing from A/1.8 than for

decreasing a. Additionally, Ar increases with effective tensile strength S .q.

Figures 3.12 and 3.13 further illustrate that for particles in the w > wg;s; regime,
the disruption location is close to the release distance. The steep slope observed at

the boundary of this regime suggests that RATD effectively disrupts particles before
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Figure 3.11: Critical rotational velocities (w, dashed lines) and the maximum ro-
tational velocities (wgisr, solid lines) of the particles released at rest at lau and
before reaching r = 100au with different particle sizes (a), tensile strengths (Seg)

and B-values. B is defined in Equation 3.7.

they are expelled by radiation pressure.
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Figure 3.12: Disruption location (r) of a particle released at rest at 1 au, for different

particle sizes (a), B-values, and tensile strengths (Seg).
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Figure 3.13: Disruption location (r) of a particle released in a circular orbit at 1 au,

for different particle sizes (a), B-values, and tensile strengths (Seg).
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Chapter 4 Discussion

In this section, we outline the approaches for assessing the RATD theory’s
impact on dust dynamics within the heliosphere. We also discuss the necessity of in-
situ measurements to determine grain size and composition and validate the RATD
theory by analyzing dust properties at varying distances from the Sun. Ground-
based experiments on samples from missions such as Hayabusa and Stardust are
proposed to estimate dust tensile strength and angular velocities, enhancing our
understanding of nanoparticle formation. The evolution of debris disks is examined,
with a focus on how RATD may explain high infrared luminosities observed in
systems like HD 113766 by producing nanoparticles at elevated rates. Additionally,
we discuss the uncertainties and limitations of our simple models for investigating

the evolution of dust size and spatial distributions.

4.1 Comparison of RAT Efficiency Models and Their Impact

on Grain Disruption

In this study, we use the parametric function of the RAT efficiency from
( ), i.e., Equation 2.17, which was derived by fitting numerical cal-
culations of RATs using DDSCAT ( : ) for several grain shapes.
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( ) calculated the RAT efficiency for a large sample of compact
grain shapes and found that the mean RAT efficiency is comparable to the model
of ( ) (see their Fig. 20). More recently, ( )
extended these calculations to include more porous grain structures and found that
the RAT efficiency for such shapes is lower than predicted by the
( ) model. However, they also concluded that rotational disruption can still oc-
cur when the local radiation field is more than 100 times stronger than the typical

interstellar radiation field. Given the much stronger solar radiation field, our results

for grain disruption based on the ( ) model remain largely
unaffected even if the RAT efficiency for dust aggregates from ( ) is
adopted.

4.2 In-Situ Dust Measurements and Future Missions

To verify the location of the present water snow line for different grain sizes,
in-situ measurement of the size and composition of the grains is required. Although
the distribution of grain size in the Solar System inside 5 au has been obtained from
multiple measurements (Equation 2.11), how the composition of nanodust changes
with radius remains unclear. The highly sensitive dust instrumentation developed
in concept missions, such as DuneXpress in the past ( , ), would
allow us to measure the mass and elemental composition simultaneously. Therefore,
we can obtain the number density with different tensile strengths and sizes at 1 au.
Moreover, precise size-dependent dust flux measurements provided by DuneXpress
would enable us to acquire accurate data to verify the RATD theory at 1au (

, 2009).
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Another concept mission, the Interstellar Probe, will also be equipped with
dust composition analyzers capable of measuring the impactor fluxes for interplan-
etary and interstellar grains and measuring the composition of IPD and ISD grains
( , ). Since the space probe is expected to leave
the Solar System, it can measure the mass, speed, and composition of the impacting

dust particles at the location of the present water snow line.

4.3 Ground-Based Measurements

Laboratory experiments can be conducted on samples collected by in-situ in-
struments on spacecraft such as Hayabusa and Stardust. For example, the tensile
strength of the ISD can be estimated by measuring the critical angular velocity.

( ) measured the angular velocity of SiC particles by analyzing the
low-frequency signal of the scattered light. Additionally, a high angular velocity
could be measured by Rotational X-ray Tracking (RXT) ( : ). Since
RXT has a resolution of tens of microradians, with microsecond time resolution, it
can potentially resolve the dust grains with an angular velocity of 10° rads™!, which
is the critical rotational velocity for micrometer-sized dust (Equation 2.28). Confir-
mation or refutation of this would greatly improve our understanding of nanoparticle

formation in the Solar System.

4.4 Dust Evolution in Debris Disks

A debris disk is formed at the end of the protoplanetary disk phase, during
which the gas-to-dust mass ratio becomes low. It is usually optically thin, so a
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strong radiation field is considered. Since rotational disruption accelerates the frag-
mentation process, we expect that nanoparticles can be produced in young debris
disks and in the debris disks around early-type stars at a higher production rate
than in the Solar System. Additionally, the number density of dust grains with
sizes between 0.1 yum and 100 um would be much lower than the number density
produced by grain-grain collisions alone. In contrast, the number density of sub-
um-sized dust grains will be higher than the number density produced by grain-grain

collisions alone.

This might help solve the problem of systems like HD 113766, where the ob-
served infrared fractional luminosity of the inner belt is much higher than the max-
imum value for a steady state in typical collisional cascades ( , ). The
outer belt of the system is not affected by RATD because the disk is optically
thick to solar wind in the early stage of the planetesimal disk ( , ).
Consequently, sub-um-sized dust grains created in the inner belt are unable to be
transported to the outer belt effectively. Additionally, the NIR excess from early-
type stars has been modeled as thermal emissions from hot nanoparticles in the

vicinity of the stars ( : ).

Moreover, the silicate solid-state features at the wavelength of 10 um from some
young early-type stars can be attributed to sub-micron particles ( , ,
). Later, ( ) showed that nanoparticles can be trapped by a
dipole magnetic field. On the other hand, ( ) showed that sub-
micron-sized particles are expected to be removed in a short time due to the fast
radiation blowout of early-type stars with a Parker spiral model. Consequently,

( ) suggested that comets might contribute to nanoparticle production.
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Although it might not solve the entire puzzle, our study in Section 3.3 and
discussion in 3.7 provide a mechanism where the even faster RATD process might be
able to avoid the removal barriers of micron-sized particles by swiftly breaking them
down to nanoparticles, thus increasing their number. Investigating the interplay
between collisional cascade, PR drag, stellar winds, RATD, gas components (e.g.,

: ), and impact events (e.g., , ) for nanoparticle

production and loss remains a compelling direction for future studies.

4.5 Limitations of Our Theoretical Investigation

For larger particles (> 10?um), the numerical results in Fig. 3.3 indicate that

the slope of the size distribution at 1au differs from the in-situ measurement from
( ). The discrepancy could be attributed to the limited sources of

larger particles (i.e., which is modelled using one free parameter 7z, in our simple

analysis) and the influence of the Earth’s gravitational field that sweeps IDPs (e.g.,

, 2021).

Conversely, while models based on infrared emission from the zodiacal dust
cloud provide the spatial distribution of micrometer-sized dust (

, ), sub-um-sized dust grains are unlikely to follow the same distribution.
These smaller grains, with their high charge-to-mass ratios, are significantly affected
by magnetic forces. Therefore, they can be captured and carried away by solar
winds (e.g., , : , : ,
, ). Consequently, as noted in Section 2, for these charged nanodust, their

high-speed trajectories are preferentially detected by plasma wave instruments and
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are not modeled in the present study. Moreover, because the Sun’s magnetic field
fluctuates over time, these particles are expected to be displaced from the zodiacal
plane (e.g., , : , ). As a result, the number
density of dust grains decreases, leading to a lower mass loss rate from grain-grain
collisions. Besides magnetic effects, solar winds may destruct small grains through

nonthermal sputtering ( , ).

For B-meteoroids that trapped in a low-J attractor, they will not be disrupted
by RATD and PR drag, and will only be disrupted by collisions with other grains.
However, given the large timescale for collision disruption shown in Fig. 3.1, these
B-meteoroids will likely be pushed outward from the heliosphere into interstellar

space before they experience collisions.

While more sophisticated modeling is reserved for future studies, it is impor-
tant to highlight that, although the loss rate of sub-um-sized dust grains remains
uncertain, their production rate can be calculated as detailed in Section 2.10, where
RATD is considered in a dust collisonal cascade model for the first time. This

information is essential for guiding future research.
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Chapter 5 Summary

The majority of the content in this thesis is based on ( ). This
work explores the lifetime of dust grains in the heliosphere by applying the RATD
mechanism and have incorporated this mechanism into the dust size distribution
model proposed by ( ). We have also studied the effect of RATD on
the dust strongly subject to radiation pressure. Our main results are summarized

as follows:

1. We have calculated the characteristic disruption timescales due to radiative
torque for various tensile strengths of dust. Our results show that large par-
ticles (ranging from >0.1um to <10°um)) can indeed be fragmented into
nanoparticles (less than 50 nm) within the heliosphere (less than 100 au), re-

gardless of their distance from the Sun.

2. The LISM affects the rotational disruption size and time in the outer helio-
sphere (i.e., > 10au). Specifically, it significantly impacts the maximum dis-
ruption size while slightly influencing the minimum disruption size. Therefore,
we conjecture that micrometer-sized dust can be fractured into nanoparticles
by RATD within the entire heliosphere. RATD plays an important role in
shaping the size distribution of um-sized dust.
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3. We computed the steady-state dust size distribution using a model adapted
from the framework of ( ). Our results indicate that rotational
disruption is the primary mechanism responsible for fragmenting dust grains in
the size range of 0.1 um to 10° um. We further investigated the effect of varying
the fraction of grains aligned at high-J attractor points. The comparison
shows that for fugny = 1, the mass distribution of large grains is substantially
reduced, while the abundance of nanodust grains increases by several orders
of magnitude. In cases where 1 > fygny > 0.5 — 0.8, the modification to the

mass distribution is weaker but still significant.

4. We have calculated the present locations of the water snow line for different
grain sizes and found that the snow line of large dust grains can exceed the

limit imposed by the sublimation temperature of water ice.

5. We have shown that for a dust grain with a constant S-value, increasing the
star’s luminosity will not cause the particle to be expelled if the dust remains
trapped in a high-J attractor. In this case, the particle is disrupted more
rapidly by radiative torque compared to being blown out by radiation pressure.
Therefore, detected B-meteoroids should be trapped in a low-J attractor in our

model.
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Appendix A — Characteristic Damping

Time

Assume that the gas reaches thermal equilibrium, so the gas thermal velocity

follows the Boltzmann distribution with a constant drift velocity vy, given by:

m

3/2 )
f(V) — (ﬁ) e—m(v—vd) /2kT. (Al)

We also assume the dust particles are spherical, with the surface defined by spherical
coordinates (a, @, ¢"), where a is the radius of the sphere. Without loss of generality,

assume the direction of the drift velocity along 6" = 0.

The number of particles passing through the area dA with the speeds in the

interval [v,v + dv] over the time dt is given by:

dN G N e
o nf f f f2 v cos 0 (v)dOdgv* sin Odvx
t o Jo Jo Jo (A.2)

2na® sin®'do,

T 00 27 z 3/2
dN F 1
—=n v’ sinf cos @ - X
dt 0 0 0 0 vthﬂ.

e—(v2—2vvd sinfsin &’ cos ¢p—2vvq cos O cos t9’+v§l)/v[2h X (A 3)
dOdpdv2ra® sind' de’ .
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Figure A.1: Numerical result of the integral function K’(s) as a function of the
velocity ratio s = vq/va, where vy is the drift velocity and vy, is the thermal gas
velocity.

Let x=2XL s=X
b
Vth Vth

dN T 00 27 % 1 3/2
— = nazvthf f f f X sianosH(—) X
dt o Jo Jo Jo s

e—(x2—2xs sin 6sin @’ cos ¢—2.xs cos 6 cos &’ +52) % (A . 4)
dOddx2n sin@ de .
We can define the integral function K(s) as:

T 00 2 g 1 3/2
K'(s) = f f f f X sin9cos€(—) X
o Jo Jo 0 T

e—(x2—2xs sin 0sin @ cos ¢—2xs cos 0 cos & +52) X (A 5)
dOdpdx2r sin6'do’,
whose numerical result is shown in Fig.A.1 The result can be approximated as:

Ks)=n(s+e* —1)+2+n (A.6)
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Figure A.2: Comparison of the numerical result K’(s) and the approximated result
K(s) of the integral function as a function of the velocity ratio s = vq/vy, where vq
is the drift velocity and vy, is the thermal gas velocity.

Fig. A.2illustrates the good agreement between the numerical and the approximated

result.

Therefore, the damping timescale of a dust grain damped by hydrogen gas can

be approximated as:

I 31

e %mHaz‘Z—ly - 2nymua*vK(s) (A1)

In the case where vq > vy, K(s) = ms, we recover the result in ( )
as:

H(va) = m. (A.8)

For the case where vq < vy, K(s) = 2 /7, we recover the result in ( ) as:

tH(ve) = 3 (A.9)

4 \[mngmya*vy,
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Appendix B — Radiation Pressure

Cross-Section Efficiency in the Rayleigh

Regime
The radiation pressure efficiency, as described by ( , ), is:
Qpr = Qups + (1 = (c0s ©))Qycq, (BlO)

where O is the angle between the incident and scattered radiation, and (cos ®) is

the mean value of cos ®. For particles in the Rayleigh regime, with size parameter

x = 2na/k, the absorption efficiency is given by ( , ) as:
m?—1
R : B.11
Qb ) ( )
and the scattering efficiency is:
8 , om>—1"
sca = S R s B.12
Qua =30 R 53 (B.12)

where m is the refractive index of the particle, which depends on the material of the

particle and the wavelength of the incident radiation. Since Q. is much smaller
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compared to Qus, the radiation pressure efficiency can be approximated as:

m-1 8 , m—1°
2R 1 - (cos®
mir2 T3t By (L {cos©))

(B.13)

Equation B.13 shows that the radiation pressure efficiency in the Rayleigh regime

is Qpr o a. The average radiation pressure efficiency is:

Uy dh
<Qpr> :pr “

Twd (B.14)
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Appendix C — Effects of Interplanetary
Magnetic Field on Grain Alignment and

Disruption

In general, in the absence of magnetic fields, dust grains are aligned solely by
radiative torques, where the angular momentum vector J aligns with the radiation
direction (k). This alignment mechanism is referred to as k-RAT in the context of
grain alignment physics ( , ). A fraction of grains, denoted by fhighs,
achieve alignment at high-J attractor points under this mechanism. In the presence
of magnetic torques, the grain undergoes Larmor precession, causing J to align with
the external magnetic field. This alignment process is termed B-RAT ( ,

). Magnetic torques play a crucial role in aligning grains with the magnetic
field, and the fraction fheny differs from that observed in k-RAT. In the presence of
an electric torque, the grain will precess around the electric field E, which is referred
to as E-RAT. The detailed discussion of these processes can be found in (

, ). Below, we briefly discuss the effects of interplanetary magnetic fields

on the grain rotational dynamics.
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C.1 Interplanetary magnetic fields

Inside the heliosphere, the large-scale structure and dynamics of the heliospheric
magnetic field are mainly shaped by the solar wind flow ( , ).
( ) demonstrated that dust grains can be trapped in high-J

attractor points in the presence of a magnetic field due to the fast Larmor precession.
However, if the dust grain’s center of charge is offset from its center of mass, the
Lorentz force exerts a torque on it. To assess the magnitude of this torque, it is
essential to evaluate the strengths of both the magnetic field and the electric dipole

moment.

The radial component of the magnetic field in the heliosphere can be approxi-

mated using an empirical formula derived from in situ measurements ( ,

):

6 1.18
B,(r) = ﬁRé + TR(%, (015)

where r is the heliocentric distance, Ry is the radius of the Sun, and B, is given in
Gauss (G). The azimuthal component of the magnetic field in the ecliptic plane can

then be determined using the Parker model ( , )

By() = ~B,(1) - = (C.16)

Vp

where Qg = 2.968 x 107°s7! is the angular velocity of the Sun, and the speed of the

solar wind v, can be obtained from the following equation ( , ):

4
VP =V ()P =4-Inr + = =3, (C.17)
r
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with v'(r)

vp(r)/ve (where v, = (kT /fim,)'? is the critical velocity) and r" = r/r,
(where r, = GMy/2v? is the critical radius). Here, k is the Boltzmann constant,
T = 8.3 x 10*K is the temperature of the solar wind, m, is the proton mass, G is
the gravitational constant, Mg is the mass of the Sun, and & = 0.57 is the mean

molecular weight of the heliospheric plasma.

Therefore, the magnitude of the magnetic field B, can be expressed as:

Bii(r)| =|B.()# + By(rd|
2
= B,(r) 1+(Q—@r] . (C.18)
Vp

C.2 Interaction of magnetic fields with grain magnetic dipole

moment

Now, we examine the effects of interplanetary magnetic field on grain rotational
dynamics, which are governed by the interaction between the magnetic field and

grain electric or magnetic dipole moments.

We first discuss the interaction of magnetic fields with the grain magnetic dipole
moments. When a charged dust grain rotates, a magnetic dipole moment is gener-
ated due to the motion of charges and the Barnett effect. The torque exerted by the
magnetic field on the magnetic dipole causes precession around the magnetic field
direction. Let us assume that a dust grain of size a rotates with an angular veloc-
ity w. The magnitudes of the magnetic dipole moment Ipb| and the corresponding
torque I, can be estimated by modeling the grain as a uniformly charged sphere
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with charge Q = aV ( : ):

1
|:§a2Qw
Vv a \V( w |
~ 10 x 107 (= ( )d G, .19
(3V)(0.1,um) 10951 Yheem (C.19)
|rb| = Iﬂb X Btot|

2
ol 8.1+ 2 sines. (C.20)

p

where ¢, is the angle between the magnetic dipole vector g, and the magnetic field
B, V is the surface potential of heliospheric dust ( , ; ,

), and 10°s7! is the fastest spin rate of a micron-sized dust before rotational

disruption (see Equation 2.28).

The magnetic dipole moment can also be generated by Barnett effect. To
evaluate its magnitude, consider silicate grains with the structural unit MgFeSiO, for
paramagnetic dust grains, and carbonaceous grains with ~10% H incorporation for

weakly paramagnetic dust grains. The magnitude of the magnetic dipole moments

|:uBar are giVGIl by ( ) >:

(sil) ~ 1.2 x 10715 (8 AR
T 15K/ \0.1um

w -1
X (W) dynecm G, (C.21)

IﬂB ar
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for silicate grains, and

II‘B ar

T, \™' a \
b) ~ 1.5 % 10719 [ =2
(carb) ~ 1.5 (151() (O.l,um)

w -1
X (W) dyne cm G, (022)

for carbonaceous grains. The magnitude of the corresponding torque |['g,| is given

by:

|rBar| - II-lBar X Btot

—|ﬂBar B (I") w |Sln ¢Bar

where ¢g, is the angle between the magnetic dipole vector ug,, and the magnetic

(C.23)

field By.

Due to these magnetic torques, the grain undergoes Larmor precession, causing

J to align with the external magnetic field via B-RAT (see e.g., ).

C.3 Interaction with grain electric dipole moment

A dust grain of asymmetric charge distribution has an electric dipole moment,
which can be described by g = Q-£axX, where £a represents the displacement between
the center of mass of the grain and the centroid of the charge ( ,
), X is the unit vector pointing from the center of mass to the centroid of the

charge, and Q = aV represents the total charge on the grain. Here, V = 3V is the

surface potential ( : ).

When a dust grain moves across the magnetic field, it experiences an induced
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electric field, E;,g = (E)XB, due to the interplanetary magnetic field ( 3
). The torque exerted by this induced electric field on the grain’s electrie dipole
moment (Ieq) can induce the precession of the grain angular momentum around E,

which can lead to the alignment of J with E by RATs, which is called E-RAT (e.g.,
).
The magnitude of this electric torque can be calculated as ( ,

; , ):

|red| = Il-le X Eind|

GM,

~ ¢a’V — Qor |- B,(r)|sin ged , (C.24)

where Qg = 2.968 x 107°s7! is the angular velocity of the Sun, and ¢.q is the angle

between the electric dipole vector g, and the cross-product vector v X B.

For dust grains with high angular momentum J, the net electric and magnetic
dipole moments, averaged over rapid spinning, are aligned with J. As a result,
the net torque acts perpendicular to J, leaving the magnitude of the angular veloc-
ity unchanged ( , ). Conversely, for dust grains with low angular
momentum J, the electric dipole torque can align with J and slow the grain’ s

rotation. Assuming a dust grain with ¢ > /1.8 and r > ? % ~ 0.17 au, the first
©

term in Equation C.24 becomes negligible. The heliocentric distance r,, at which

Irat =Ted(¢eq = 7r/2)|, can be derived by combining Equations 2.18 and C.24:

222
Vg = ? au. (025)

For r < r,, I'rar > |Fed(¢ed = 7r/2)|, resulting in continuous spin-up of the dust grain.
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Using & = 0.01 as suggested by ( ), we find r, ~ 222au.
This calculation indicates that within the heliosphere, radiative torques consistently
dominate over electric dipole torques. Consequently, for simplicity, we neglect the

effects of electric torques in the discussion of RATD for the remainder of this paper.

C.4 Relative effects of magnetic to electric torques

Due to the electric torques, the grain’s electric dipole moment, and consequently
J, can precess around the induced electric field E; 4. This results in J aligning with
Ei.4, a process known as E-RAT ( , ). The fraction fhigny in this

scenario also differs from the fractions observed in k-RAT and B-RAT.

When both electric and magnetic torques act on a dust grain, its precession
behavior depends on the relative magnitudes of the torques. If the magnetic dipole
torque |Fb| or the torque induced by the Barnett effect |I‘Bar| dominates over the elec-
tric dipole torque |1"ed|, the grain precesses around the magnetic field B. Conversely,
if the electric dipole torque is dominant, precession occurs around the induced elec-

tric field E;,q. For clarity, let |1"ed’max

) |rb,max

, and |l"]3ar,m&lx represent the maximum

torques corresponding to ¢eq = /2, ¢, = /2, and ¢g,. = 7/2, respectively.

To better understand the relative importance of magnetic, electric, and radia-
tive torques on grain alignment, we need to compare the characteristic timescales
of precession induced by these torques, as in e.g., ( ). Here we
compare their relative magnitudes for convenience. The ratio of magnitude between

. This ratio

the electric dipole torque, , and the magnetic dipole torque, |1",,,max

1-‘ed,max
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can be derived by combining Equations C.24 and C.20:

2
1+(Q@r)
Vp

a \! w \ly/r

~133 ( )( )
(O.l,um) 10%s-! lau

H(%f}? 26

1-‘ed,max

38Qer
|rb,max

wda

For a dust grain trapped at high-J attractor points, the fastest spin rate is deter-
mined by the critical rotational velocity w = wgis (see Equation 2.28). By combining

Equations 2.28 and C.20, we derive:

|red,max

.
~37p2S (E)

I+ (%) ] . (C.27)

| b,max

Conversely, for a dust grain trapped at low-J attractor points, the angular velocity
can be approximated as the thermal angular velocity, wn = +/2kTgas/I (

: ). In this case, the ratio becomes:

|red,max

s 7x 1052 (—4) (T _](r)
' P \01um) \100K) \Tau
N
1+(Q@r)
Vp

Similarly, the ratio between the magnetic dipole torque, |1";,,malx

| b,max

D=

X (C.28)

, and the torque

induced by the Barnett effect, |I'Bar,max

, can be derived from Equations C.20 and
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C.23:

|rb,max

|rB ar,max

s
IﬂBar

9.4 x 107 (L) (i) (silicate),

3V ) \I5K

~ (C.29)

0.74 (3%) (lg—“K) (carbonaceous).

Equations C.27, C.28, and C.29 suggest that, for paramagnetic grains at high-J
attractor points, the magnetic dipole moment generated by the Barnett effect typ-
ically dominates, making B-RAT the prevailing alignment mechanism. In contrast,
for weakly paramagnetic grains at high-J attractor points, and for grains at low-J
attractor points, the electric dipole torque can surpass both the magnetic dipole
and the torque induced by the Barnett effect, leading to E-RAT as the dominant

alignment mechanism.

C.5  k-RAT and relative effects of radiative to electric torques

( ) demonstrated that the third component of RAT
(Trare3) induces grain precession around the radiation direction (k). When the
radiative precession timescale is shorter than the damping timescale, the radiation

direction becomes the axis of grain alignment. This alignment mechanism is referred

to as k-RAT

In the heliosphere, while the averaging RAT efficiency for spin up the dust grains
is approximately (Qr) ~ 0.4 for a > L/1.8 (see Equation 2.17), the third component of
the RAT efficiency for grain precession has much smaller value Qre; = 0.01 (
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, ). Therefore, the third component of the torque T'rare; can be

expressed as:

e3

TraTes = 2.16 X 10_29a357radU7_\0_5 (Q—) dyne cm

0.01
_ ro\? Qe3
=2.1x 107 d% (m) (0-01) dyne cm, (C.30)

where a_s = a/107 cm, Ays = A/0.5um, and Q.; is the third component of RAT

efficiency ( : ).

The ratio between the third component of RAT torque and the electric dipole

torque can be derived by combining Equations C.24 and C.30:

I'RaT,c3 V' r \3(1075G)/( O
— ~ 15|73 ( ) . C.31
l-‘ed,max (3 V) 1 au Br 001 ( )

Assuming Q.3 = 0.01 and referring to the conclusions in Section C.4, Equation
C.31 suggests that for weakly paramagnetic grains at high-J attractor points, as well
as for grains at low-J attractor points, k-RAT dominates over E-RAT at heliocentric

distances r < 5 au.
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