ABSTRACT

Modeling Dust Coagulation and Chondrule Dust Rim Growth in a Protoplanetary
Disk

Chuchu Xiang, Ph.D.

Chairperson: Lorin S. Matthews, Ph.D.

Coagulation of dust particles plays an important role in the formation of planets
and is of key importance to the evolution of protoplanetary disks (PPD). Character-
istics of dust, such as the diversity of particle size, porosity, charge, and the manner
in which dust couples to turbulent gas, affect the collision process. In this work,
a numerical model incorporating all of these effects is developed to simulate col-
lisions between dust particles, which leads to dust growth, and between dust and
chondrules, which results in fine-grained dust rims (FGRs) on chondrule surfaces. A
Monte Carlo algorithm is used to randomly select colliding particles as well as de-
termine the elapsed time interval between collisions. The actual collision outcome
is determined by a detailed collision model which takes into account the morphol-
ogy of the aggregates/FGRs, the trajectory/orientation of the colliding particles, and
the electrostatic forces acting between charged grains by calculating the charge dis-
tribution on grain surface, etc. Dust growth and FGR formation are compared in
environments with different turbulence strengths and different plasma conditions.
The physical characteristics and timescales for growth of dust aggregates/FGRs over
a range of nebular conditions are quantified, and the interplay between the effects of

charge and turbulence on their evolution is investigated.
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CHAPTER ONE

Introduction
1.1 Formation of Stars and Protoplanetary Disks

1.1.1 Interstellar Medium

The interstellar medium (ISM) is the material and radiation that fills the space
between stars in a galaxy (Herbst 1995). Approximately 99 % (in mass) of the ISM is
composed of interstellar gas in ionic, atomic and molecular form, and the remaining
1 % is tiny grains of dust (Boulanger et al. 2000). Within the gas, around 70 %
of the mass is hydrogen (either molecular or atomic), around 28 % is helium and
the rest consists of “metal” elements with greater mass than hydrogen and helium
(Ferriere 2001; Klessen & Glover 2016). The ISM can be heated by multiple sources
such as cosmic rays, stellar winds and supernova explosions. In addition, dust grains
can absorb ultraviolet (UV) radiation emitted from hot stars and eject electrons,
which carry excess energy, and heat up the gas through mutual collisions, the so-
called photoelectric heating. On the other hand, the ISM can be cooled through the
de-excitation of excited atoms or molecules, during which photons are emitted and
carry energy out of the region. Due to different heating and cooling processes in
different regions of the ISM, the interstellar gas is typically found in three forms: a
large fraction of the space is filled with hot, tenuous gas with temperature heated to
T ~ 10° K by shocks generated by supernovae; nested in the hot medium are cold
(T < 300 K), dense clouds consisting of neutral atomic or molecular hydrogen, which
accounts for a very small fraction of the gas; the third phase is warm (T ~ 10* K)
photoionized clouds surrounding cold clouds. These are composed of rarefied neutral
and ionized gas, with much greater volume but far less mass than the cold clouds

(Mckee & Ostriker 1977; Field et al. 1969). In all phases, the ISM is extremely



tenuous and devoid of matter; the particle number density is 10~* em =2 in hot, dilute

3

regions, and 10% ¢m =2 in cold, dense regions, much lower than any laboratory vacuum

chamber on earth, where the number density is on the order of 101 em=3.

Matter is primarily ionized in hot regions of the ISM. Ionization occurs when
a large amount of energy is provided to a gas and the electrons gain enough energy
(greater than the binding energy) to become unbound from the nuclei of their parent
atoms or molecules. Such a partially or fully ionized gas composed of interacting
positively charged ions and free electron is called plasma, the fourth state of matter
(Tonks 1967; Compton & Langmuir 1930). Plasma is electrically conductive owing to
the presence of charge carriers, and its collective behavior is dominated by long-range
electromagnetic fields (Morozov, 2012). As the most abundant form of mater in the
universe, plasma constitutes 99% of the visible universe, and can be found naturally
in stars, in space and on earth, such as the interior of the sun, solar wind, auroras,
lightning and the earth’s ionosphere.

In cold regions of the ISM with relatively high particle number density, the gas is
mainly in the form of molecular hydrogen (Prialnik 2000). These types of interstellar
clouds are called molecular clouds, in contrast to clouds of ionized gas in hot regions
of the ISM. A spiral galaxy like the Milky Way contains numerous molecular clouds,
as shown in Figure 1.1. Molecular clouds are the densest part of the interstellar
medium, and account for 1-2% of its total volume (Ferriere 2001; Klessen & Glover
2016). The masses and sizes of molecular clouds vary: giant molecular clouds have
masses of 10° — 107 times the mass of the Sun (M) and sizes of 50-100 parsec (a
parsec is equal to 19 trillion miles), while small molecular clouds have masses of a few
hundred Mg and sizes of a few parsec (Murray 2011). In contrast to other regions of
the interstellar medium, which is mainly comprised of ionized gas, molecular clouds
are cold enough for molecules to form and survive, with number densities ranging

from 103 to 10° particles per cubic centimeter (Di Francesco et al. 2006).



Figure 1.1: Molecular clouds in a whirlpool galaxy. The blue features show the radiation
from carbon monoxide (CO) molecules, which is used as a tracer for molecular hydrogen,
the raw material for forming new stars. Stars form in the arms which contain regions with
high concentration of gas and dust. Credit: PAWS Team/IRAM/NASA HST/T. A. Rector
(University of Alaska Anchorage)

Molecular clouds can collapse under the gravitational force if the kinetic energy
of the internal gas pressure can not balance the gravitational potential energy (Kwok
2006). The threshold mass above which a cloud will collapse is called the Jeans mass
(Jeans 1902), which increases with increasing temperature and decreasing density of
the cloud. However, even if the Jeans criterion is met, a cloud may still be prevented
from collapsing by some other mechanisms, such as rotation and magnetic fields
(Hartmann 2000; Li et al. 2009). The rotation of the clouds produces an outward
centrifugal force to counteract the inward gravitational force, but in most cases the
clouds are not rotating fast enough to provide sufficient support. The more important
mechanism to resist collapse is magnetic fields. The magnetic force acting on charged
particles ties them to the magnetic field lines, which can counteract gravitational
collapse. The neutral gas particles are also hindered in collapse as long as they are
collisionally coupled to the plasma. However, if the cloud is weakly ionized and there
are not sufficient collisions between the plasma and neutrals, the neutrals will decouple
from the plasma and fall towards the cloud core, a process known as ambipolar

diffusion (Prialnik 2000; Kwok 2006).



As different regions in a molecular cloud have different densities and therefore
different Jeans masses, they collapse individually, breaking the cloud into a number
of smaller pieces (Prialnik 2000), as shown in Figure 1.2. The density of a molecular
cloud increases by many orders of magnitude during its contraction, which decreases
the Jeans mass and promotes further fragmentation of the cloud (Kwok 2006). On the
other hand, the increase of density makes the fragments opaque, preventing radiation
of thermal energy converted from gravitational potential energy. As a result, the cloud
becomes hotter and eventually prohibits further fragmentation (Prialnik 2000). The
fragments then cool and condense into rotating spheres of gas (cloud core), where star

formation takes place when they contract under their own gravity (Battaner 1996).

Figure 1.2: Schematic showing the fragmentation process of molecular clouds. Credit: The
University of Arizona (2004).

1.1.2  Star Formation

As the protostellar cloud core continues to collapse, it passes through several
phases. The first phase is isothermal collapse during which the core is transparent to
radiation of infrared wavelengths. The radiation rate of thermal energy is equal to
the rate of acquisition of gravitational energy, keeping the cloud temperature nearly
constant (McLaughlin & Pudritz 1997). The collapse increases the cloud density,
especially at the core region, increasing the optical depth of the core region, and
eventually making it opaque to infrared radiation. At this point, the cloud enters the
adiabatic collapse phase, in which the thermal energy can not be radiated away and
the core temperature increases (Yoshida et al. 2012). When the temperature reaches

~ 2000k, the molecular hydrogen dissociates into hydrogen atoms, and then hydrogen



and helium atoms are ionized (Larson 1969). The energy gained from compression of
the cloud is consumed in these processes, which allows further collapse of the cloud.
This continues until the core reaches a critical temperature and builds up enough
internal gas pressure to balance gravity, a condition called hydrostatic equilibrium.
At this point, a quasi-static protostar is formed, surrounded by an envelope of gas
and dust (Prialnik 2000). The temperature and density of the protostar continue
increasing due to the accretion of infalling material, and deuterium fusion begins
when the central temperature reaches ~ 10°K. The collapse is halted by the outward
pressure caused by the production of nuclear energy, until the deuterium is depleted
(Henyey et al. 1955). Then the protostar collapses again, increasing the internal
temperature. Finally, hydrogen fusion is ignited in the core at a temperature of

~ 107K, and a star is formed (Hartmann 2000).

1.1.8  Protoplanetary Disks

A natural consequence of the star formation process is the formation of a pro-
toplanetary disk around the star, where planets are formed, as shown in Figure 1.3.
During the collapse, the molecular cloud rotates faster as the radius decreases, due
to the conservation of angular momentum (Armitage 2011). The gas at the equator
experiences greater centrifugal force, which is proportional to the distance from the
rotation axis (Feynman et al. 1963). When the centrifugal force exceeds the gravita-
tional pull, the material spreads in the radial direction of the cloud, while continuing
to collapse in the vertical direction (Pringle 1981). As a result, the cloud flattens
out and forms a thin disk consisting of gas with embedded dust grains, with a radius
up to 1000 AU (1 AU is defined as the distance from Earth to the Sun, equal to
149,597,870,700 meters). The disk reaches a quasi-equilibrium state when the gravi-
tational force balances the centrifugal force in the radial direction of the cloud, and
balances the gas pressure in the direction perpendicular to the disk (Mamajek et al.

2004; White & Hillenbrand 2005).
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Figure 1.3: Gallery of high angular resolution continuum observations of planet forming
protoplanetary disks obtained with ALMA. Credits: S. Andrews, L. Cieza, A. Isella, A.
Kataoka, B. Saxton (NRAO/AUI/NSF), and ALMA (ESO/NAOJ/NRAO)

As the material in the disk orbits around the central star, it is compressed and
heated by the gravitational and frictional forces, causing the emission of energy in
the form of electromagnetic waves, the frequency range of which depends on the mass
of the central star (Nowak & Wagoner 1991; Wagoner 2008). The orbiting particles’
angular momentum is reduced during the radiation of energy, resulting in a slower
velocity, which causes them to drift to a lower orbit. As particles drift inward, despite
of the loss of total energy and angular momentum, their velocities are increased due
to the conversion of gravitational potential energy to kinetic energy. The increased
velocity causes more frictional heating, which, in turn, results in further inward spiral
of particles and more radiation of energy. Since the total angular momentum of
the disk is conserved, the loss of the angular momentum has to be compensated by
the increase in the angular momentum of particles farther away from the center of
the disk. Therefore, the angular momentum lost by the infalling material should be
transported outwards to the exterior regions of the disk (Cameron 1978).

Angular momentum can be redistributed by a gravitational instability, which
produces spiral density waves (Mordasini et al. 2010), and by the magnetic field

caused by the central star. Since the central star rotates faster than the surrounding



disk, it will be decelerated by magnetic torques exerted by ionized gas in the disk
coupled to the magnetic field lines, and transfer momentum outwards to the disk
(Ji & Balbus 2013). In addition to the two mechanisms, the transport of angular
momentum can also be caused by collisions between neighboring annuli: the material
in an inner orbit moves faster than that in an outer orbit, and resulting collisions
slow the inner material and speed up the outer material. As a result, the inner
material adopts an even lower orbit while the outer material adopts a higher orbit,
and momentum is transferred outwards (Dominik 2015).

Gas viscosity is responsible for the redistribution of angular momentum, as
viscous stress can cause disk material to heat up and dissipate energy (Goldreich
& Schubert 1967). However, the molecular viscosity itself is not sufficient for the
transport of angular momentum (Kubsch et al. 2016). Instead, Shakura and Sun-
yaev (1973) proposed that turbulence in the gas can enhance the gas viscosity and
destabilize the orbital gas motion (Ji & Balbus 2013). However, neither the level
nor the origin of turbulence in PPDs are well understood. The Magnetorotational
Instability (MRI; Balbus & Hawley 1998), an instability caused by the differential ro-
tation of the conducting material in a disk, was conventionally accepted as the leading
mechanism to drive turbulent flow in accretion disks (Balbus & Hawley 1991), the
onset of which requires the disk to be sufficiently ionized to produce a weak poloidal
magnetic field. However, only the inner regions in PPDs have large ionization frac-
tions, and most regions beyond 0.1 AU are very weakly ionized (Hayashi 1981; Igea
& Glassgold 1999), where the MRI-driven turbulence is mainly affected by non-ideal
magnetohydrodynamics (MHD) effects, such as Ohmic resistivity, the Hall effect and
ambipolar diffusion (AD). Different non-ideal MHD effects dominate in different re-
gions of PPDs based on disks’ density and strength of magnetic field (Bai & Stone
2013; Wardle 2007). Recent research has shown that the efficiency of the MRI is

dramatically reduced with the inclusion of ambipolar diffusion, and the MRI is com-



pletely suppressed at 1 AU when ohmic resistivity and ambipolar diffusion are taken
into account (Bai & Stone 2013).

An alternative mechanism for transporting angular momentum and driving disk
accretion is the laminar flow driven by a magnetocentrifugal wind, which is gas out-
flowing from the disk that is centrifugally accelerated along magnetic field lines. The
efficiency of the wind is positively related to the net vertical magnetic flux and the
penetration depth of the far-ultraviolet (FUV) ionization, which depends on the ex-
tent of dust attenuation and self-shielding (Bai & Stone 2013). According to Bai &
Stone (2013), the two scenarios, MRI and laminar wind, are mutually exclusive, as
MRI requires a weak vertical background magnetic field, while the launching of a lam-
inar wind requires a strong vertical field of equipartition strength (i.e., energy density
in magnetic field is similar to the kinetic energy density due to turbulent motion of
gas; Basu & Roy 2014) at the disk midplane. On the other hand, in non-magnetically
active regions of protoplanetary disks, recent research has identified other turbulence
generating mechanisms, such as the vertical shear instability, convective overstability,
zombie vortex instability, and the streaming instability (Raettig et al. 2015; Johansen
& Youdin 2007). The dominant hydrodynamic instability process varies in different
disk locations, determined by the cooling times defined by disk opacities.

The amount of material in the disk is reduced as it spirals inward and accretes
onto the central star. In addition, the material can also be removed by a variety of
other processes. One typical external process is evaporation or ablation of disk ma-
terial by winds from nearby luminous massive stars (Tenorio-Tagle 1996). However,
compared to external processes, the internal processes play a more significant role in
the disk dispersal. Photoevaporation is considered to be the major driver for remov-
ing disk material at large radial distances. As the upper layer of the disk beyond
a few AU is heated to high temperatures by high-energy radiation from the central

star, such as ultraviolet and X-rays, the thermal energy of the heated layer exceeds its



gravitational binding energy. This allows the gas, along with the entrained dust par-
ticles, to escape from the disk surface, forming a photoevaporative wind (Hollenbach
et al. 2000; Dullemond et al. 2007; Mordasini et al. 2010).

Another internal process that contributes to the removal of disk material is
planet formation. Planets are believed to form in protoplanetary disks; the dust
particles embedded within the disk are the building blocks of planets. Although
planet formation is not the major mechanism for disk dispersal, since observations
show that the planets account for less than 1.0 % of the initial total disk mass (Wright
et al. 2011; Mayor et al. 2002), the disk dispersal has a significant impact on the
process of planet formation, putting strict constraints on the time scale for planet
formation. The efficiency of the removal of disk material affects the growth rates as
well as the chemical composition of planets. In addition, as the angular momentum
exchange in the disk changes the semi-major axis (one half of the longest diameter
of an ellipse) of a planet’s orbit, disk clearing will halt planets’ orbital migration,
and therefore influence the initial architectures of planetary systems as well as the
formation of giant and terrestrial planets (see section 1.2; Mordasini et al. 2010;

Alexander et al. 2013).

1.2 Planet Formation

1.2.1 First Stage: from Dust Particles to Planetesimals

Planet formation is comprised of several stages. In the first stage, small dust
particles with an initial size of ~ 0.1 — 1 um, similar to those found in the inter-
stellar medium (Mordasini et al. 2010), collide and stick together by the Van der
Waals force, which is a weak short-range interaction due to a transient shift in the
electron density of atoms. After the initial fractal growth (in which particles grow by
hit-and-stick collisions), the increased relative velocity between dust particles causes

compaction, resulting in particles with sizes of ~ 1 — 10 mm and filling factors (the



ratio of the total volume of all constituent monomers, which are solid spherical parti-
cles, to the geometrical compound volume of the particle; Ormel et al. 2013) of ~ 0.36
(Zsom et al. 2010). The increased compactness of aggregates, which are collections
of monomers, makes them less coupled to the ambient gas, increasing the relative
velocities with respect to other particles. Two dust particles which collide with suf-
ficiently high velocity rebound instead of sticking, which poses a bouncing barrier
to dust growth. The maximum particle size before growth is hindered by bouncing
decreases with increasing radial distance from the central star and dust-to-ice ratio
(Lorek et al. 2018). The porosity (i.e., the fraction of the volume of voids within the
particle) of aggregates, formed at this stage increases with increasing radial distance
and decreasing constituent monomer size, as well as dust-to-ice ratio. A lower dust-
to-ice ratio produces larger and more porous aggregates, because ice is stickier than
dust, which increases the bouncing threshold velocity for ice particles and reduces
their compaction.

There are several mechanisms that may enable the dust population to continue
growing after hitting the bouncing barrier, one of which is the velocity distribution of
dust particles. Both the stochastic turbulence-induced velocity (Ormel et al. 2007)
and differences in drift velocities (Brauer et al. 2008) due to different porosity and
mass can contribute to the variations in velocity, which enables the occurrence of
fragmentation, i.e., particles colliding with large relative velocities are disrupted and
break into fragments (Kataoka 2017). When small fragments hit large aggregates,
part of their mass is transferred to the target, leading to further growth of large
particles to planetesimal sizes (~ 1 — 1000 km; Blum 2018). The efficiency of the
dust growth greatly depends on the location in the disk: particles with a size of 100
m can be formed within 5 x 10* years at 1 AU, while it takes 6 x 10° years to grow

particles to a size of several meters at 30 AU (Windmark et al. 2012; Garaud et al.
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2013). The longer the growth time scale, the more the particles are subject to the
radial drift, which obstructs the growth (Blum 2018).

In addition to direct mutual collisions, planetesimals can also been formed
through gravitational instability. This happens when a portion of the dust layer with
a high mass density of solid particles and low relative velocity becomes unstable to its
own gravity, and eventually collapses to a planetesimal. However, the low relative ve-
locity of a dense dust layer may be a difficult criterion to meet, due to the differential
radial drift velocity between particles of different sizes. In addition, as the dust layer
revolves about the central star at a Keplerian speed, while the gas-rich layers above
and below the dust layer revolve at a sub-Keplerian speed due to the gas pressure,
the turbulence generated by the differential velocity can stir up the particles in the
dust layer, increasing their relative velocities (Chambers 2003). On the other hand,
turbulence can promote the gravitational instability by concentrating dust inside or
between turbulent eddies. The onset of gravitational instability requires a solid den-
sity 2-10 times higher than that expected for material with solar composition (Youdin
& Shu, 2002; Chambers 2003), and turbulence can increase the local density of solid
particles by a factor of ~ 10% on the smallest turbulence scales and by a factor of
up to 80 on large scales (Cuzzi et al. 2008; Johansen et al. 2006). In non-turbulent
disks, particles can pile up in some regions as their migration speeds differ in different
regions, like a traffic jam on a road, due to the variation in gas drag. The density
of dust in the piles can be further increased as particles slow down when traveling
through a dense region, and are likely to be trapped in the piles (Chambers 2003). In
addition, dust particles can be concentrated with the aid of the streaming instability
(a mechanism in which solid particles orbiting in a disk concentrate into clumps due
to gas drag; Youdin & Goodman 2005) or in pressure bumps, such as the edge of
the dead zone (an annular region in the disk where the viscosity is essentially zero,

incapacitating the infall of material to the central star), the mid-plane (the region of
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a disk with the greatest vertical density; Johansen et at. 2007) and the ice-line (the
point in a disk at and beyond which it is cold enough for volatile compounds such as
water to condense into ice grains) where the surface density is discontinuous (Brauer
et al. 2008). As a result of different processes of dust growth, the solar nebular is
comprised of gas, dust grains and growing planetesimals of various sizes, as shown in

Figure 1.4.

Figure 1.4: Illustration of the solar nebular comprised of gas, dust grains and growing
planetesimals. Credit: William K. Hartmann (Boss 2007).

1.2.2  Second Stage: from Planetesimals to Planets

Once planetesimals are formed, mutual gravitational interactions become the
dominant driving mechanism for further growth of solid bodies and formation of
planets. This stage of growth cannot become effective until the objects grow to plan-
etesimal size, at which point the gravitational force is strong enough to attract sur-
rounding particles (Blum 2010) [for small colliding particles, their collision velocities
are typically much greater than the gravitational escape speed, which is the minimum
speed a free object must have in order to escape from the gravitational influence of
the other body]. The random velocities of planetesimals are excited by close passages
between planetesimals through gravitational attraction, and damped by gas drag as

well as collisions between planetesimals. The equilibrium velocity comes through a
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balance of these two factors. Collisions between planetesimals are greatly affected
by the random velocity: a small random velocity allows two planetesimals undergo-
ing a close encounter to have sufficient time to adjust their trajectories and travel
towards each other through mutual attraction, increasing the collision probability;
on the other hand, a large random velocity reduces the effectiveness of gravitational
focusing, decreasing the chance of collisions (Chambers 2003).

The random velocity of planetesimals plays an important role in different stages
of the planet formation process. In the early stage, also called the runaway stage,
large planetesimals have small random velocities (thus high collision probability),
and grow fastest by accreting small planetesimals as well as fragments resulting from
destructive collisions between small planetesimals. These eventually form protoplan-
ets (planetary embryos), which are a few thousand kilometers in diameter (Wetherill
& Stewart 1993). The second stage of planet formation is called oligarchic growth,
during which the random velocities of planetesimals are stirred up by the massive
embryos through gravitational perturbations. This reduces the effectiveness of grav-
itational focusing and slows down the runaway growth, and each embryo accretes
material in its own orbital niche. In the third stage, orderly growth, the random ve-
locities of embryos increase when the remaining planetesimals are insufficient to damp
their velocities, which slows down their growth. Embryos travel across each other’s
orbits and collide (Kokubo & Ida, 1998). Some large protoplanets accrete massive
envelopes consisting of hydrogen /helium and become giant gaseous planets, while the
small protoplanets interact and excite each other’s orbital eccentricity, causing their
orbits to cross. As a result, they collide and form terrestrial planets (Mordasini et
al. 2010). The remaining planetesimals are swept up by the planets, accreted to the

central star, or ejected by the solar wind.

13



1.3 Dust Growth

1.8.1 Significance of Dust Collisions

Dust is the building material of the planetary system. The second stage of
planet formation (described in section 1.2.2) cannot become effective until the parti-
cles grow to planetesimal size. Whether planetesimals are formed by direct collision
of dust particles or through gravitational instability, the collisional growth of sub-
micron-sized dust grains into larger aggregates is a necessary step towards further
growth and eventual planet formation. The collision process determines the size and
porosity of resulting aggregates. As particles with different mass-to-surface ratios
have different radial drift velocities, they migrate differently in the disk and therefore
change the nebular mass distribution, which affects the chemical and optical proper-
ties of the disk. In addition, in regions with high dust density, the dust properties
significantly affect the ionization-recombination balance of the gas, which is important
to dust charging, the accretion process, coupling of gas with magnetic fields and in-
stability in disks (Ivlev et al. 2016; Li et al. 2014; Turner et al. 2014). The collection
of electrons on dust particles also reduces the ionization degrees of the disks (Ivlev
et al. 2016). Since the ionization degree determines the electromagnetic interactions
between ionized species, which drive the MRI, a possible source of disk viscosity that
drives the transport of disk momentum and material (Mandell 2015; Balbus & Haw-
ley 1991), dust properties (i.e., size, dust-to-gas ratio) have a significant impact on
the disk evolution by affecting the MRI level and the size as well as shape of the dead
zone (Sano & Miyama 2000; Ivlev 2016). Therefore, it is important to research the

collision processes between dust particles and their growth in the disks.

1.3.2  Sources of Relative Velocity
Dust particles entrained within gas in a protoplanetary disk can collide due

to the relative velocities caused by a variety of processes such as turbulence, Brow-
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nian motion, systematic drift, differential sedimentation, relative orbital decay or
transverse motion (Wurm & Blum 1998). The dominating process varies for dif-
ferent particle sizes at different disk locations. However, particle porosity can alter
the mass range in which a particular process becomes dominant by several orders of
magnitude. In general, the smallest particles with radii smaller than ~ 5 — 50 pum
are mainly driven by Brownian motion, resulting in relative velocities between grains
smaller than ~ 1 mm s~! (Blum 2018; Schmitt et al. 1997). As particles grow larger,
turbulence, which causes stochastic motion, becomes the dominant driver for relative
velocity, followed by systematic drift for even larger objects with volume > 1 c¢m3.
Radial drift (systematic drift in the radial direction) of dust particles is caused by
the difference in the orbital velocity of the dust and the gas. The gas rotates around
the central star with sub-Keplerian velocity due to the support of gas pressure. Small
dust particles well-coupled to the gas also move with approximately sub-Keplerian
velocity, but they don’t experience the pressure support. Therefore, the centripetal
force acting on them is insufficient to counteract the gravitational force, resulting
in an inward drift. On the other hand, large particles travel with near-Keplerian
speed, due to the weak coupling to the gas. These particles experience a headwind
from the slower-orbiting gas, and lose angular momentum, which also causes an in-
ward acceleration. The radial drift velocity increases with increasing particle size for
small particles (< 1 m), and decreases with increasing particle size for large par-
ticles (> 1 m). The maximum radial drift velocity (~ 100 m/s) is obtained for
~ 1 m-diameter-particles, for which the radial drift time is much smaller than the
disk lifetime. Particles of different sizes and different surface-to-mass ratios experi-
ence different radial drift velocities, which causes a relative velocity between grains
driving collisions. Differential sedimentation can cause relative velocity between dust

particles as particles with smaller surface-to-mass ratios sediment more quickly to the
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midplane, due to less friction from the gas. The efficiency of sedimentation is related

to the elevation above the midplane and the gas density (Blum 2018).

1.3.3  Charge

Most of the previous studies on dust coagulation are limited to neutral envi-
ronments (Ormel et al. 2007, Krijit 2015), in which the particles are not charged.
However, the absorption of cosmic rays, stellar X-rays and radionuclides in the disk
material can cause weak ionization of the gas in the midplane of the disk (Okuzumi et
al. 2011a,b). Dust particles in such an environment capture ions and electrons, and
become negatively charged due to the higher thermal electron velocities compared
to that of ions. The Coulomb interactions between colliding pairs can significantly
alter collision outcomes, as the trajectories and orientations of the colliding parti-
cles can be altered by the electrostatic force acting between them. The deflection
and deceleration can cause the colliding dust particles to miss each other, affecting
the coagulation probability (Matthews et al. 2012; Okuzumi 2009; Okuzumi et al.
2011a,b). Collisional growth is strongly inhibited (or halted) by electric repulsion
between colliding aggregates in locations with weak turbulence (disk radius r < 20
AU or scale height |z| < 2H; Okuzumi 2009). In addition, the charge also impacts
the porosity of the resulting dust aggregates as the decreased relative velocity can

reduce restructuring.

1.3.4 Collision Outcomes

When two particles collide, the possible collision outcomes include sticking,
bouncing, compaction, fragmentation, erosion, mass transfer, cratering, abrasion,
melting and vaporization, as determined by the collision energy (Guttler et al. 2010;
Dominik & Tielens 1997; Chokshi 1993; Blum & Munch 1993; Kothe 2016; Wurm
et al. 2005a; Seizinger et al 2013; Krijt et al. 2015). During the initial stage of the

aggregate growth process, sub-micron-sized particles are mainly driven by Brownian
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motion and have low relative velocity. They hit and stick at the point of contact
through van der Waals forces (Meakin 1988), increasing the porosity of the resulting
aggregates. As aggregates grow larger, they develop greater relative turbulent veloc-
ities, in which case compaction or fragmentation can take place, dissipating kinetic
energy in the form of elastic waves. Particles with great size differences tend to have
large relative velocities, but even with a velocity higher than the fragmentation veloc-
ity threshold, it is difficult to cause catastrophic fragmentation of the larger particle
when the ratio of the mass of the projectile to that of the target is much less than
one. Instead, collisions between particles differing greatly in size can cause erosion,

mass transfer or cratering.

1.3.5 Growth Barriers

The main factors that limit the growth of dust through collisions are the low
velocity threshold for bouncing and the low collision energy required for compaction
(Blum 2018). As a result, bouncing takes place before the particles are able to grow to
a large size, and compaction promotes the radial drift of the dust particles (i.e., par-
ticles decouple from the pressure-supported gas disk and drift inward by transferring
angular momentum to the surrounding gas; Whipple 1972; Weidenschilling 1977). In
addition to the bouncing barrier and radial drift barrier, dust aggregates also have to
overcome other barriers to growth such as erosion, fragmentation and the electrostatic
barrier for charged particles, before becoming planetesimals. The threshold velocity
for bouncing, erosion or fragmentation depends on not only the impact energy, but
also the material, monomer size and the porosity of colliding bodies.

Material with greater stickiness has a higher force of rolling friction, which re-
duces the amount of compaction, resulting in higher porosity of particles (Gundlach &
Blum 2015). The bouncing barrier can be alleviated for particles made of stickier ma-
terial or covered by frost coatings in cold regions. Ice is stickier than silicate material,

but can only form icy planetesimals, like comets, beyond the snowline. For regions
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interior to the snowline, some research suggests that organic matter mantling the
silicate grains can act as a glue, increasing the stickiness and holding them together.
Such organic-mantled-grains (OMG) are found in chondritic porous interplanetary
dust particles (Homma et al. 2019; Flynn 1994). The irregular shape of particles also
increases the critical bouncing velocity. For example, spherical silica grains stick at

! while silica aggregates can stick at velocities up to 50

velocities lower than 1 ms™
ms~! (Poppe et al. 2000; Chambers 2003). In addition, charge exchange and for-
mation of dipoles during collisions can increase the sticking forces between particles
with radii of several hundred microns by around 1000 times (Marshall & Cuzzi, 2001;
Chambers 2003).

The high stickiness of material not only reduces the compaction and bouncing,
but also alleviates the fragmentation barrier. For example, particles made of ice
have a much higher threshold velocity for fragmentation than refractory particles,
such as oxides, metals and silicates (Dominik & Tielens 1997; Wada et al. 2013).
In addition to the material, the constituent monomer size also has a great impact
on the fragmentation. Aggregates consisting of smaller monomers have a higher
fragmentation barrier than those with larger monomers. In the simulation of OMG
aggregates, the fragmentation threshold increases from 10 ms~! for particles with
0.3-pum-radius-monomers to 100 ms~! for monomer radii of ~ 0.02 um, at 140 K
(Homma et al. 2019). In addition to fragmentation, particles with small constituent
monomers are more resistant to compaction, resulting in fluffier aggregates (Wada et
al. 2009; Okuzumi et al. 2012; Kotaoka et al. 2013).

In addition to forming planetesimals by gravitational instability, as discussed
in Section 1.2.1, another possible way to get around these growth barriers is through
piling up of dust by mechanisms mentioned in Section 1.2.1. Particles in regions with

high number density have lower relative velocities, which make them less subject to
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destructive collision such as bouncing and fragmentation. The high dust density also

enables them to grow quickly, reducing the radial drift barrier.

1.3.6 Porosity

The porosity of aggregates plays an important role in alleviating or enhancing
the growth barriers. Compact aggregates are more likely to bounce or fragment than
fluffy aggregates, because compact aggregates have a much higher average coordi-
nation number, i.e., the number of contacts per monomer, than porous aggregates,
making it more difficult to dissipate the collision energy through restructuring (Wada
et al. 2011; Seizinger & Kley 2013). However, fluffy aggregates are more subject
to erosion than compact aggregates, as the erosion threshold decreases with decreas-
ing coordination number (Dominik & Tielens 1997). Particles with high porosity
have a larger capture cross section compared to compact particles of the same mass,
which increases the collision rate, resulting in a faster growth of dust population.
Both the relatively short growth time scale (~ 10% years) and the porous structure
of particles (strong coupling to the gas) reduce the adverse impact of radial drift
on the dust growth (Krijt et al. 2015; Lorek et al. 2018; Blum 2018). On the other
hand, compaction increases the mass-to-surface-area ratio of aggregates, making them
less coupled to the ambient gas, resulting in higher drift velocities and greater col-
lision energy relative to those for porous aggregates of the same mass (Okuzumi et
al. 2011a,b). The high collision energy helps to reduce the electrostatic barrier for
charged particles (Okuzumi 2009), but may cause other types of growth barriers such
as bouncing and catastrophic fragmentation. In addition, the large vertical velocity
of compact particles catalyzes their settling to a mid-plane dust layer (Ormel et al.
2007), and the piling up of dust particles speed up the growth. Therefore, the porosity
of the aggregates greatly impacts these processes and also affects the collision effi-
ciency. In addition, the charging of aggregates strongly depends on the open area of

the aggregates, i.e., more porous aggregates have a higher charge than more compact
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aggregates of the same mass in the same environment (Matthews et al. 2012), and
affects the ionization rate of the disk. Okuzumi (2009) pointed out that the ionization
degree of the disk is kept low in fractal dust growth, owing to the porous structure
of aggregates, in contrast to other findings that the dust growth increases the ioniza-
tion degree (Sano et al. 2000, Ivlev et at. 2016). Moreover, the porosity affects the
temperatures and emission characteristics of aggregates (Greenberg & Hage 1990),
and the surface area for chemical reactions taking place in PPDs (Ehrenfreund 2003).
It also greatly affects the optical properties of dust, such as the scattering and ab-
sorption opacities, influencing the appearance of PPDs (Kirchschlager & Wolf | 2014;
Krijt et al. 2015). In conclusion, the porosity of aggregates has significant impact on
the collision processes and the evolution of the disks. Therefore, it is important to
take it into consideration in the coagulation model.

Various processes, either collisional or non-collisional, can alter the porosity of
aggregates (Krijt et al. 2015). Depending on the ratio of impact energy to the rolling
energy (the energy needed for one monomer to roll a distance of one-half circumference
on the surface of the other monomer), the porosity of the resulting aggregates can
either be increased or decreased upon collision. Figure 1.5 shows three examples of
the resultant aggregates formed from collision between two aggregates with different
relative velocities. At the lowest relative velocity, the particles hit and stick, resulting
in a very fluffy aggregate (Figure 1.5b). Larger relative velocity causes restructuring of
the aggregates (Figures 1.5¢ and 1.5d), with greater restructuring resulting in a more
compact aggregate as the relative velocity increases. Non-collisional mechanisms for
decreasing porosity include the gas-compaction and compaction by self-gravity, which
can happen when the pressure from the surrounding gas or from an aggregate’s own
gravity exceeds the external pressure it can withstand (Kataoka et al. 2013; Krijt et

al. 2015).
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Figure 1.5: Illustration showing aggregates formed at different relative velocities. a) shows
the two initial (identical) colliding aggregates. b), ¢) and d) show the resulting aggregate
after collision with relative velocity equal to 0.01 ms™!, 2 ms™! and 7 ms~!, respectively.
The compactness factor ®, is shown for each aggregate. Acknowledgement to Dr. Nina
Gunkelmann for providing the LIGGGHTS code.

1.8.7 Previous Work

Early models of dust coagulation assumed hit-and-stick collisions (Meakin 1988)
and fixed internal density (i.e. a compact sphere) (Weidenschilling 1980; Nakagawa
et al. 1981). The hit-and-stick model works well for low collision velocities, but fails
for high relative velocities, which lead to other collision outcomes (e.g., restructuring
and fragmentation) due to excessive collision energy. The microphysics of coagula-
tion between two elastic spheres was studied in detail by Chokshi (1993), who derived
critical sticking and fragmentation energies as a function of particle sizes, velocities

and material properties. The first experimental research on bouncing and fragmenta-
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tion was conducted by Blum and Miinch (1993). Since then, an extensive parameter
space (particle size, mass ratio, impact velocity, grain material) has been researched,
and various collision outcomes have been modeled theoretically and experimentally
(Blum 2018): compaction (Dominik & Tielens 1997; Blum & Wurm 2000; Paszun &
Dominik 2009; Wada et al. 2008); bouncing (Zsom et al. 2010; Heilelmann et al.
2007); erosion (Krijt et al. 2015; Schrapler & Blum 2011; Schrapler et al. 2018); mass
transfer (Wurm et al. 2005b; Teiser & Wurm 2009); cratering (Wurm et al. 2005a;
Paraskov et al. 2007); and fragmentation (Brauer et al. 2008; Birnstiel et al. 2012).

Although some of these studies have factored in the porosity of particles, most
of them are limited to neutral environments with uncharged grains. The properties
of charged dust particles have recently been receiving more attention (Matthews et
al. 2012, 2015; Okuzumi 2009; Okuzumi et al. 2009, 2011a,b). Okuzumi (2009)
modeled collisions between aggregates of a fixed mass ratio formed of monodisperse
spherical monomers, with the collision outcome limited to hit-and-stick. However, the
dust in a PPD has a size distribution, generally taken to be a power law distribution
n(r)dr oc r=35dr, where n(r)dr is the number of particles in the size interval (r,r +
dr) [the Mathis, Rumpl and Nordsieck (MRN) distribution for material in the ISM;
Mathis et al. 1977]. Assuming monodisperse monomers limits the diversity of the
aggregate structures, which has a significant impact on the dust growth process.
In this study, we extend the analysis of the porosity of aggregates by considering
an initial population of spherical monomers with radii ranging from 0.5 to 10 pum,
with a MRN size distribution. A population of aggregates is built self-consistently
by considering the probability of collisions between particles of all sizes present in
the population. A detailed model of the collision process, which takes into account
two key physical characteristics (porosity and charge), is used to resolve the collision

outcome.
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1.4 Formation of Chondrules and FGRs

1.4.1 Meteorites

Meteorites are pieces of fragment from comets, meteoroids or asteroids, which
are rocky objects orbiting the sun formed from shattered remnants of parent plan-
etesimals. Based on the constituent material, meteorites can be classified as stony
meteorites (composed of rocky material), iron meteorites (composed of iron-nickel al-
loys) and stony-iron meteorites (a mixture of silicate minerals and iron-nickel metal).
Stony meteorite is the most common type among the three, accounting for 94% of
the meteorites (Reynolds 2004). This type can be further divided into chondrite and
achondrite, depending on whether or not a meteorite contains chondrules, which are
formerly molten, quasi-spherical, (sub)millimeter-sized silicate grains. Because the
parent bodies of chondrites formed throughout a wide range of the solar nebula with
varying material distribution and went through different thermal processing, they
have different chemical properties and physical structures. Based on the mineralogy,
petrology, bulk chemical composition, and the oxygen isotopic compositions, chon-
drites can be classed as carbonaceous chondrites, enstatite chondrites, unequilibrated
ordinary chondrites and equilibrated chondrites (metamorphic rocks; Van Schmus &

Wood 1967; Clayton & Mayeda 1989).

1.4.2  Chondrules

Most chondrules are composed of the ferromagnesian olivine and low-Ca pyrox-
ene grains (Lauretta et al. 2006), embedded in glass or crystalline minerals, although
the proportion of each material varies between chondrules. Chondrules were formed
from fluffy dust balls during violent, high temperature events (~ 1000K), such as
direct radiation from the protosun, nebular lightning, magnetic flares, meteor abla-
tion, the occurrence of shock fronts resulting from gravitational instabilities (Boss et

at, 2005) and collisions between molten planetesimals. Dust aggregates are rapidly
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heated and melted into droplets that quickly cool into sub-millimeter-sized quasi-
spherical balls (Cuzzi et al. 2006). The textures of chondrules show evidence of rapid
cooling after being molten: chondrules with porphyritic texture cooled more slowly
than those with radial or barred textures, but still on a timescale of hours. Chondrule
textures also show that more than 25% of chondrules were melted more than once

(Rubin & Krot, 1996).

1.4.3 Fine-Grained Rims

Chondrules in carbonaceous chondrites are commonly surrounded by fine-grained
dust rims (FGRs). FGRs have been observed in both optical and scanning electron
microscopy studies of carbonaceous chondrites, and are particularly visible in CM
chondrites (Ashworth 1977, Metzler et al. 1992, Brearley 1993). A sample of a
rimmed chondrule is shown in Figure 1.6. Some research proposes that FGRs were
formed in the parent body environment, either by attachment and compaction of dust
onto chondrules in regolith (Sears et al. 1993, Trigo-Rodriguez et al. 2006, Takayama
& Tomeoka 2012), or through pervasive aqueous alteration of chondrules (Sears et
al. 1993, Takayama & Tomeoka 2012). However, most researchers believe that fine-
grained dust rims were formed by accretion of grains onto the underlying chondrule
cores in a nebular setting, before the rimmed chondrules were incorporated into their

parent bodies (Metzler et al. 1992, Mofill et al. 1998, Brearley et al. 1999).

1.4.4 Significance of Research on Chondrules and FGRs

Chondrules are the primary constituents of ordinary and enstatite chondrites:
ordinary chondrites contain 60-80% chondrules. Since chondrites are the most com-
mon type of meteorites that fall to Earth (80% of meteorites that fall to earth are
ordinary chondrites), most of the meteorites collected on the earth are composed
of chondrules. They are valuable goelogic specimens that represent primitive pre-

planetary materials, as our only direct evidence of the conditions present in the early
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Figure 1.6: A chondrule surrounded by fine-grained dust rims in a sample of the Murray
chondrite meteorite. Credit: Dante Lauretta.

PPD comes from meteorites, the parent bodies of which are thought to have formed
early in the solar system. By studying the textures, mineral compositions and iso-
topic effects of chondrule samples, we can interpret their thermal histories and gain
information about the nebular environment that existed billions of years ago. The
collisions between chondrules, condensates and refractory residues after evaporation
form nebular sediments, which are the building blocks of the planetary system. Chon-
drule FGRs may have acted as a “glue” that facilitated accretion of many rimmed
chondrules into centimeter-sized objects, possible precursors to asteroids (Ormel et
al. 2008). Along with refractory components such as calcium-aluminum inclusions,
and a matrix made up of both crystalline and amorphous grains, rimmed chondrules

encode valuable information regarding early processes in our solar system.

1.4.5 Previous Work

Previous modeling approaches to the problem of FGR formation are few but
varied. Morfill et al. (1998) integrated an evolution equation for the radius of a
rimmed chondrule, assumed to be suspended in a dusty-gaseous medium, and using a

prescribed sticking efficiency between dust and chondrule. Cuzzi (2004) used a semi-
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analytical model to calculate rim volume as a function of chondrule volume under
constant and variable dust densities. Ormel et al. (2008) employed a sophisticated
Monte Carlo method to study inter-chondrule sticking in parameterized turbulence.
They modeled the compaction of porous dust layers based on experimental and the-
oretical results from the physics of dust collisions (Chokshi et al. 1993, Dominik
& Tielens 1997, Blum & Schrapler 2004). Carballido (2011) performed simulations
of dust sweep-up by chondrules in a local, magnetohydrodynamic (MHD), turbu-
lent model of the solar nebula (SN), following the approach of Morfill et al. (1998).
However, since the turbulence in Carballido (2011) was generated by the magnetoro-
tational instability under ideal MHD conditions, the turbulent regime needs to be
revised in light of recent results indicating that non-ideal MHD effects lead to much
weaker turbulence than in the ideal MHD case (Bai & Stone 2013, Bai 2013). How-
ever, all these models didn’t resolve the actual rim structure, and assumed that the

dust grains comprising the rims are electrically neutral.

1.4.6  Effect of Charge on FGR Formation

As mentioned above, the trajectories of colliding dust grains can be altered by
the electrostatic force acting between the grains, affecting their coagulation proba-
bility as well as their impact velocity (Matthews et al. 2012, 2016; Ma et al. 2013;
Xiang et al. 2017a). The electrostatic force therefore influences the structure of the
dust rim (porosity, monomer size distribution, etc.), as well as the time scale of rim
formation. The effect of dust charge on this process is modified by the turbulence
strength, as dust grains entrained in solar nebula regions with relatively strong tur-
bulence have a greater probability of overcoming the electrostatic barrier, and hence
reaching the rimmed chondrule surface. The collection of dust particles can be inhib-
ited by the increasing Coulomb repulsion force, and the strength of the electrostatic
barrier is roughly proportional to the aggregate size (Okuzumi 2009; Okuzumi et al.

2011a,b). For these reasons, as in the case of dust coagulation, it is important to take
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into account grain charge in models of FGR formation. If the nebular hypothesis is
correct, the resulting FGR structure could ultimately be used to infer values of gas
velocities, turbulent viscosity, and ionization state of the solar nebula (Ormel et al.

2008; Matthews et al. 2012; Okuzumi 2009).

1.5 This Work

Studies are needed which consider all the important factors, i.e., the diversity
of particle size, porosity, charge (repulsion and rotation), and turbulence, in a single
model of dust growth in a protoplanetary disk. These factors influence each other
and come together to determine the collision process. In order to reflect more real-
istic coagulation process, all of these factors are incorporated into a single numerical
model. The subsequent evolution of the dust population is analyzed to determine
how these factors affect the growth of dust aggregates and FGRs. In this work, an N-
body code, Aggregate Builder (AB), is developed to simulate collisions between dust
particles and between dust and chondrules, taking into consideration detailed colli-
sional physics, i.e., the morphology of the aggregates/dust rims, the trajectory of the
incoming particle, and the electrostatic interactions, etc. At the same time, a Monte
Carlo algorithm is used to randomly select colliding particles as well as determine the
elapsed time interval between collisions. Aggregate growth and FGR formation are
compared in environments with different turbulence strengths and different plasma
conditions, characterized by the dimensionless hydrodynamical viscosity parameter
« and dust surface potentials, respectively. The values chosen are relevant for many
regions of a protoplanetary disk. The goal of this work is to quantify the physical
characteristics and timescales of dust aggregates/FGRs over a range of nebular con-
ditions, and investigate the interplay between the effects of charge and turbulence on
their evolution (Xiang et al. 2019c).

This dissertation is organized as follows:
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Chapter Two presents the physical processes considered in this work, including
charging of particles and relative velocities due to turbulence. Section 2.1 provides de-
tails on the plasma basics, charging currents, Orbital-Motion-Limited (OML) theory
for the charging of spherical grains as well as the Orbital-Motion-Limited Line-of-Sight
approximation (OML_LOS) for charging of irregular surfaces, and its application in
calculating the charge distribution on dust particles and chondrule rims. Section 2.2
gives an overview of the motion of dust in a turbulent protoplanetaty disk, including
the relative velocities and collision outcomes for grains embedded in turbulent gas
flow.

Chapter Three describes the numerical treatment of dust evolution and FGR
growth on chondrule parent bodies. A detailed Monte Carlo method is employed,
which uses a Monte Carlo algorithm to randomly select colliding dust particles as well
as determine the elapsed time interval between collisions, and an N-body code AB is
used to model the detailed collision process at close approach as well as determine the
collision outcome. A discussion about the disk parameters, plasma conditions and
turbulence levels used in this simulation concludes the chapter.

Chapter Four presents the results from simulations of dust coagulation, inves-
tigating the effects of turbulence strength and particle charge on the coagulation
process, and comparing three different collision types: PPA (particle-particle aggre-
gation), PCA (particle-cluster aggregation) and CCA (cluster-cluster aggregation).
The resulting characteristics of the dust aggregates including the monomer size as
well as porosity and the time evolution of the dust population in different environ-
ments are presented, an the relationship between the properties of colliding particles
and the collision outcomes is analyzed.

This chapter was submitted as [199]: Chuchu Xiang, Lorin S. Matthews, Au-
gusto Carballido, Truell W. Hyde, “ Detailed Model of the Growth of Fluffy Dust Ag-

gregates in a Protoplanetary Disk: Effects of Nebular Conditions,” arXiv:1911.04589.
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LSM devised the project and developed the Aggregate-Builder code. CX modified
the code to detect bouncing collisions and collect statistics on each pair interaction.
CX also modified the OML_LOS method for large aggregates in order to speed up the
computation, so that the blocked portion of an aggregate is calculated in each test
direction instead of calculating the LOS factor for each patch. The Monte Carlo code
was originally written by AC. CX modified this code for computational expediency
and to allow for larger dust populations by assigning a weight to each particle and
grouping dust particles into bins. CX performed the numerical simulation, analyzed
the results and drafted the manuscript under LSM’s guidance. LSM supervised the
project, enriched and reorganized the content, and worked on improving presentation
of the results. AC rewrote the introduction. TWH provided advice on the research
problems. All authors revised the manuscript and discussed the results.

Chapter Five presents the simulations of dust rim growth on a chondrule sur-
face through the collection of dust grains in an electrically neutral environment. The
effects of turbulence strength and chondrule size on rim growth, as well as the differ-
ence between rims formed by accretion of dust monomers (particle aggregation) and
rims formed by accretion of dust aggregates (cluster aggregation) are investigated, by
analyzing the rim structure, porosity as well as the formation time.

This chapter was published as [200]: Chuchu Xiang, Augusto Carballido, Romy
D. Hanna, Lorin S. Matthews, Truell W. Hyde, “The initial structure of chondrule
dust rims I: Electrically neutral grains,” Icarus 321, 99-111 (2019). LSM and AC
conceived the study. The Aggregate-Builder code was originally developed by LSM.
CX modified the code to simulate dust rim growth on a chondrule body, expanding
the collision outcomes to include restructuring (due to rolling on the surface) and
bouncing. The Monte Carlo code was originally written by AC. CX modified the code
to randomly select particles (dust) from a population of grains or aggregates to collide

with a fixed particle (chondrule). CX also modified the code to assign a weight to each

29



particle and group dust particles into bins for computational expediency. CX ran the
code, analyzed the results, prepared the figures and wrote the initial manuscript with
support from LSM, AC and TWH. LSM directed the study, supervised the findings of
this work and designed figures for further exploration of the results. AC rewrote part
of the introduction, worked on better explaining the results and wrote the section
on comparison with previous work. HR carried out the experiments and wrote the
section on comparison with experimental measurement. TWH provided advice on
the research direction and data presentation. All authors revised the manuscript and
contributed to the interpretation of the results.

In Chapter Six, the model presented in Chapter Five is expanded to examine
the growth of FGRs under different plasma conditions, where both the chondrules
and dust particles are charged to varying degrees. The manner in which the charge
affects the rim structure (porosity, monomer size distribution, etc.) as well as the
time to build the rims is examined. It is shown that the impact of the charge changes
with varying turbulence levels and chondrule sizes.

This chapter was submitted as [201]: Chuchu Xiang, Augusto Carballido, Lorin
S. Matthews, Truell W. Hyde, “The initial structure of chondrule dust rims II: charged
grains,” arXiv:1911.00981. The Aggregate-Builder code was originally developed by
LSM. CX modified the code to simulate dust rim growth on a chondrule body. CX
also modified the OML_LOS method to charge a dust pile and duplicate it on the
rest of the chondrule surface. CX ran the code, performed the analysis and wrote
the initial manuscript with support from LSM, TWH and AC. LSM designed and
supervised the project. LSM also reorganized the paper, improved the text and
figures, and provided advice on refining presentation of the data. All authors discussed
the research problems, revised the manuscript and contributed to the interpretation

of the results.
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The conclusions drawn from this work are summarized in Chapter Seven, which
gives an overview of the impact of the charge and turbulence on the evolution of dust
population and FGRs in the disks. A discussion about the future work that can be
done to extend this study to further our understanding of this subject concludes the

dissertation.

Some content in this chapter was published in Xiang et al. 2017a, 2017b, 2019a,
2019b, 2019c.
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CHAPTER TWO

Physical Processes in Charging and Coagulation of Grains in Protoplanetary Disks
2.1  Grain Charging

2.1.1 lonization of Gas in PPD

In many regions of a protoplanetary disk, the gas is weakly ionized by thermal
collisions of the atoms at high temperature with gas heating, caused by multiple
sources such as cosmic X-rays, gamma rays from the new star, radioactive decay
and ultraviolet stellar radiation. The electrons freed from the atomic orbits form an
electron gas cloud. This, together with the surrounding ions and the neutral atoms,
forms plasma.

The relationship between the degree of ionization and the gas temperature was
first postulated by Saha. In addition, the degree of ionization also depends on the
density and ionization energies of the atoms. Let F, and Ej, be the energies of state a
and state b, with statistical weights (degeneracy) g, and gy, respectively. The number

of particles in state ¢, IV;, and that in state j, IN; satisfy the Boltzman equation,

No _ Ya
= ;e;(;p(—(Ea — B,)/KT). (2.1)

For ions in the i, and (7 + 1), states of ionization, their number density ratio,
n;y1/n;, is acquired by integrating the Boltzman equation in the momentum space of

free electrons,

nisine  (2mmokpT)%/? 29”1@3:19 (_M) (2.2)

n, h? Gi kgT
where n, amd m, is the number density and mass of electron; T is the temperature of

the gas; kp and h are the Boltzmann constant and the Planck’s constant, respectively;

g; and g;,1 are the degeneracy of the two ions; and ¢; and €;,1 are the energies required
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to remove ¢ and ¢ + 1 electrons from the atom. This is the so-called Saha equation,
often used to determine the ratio of number density of different ion species (Saha

1920).

2.1.2  Debye Shielding
Assuming the plasma is collisionless and considering each plasma species 3 as
a "fluid” with temperature T, number density ng, mean velocity 5 and pressure

Pg = kpngTp, where kp is the Boltzmann constant, the equation of motion for each

fluid reads as (Bellan 2008)
28 _ o5 - Y08, 23)

where mg and g are the mass and charge of the particle, and E is the electric field.

—

For a slow perturbation, i.e., dvg/dt =~ 0, E ~ —V¢, and VPs = kgT3Vng, Eq. 2.3

can be reduced to (Bellan 2008)

ngq@ng ~ —k‘BTBVTLg, (24)
which solution is given by

where ng g is the number density of plasma species [ at infinity.

Suppose a test charge () is slowly inserted into an initially neutral plasma in
which electrons and ions are uniformly distributed with a zero electric potential. With
the perturbation of the test charge, the plasma is brought out of the equilibrium state,
i.e., the nearby particles with the same polarity as the test charge are repelled and
those with opposite polarity are attracted towards to the test charge. The charge
cloud surrounding the test charge has an opposite charge from the test charge, and
therefore partially cancel the electric field caused by the test charge, a mechanism

called screening. The resulting local potential ¢ is calculated using the Poisson’s
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equation,

Vi =—L2 (2.6)

€o
with p the net charge density, contributed by both the test charge and the screening

charge cloud,
p=Q3(M) + Y ns(gs, (2.7)
B

where the origin of the coordinate is located at the center of the test charge. As the
perturbation is slow, the nearby particles have a Boltzmann distribution given by Eq.

3.6. Using the Taylor expansion, Eq. 3.6 can be rewritten as

2
ng = ngo (1 - kqgﬁﬁ + (QW/;BT/}) + ) . (2.8)

Since the electric potential energy caused by the perturbation is small com-

pared to the thermal energy of the plasma species, |gsp| < kpTs, Eq. 2.8 can be

approximated by keeping the first order term,

ng =~ Ngo <]_ — qﬂgb ) . (29)

Substituting Eqs. 2.7 and 2.9 into Eq. 2.6, and using the initial neutrality of

the plasma, i.e., 3 5m50(7)gs = 0, one obtains

1 L - 13,093
V20(7) = —— | QO(F) — &(T
o) = —— [Q M= T,
1 . T
--Llasn-49], (2.10)
€0 D
where \p is the Debye length, defined as
1 1
— = E —, 2.11
Ap? NG (2.11)

with the Debye length Ag of species 3 given by

. 80]6’BT/3

A2 |
O ngod}

(2.12)
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The Laplacian operator in spherical coordinates can be written as

2
V2:12(28)+ = a(smeg>+ L9 (2.13)

— rf— — _— .
r2 or or r2sinf 00 r2sin?60 0¢p>?

Assuming the electrostatic potential ¢(7) is spherically symmetric, only the radial

term in Eq. 2.13 is nontrivial,

2 20 O
V=St o (2.14)

Substituting Eq. 2.14 into Eq. 2.10 yields

Po(r)  20¢(r) _o(r) __QO(7)

or? roor A, € (2.15)
For r > 0, Eq. 2.15 reduces to
Po(r)  208(r) ¢(r) _
Or2 + o A 0, (2.16)
which has solutions
o(r) = gexp (i%) . (2.17)

The constant C' is determined by reducing the solution to the Coulomb potential of

a point charge in vacuum for r < 1,

o- @

47T€0 .

(2.18)

Since the solution which contains exp(r/Ap) explodes as r increases, contradictory to

the screening effect, the final solution becomes

o(r) = 2 cap(—L). (2.19)

Eq. 2.19 shows that the electrostatic potential caused by the test charge and the
surrounding charge cloud that participates in the screening decays exponentially as
the distance from the test charge increases. For r > Ap, the test charge is completely
screened by the surrounding plasma particles which have opposite polarity as the test

particle.
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As can be seen in Eq. 2.12, the Debye length increases with increasing thermal
energy kgl and decreasing plasma density ngy, as a greater thermal energy causes
particles in a larger region to be affected by the perturbation and a low plasma
density reduces the efficiency of the Debye shielding (Conde 2018). The shielding
mechanism works only if there are sufficient plasma particles in the cloud, 47mng oA}, >
1 (Bellan, 2008). In addition, the derivation above is based on the assumption of a
small perturbation. In case of large perturbation, i.e., |ggp| > kpTj, additional terms
in Eq. 2.8 are needed, and a different solution is obtained from the nonlinear Possion’s

equation (Conde 2018).

2.1.8  Quasi-Neutrality

As discussed above, for an outside observer far away from the test charge, the
perturbation is completely shielded and the plasma appears to be neutral. However,
at a small scale comparable to the Debye length, the neutrality breaks down due to
the local nonuniform charge distribution. Here we validate the assumption of initial
neutrality of plasma without a perturbation, and examine the scale over which a
plasma can become non-neutral due to thermal fluctuations. Suppose 7,4, is the
maximum radius of a sphere which is completely depleted of electrons due to thermal
motions. The electrons that leave the sphere have to stop on the surface of the
presumed sphere, because if the electrons continue to move outward or inward on
the surface, the radius of the maximum sphere would have to be larger or smaller
than 7,,,.. While the electrons move to the sphere surface, their thermal energy is
converted into electric potential energy, stored in the electric field produced by the
remaining ions (Bellan 2008). The number of ions left in the sphere is equal to the
number of electrons collected on the sphere surface. Therefore, the total ion charge

in a sphere with radius r is
Arrien,

Qtot = ——5— (2.20)
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with n. the average number density of electrons. Assuming the resulting electric field

is spherically symmetric, it can be calculated using Gauss’s law,

Qtot

€0

= ]{E - dA = 471 E, (2.21)

where dA is a differential surface element. Combining Eq. 2.20 and Eq. 2.21 gives

the electric field at a radial distance of r from the center of the sphere,

ener

E(r)= . 2.22
) = 5 (222)
The potential energy stored in the electric field is calculated as
Tmar gq B2 (r) 2me?n?r?
W = ~ N AqrPdr = ——— ¢ maz 2.23
e e = 229

The thermal energy of an electron with temperature 7, in one degree of freedom
is kpT./2. Therefore, the total thermal energy of the electrons that leave the sphere

(three degrees of freedom) is

3 4
KE = §kBTe X =13 e = 2mkgTiners (2.24)

max max-*
3

Since the thermal energy is the only source of energy that is converted to the potential

energy, by equating Eq. 2.23 and Eq. 2.24, r,,,, is obtained,

4 L
T"max = (%) y (225)

e2n,
which is around seven times as large as the electron Debye length. Therefore, the max-
imum volume that can be vacant of electrons is on a microscopic scale. In addition,
since the thermal motions of plasma particles tend to be random, the scenario that
all electrons move in the radial direction, causing the maximum non-neutrality of the
sphere, is very unlikely. Therefore, we can conclude that the plasma is quasi-neutral

on a large macroscopic scale, i.e., r > Ap (Bellan 2008).

37



2.1.4 Plasma Frequency
When a plasma is disturbed by an external electric field, a cloud of electrons is
driven by the electric force and travels up the potential gradient, while the ions are
left in the original area due to their heavy masses. The charge separation results in an
internal electric field, which has a tendency to restore the equilibrium state (electric
neutrality),
enl

E=—

- (2.26)

?

where e is the positive electron charge, n is the equilibrium ion/electron number
density and [ is the distance between the cloud of electrons and that of ions.

When the external perturbation is removed, the restoring force caused by
Coulomb attraction accelerates the cloud of electrons towards the equilibrium po-
sition. The electrons continue to move after reaching the equilibrium position due
to their inertia, and are slowed down by the resulting Coulomb repulsion. Such
movements are repeated periodically, and the cloud of electrons collectively oscillates

around the equilibrium position,

d?l e’nl
o— = teF =+—. 2.27
m dt? © €0 ( )

The frequency of such a harmonic oscillation is given by

2 1/2
Wpe = ( cn ) . (2.28)

E0Me

This is referred to as the (angular) electron plasma frequency, which only depends on
the equilibrium number density of the electrons. Similarly, the ion plasma frequency

is obtained by substituting the ion mass for the electron mass in Eq. 2.28,

2 1/2
Wi = ( < ) . (2.29)

EoMmy;

The ratio of the electron plasma frequency to ion plasma frequency is

w m; \ /2
pe _ <_) , (2.30)

wpi me
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which is much greater than 1. Therefore, the electron plasma frequency determines
the shortest time scale in response to external disturbance, and is usually called the
plasma frequency.

The oscillations of electrons around ions are damped by the collisions between
electrons and neutrals. If the electron plasma frequency is smaller than the collision
frequency between electrons and neutrals, electrons will couple with the neutral par-
ticles, and the medium will no longer exhibit features of a plasma and instead behave
like a neutral gas. In hot regions of the ISM and sufficiently ionized regions of a
PPD, the number density of neutral particles is small, and the average time between
electron-neutral collision is larger than the period of the oscillation. Therefore, the

damping is negligible, and the medium behaves like a plasma (Bittencourt 1980).

2.1.5 Charging Currents

A dust particle immersed in plasma gains charge by collecting electrons and
ions on its surface. As electrons are more mobile than ions, due to their small mass,
they hit the dust particle more frequently than ions. The higher flux of electrons
to the dust surface compared to that of ions causes a dust particle to be negatively
charged. In addition to charging by collecting electrons and ions from the surround-
ing environment (primary current), dust particles can also be charged by emission of
electrons, due to electron impact, ultraviolet radiation, field emission or thermionic
emission (Goree 1994). Secondary electron emission happens when high energy elec-
trons knock additional electrons on dust particles. The efficiency of electron emission
depends on the impact energy, material property and dust particle size. Small parti-
cles are more efficient in emitting electrons than bulk materials, because it is easier
for electrons to escape from the interior of small particles than from a large slab of
material (Chow et al. 1993). Another kind of electron emission is photoelectric emis-
sion, in which a particle releases photoelectrons by absorbing ultraviolet radiation.

The efficiency of this process depends on the material property (photoemission effi-
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ciency) and the surface potential, as a particle with positive potential can recapture
a portion of the photoelectrons (Goree 1994). The emission of electrons from the
dust surface results in a positive current toward the surface (Samarian et al. 2001).
When the positive current is significant compared to the negative primary current,
the particle can be positively charged, or have a charge which fluctuates between
positive and negative (Goree 1994). Therefore, the primary currents set a lower limit

for the charge on a dust particle (Spitzer 1941).

2.1.6  Charging of Single Isolated Spherical Grain

For a spherical grain, the electron and ion currents to the grain surface are
typically calculated using orbital-motion-limited (OML) theory (Allen 1992). OML
theory is valid when the Debye length Ap, a scale over which the local electric field
in a plasma is screened by the surrounding charge carriers, is much greater than the
radius of a dust particle, and much smaller than the collisional mean free path between
neutral atoms and electrons or ions. It is assumed that a particle is charged by
collecting electrons and ions when their collisionless orbits intersect with the particle’s
surface (Goree 1994). For a spherical dust particle with charge ()4 and physical radius
R placed at the origin, and an electron/ion with charge ¢, mass m, and velocity v., at
infinity, let v, be the electron/ion velocity at grazing collision with the dust particle.
Assuming the potential energy of the electron at infinity is zero, the conservation of

energy and angular momentum yields:

1 1
§mvgo = §mvf + q;gd, (2.31)
MU Reot = mu, R. (2.32)

By eliminating v, in the two equations, the collection radius R., can be defined as

29Qq )1/2

2
RmuZ,

R =R (1 - (2.33)
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which is the threshold impact parameter, i.e., electrons with impact parameter less
than R., will hit the dust particle and be collected. The capture cross section for

electrons/ions by the dust particle is therefore

2qQq
R? =7R?>(1-— 2.34
Tl =T < Rmvgo) ( )
V
—rR2(1- L 2.
TR ( Eo)’ (2.35)

where V. = Q4/R is the potential at the dust surface, and Ey = %mvgo is the kinetic
energy of the electron/ion at infinity. The capture cross section is greater than the
physical cross section mR? if the incoming plasma species and the dust particle are
oppositely charged, i.e., ¢V, < 0, and is smaller if they are like charged. The capture
cross section is 0 for ¢V, > Ej, meaning that the plasma species can not overcome
the electrostatic repulsion and reach the dust surface.

For monoenergetic electrons/ions, the current towards the dust particle is

I = qn R 0ooneo (2.36)

= qvoonooﬂ'R2 <1 - qv;) s (237)

where n, is the number density of electrons/ions at infinity.

For non-monoenergetic electrons/ions, i.e., the species have a velocity distribu-
tion, integration over the species’ velocities is required to obtain the current towards
a dust particle. The flux of plasma species 5 to a given surface patch P depends

on the number density ng and the velocity distribution f(vg) of the plasma particles

(Allen 1992),

Tsp =ng / / / fvg)vacosfd>of, (2.38)

where 6 is the angle between the velocity % and the normal of the patch surface
n, and vgcost = @ - n is the velocity component of the incoming plasma particle

perpendicular to the surface. The product of the flux and the particle charge gz gives
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the current density,

Jo.p = Tppqs = nﬁQﬁ///f(Uﬁ)UBCOS(9)d3?7ﬁ- (2.39)
Using d*v); = vidvsinfdfde, Eq.2.39 can be rewritten as
Ja.p = ngqp / / / f(vg)vgcosfuidugsinfdfde (2.40)
= ngqs / f(vg)vidug / cosfsinfdo / do. (2.41)
Assuming a Maxwellian distribution for the ion and electron velocities,
flo) = (27?7;5%)3/2 e 27 242)

Eq. 2.41 becomes

Jp.p =npqs /

Umin

3/2 _oileal? /2 21
(27:]?5713) e 4§IJTB| vgdvﬁ/o costinGd@/O do. (2.43)

By setting v, in Eq. 2.32 to 0, one obtains the the minimum velocity a plasma particle
must have to overcome the electrostatic repulsion and reach the dust particle surface,
Upnin = \/m for gg®p > 0, with ®p the dust surface potential and mg the
mass of the plasma particle. v,,;, is zero if the dust particle carries no charge or
is of opposite charge to the plasma species, i.e., gg®p < 0. The upper limit of the
integration of 6 is w/2 instead of 7, because only plasma particles with velocities
directed towards the patch surface, i.e., U_g -n. > 0 and thus cosf > 0, can be collected

by the dust particles. Integration of Eq. 2.43 over vg, 6 and ¢ yields

1/2
ksT, ®
nsqs <2fm‘;> erp <—Z‘;T2) for qsPp >0

B,P = 1/2 (2.44)
kpT, >
nsqs <mei> (1 - Z‘;ﬁ:) for qsPp <O
The current of plasma species 8 to a sphere with radius R is given by
Is=47R*Js p. (2.45)
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By defining [y 3 = 47TR2H5%

which is the current collected when &p = 0, Eq.

2m’

2.45 becomes

I exp< q)P) for qzPp >0
=4 kT o (2.46)

Iop (1 — Z‘;?;) for qsPp <0

For electrons with charge —e, mass m,, number density n. and temperature 7,

the current is given by

L, (1 4 cop ) for ®p >0
I = e g (2.47)
Iy, exp (;g’;) for ®p <0

kBTe

where Iy, = —4TR’n e /52

Similarly, for ions with charge Ze, mass m;, number

density n; and temperature 7T}, the current is

IOZexp< Ze(b”) for ®p >0
I, = (2.48)
I (1 - Ze@P) for ®p <0

ksT;
with Iy, = 47TR2nZZe, / kBT

The balance between the negative current (electrons) and positive current (ions)

towards a dust particle determines its charge and surface potential. Assuming the
charge varies smoothly, i.e., ignoring the discrete nature of the charge (Goree 1994),
the change in charge of the dust particle per second equals the sum of all currents to

the particle. In the case of a single ion species,

dQaq

=+ 1. 2.4
— =it (2.49)

The equilibrium state is reached when the total charge gained by the particle

per second is zero, d@Q)y/dt = 0 (Spitzer 1941), meaning

Li+1.=0. (2.50)
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Substituting Eqs 2.48 and 2.47 into Eq. 2.50 yields

Te G(I)P T; ZG(I)P
P s —n Zy )= (1= . 2.51
e\, P (kBTe) M\ ( kT, ) (2.51)

The equilibrium potential depends on the temperatures and masses of ions as well as

electrons. For n; =n,, T; =T, and Z =1, Eq. 2.51 becomes

m; €<I>p Ze(bp
—/— =(1- . 2.52
Me “p (kBTe) ( kBT;, ) ( ° )

The numerical solution to Eq. 2.52 is the classical Spitzer potential,

q)p =-2.5 kBTe/G. (253)

The equilibrium charge of a spherical dust particle is proportional to the parti-

cle’s surface potential,
Qa = CPp, (2.54)

where C' = 4meg (R + R?*/Ap) is the capacitance of the dust particle, which equals
C = 4meg R when the particle radius is much less than the Debye length. The charging
time depends on the particle size and plasma density: the larger the dust particle and

the higher the plasma density, the faster it charges up (Goree 1994).

2.1.7 Charging of Irregular Aggregates (OML_LOS)

The OML method assumes spherical grains, and all ions/electrons with impact
factors smaller than R, can be collected by the dust grain. However, dust aggre-
gates in space are irregularly shaped, and the non-spherical distribution of potential
near the dust particle can reflect ions/electrons (Goree 1994) or block the trajecto-
ries of incident electrons or ions (Matthews et al. 2012). The irregular aggregate
surface is treated by modifying the OML currents using a line-of-sight approximation
(OML_LOS) to adjust the currents to less-exposed regions of the surface (Matthews

et al. 2012; Matthews et al. 2016). The surface of each sphere is divided into patches,
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and the charging current due to incoming plasma species is calculated for each patch
by determining open Lines of Sight (LOS), i.e., paths for incoming electrons or ions
to the patch.

The current density to a given patch can be split into two parts: the component
of the current density Jzo(vs), which only depends on the speed of the plasma parti-
cles, and the line of sight factor L, for the patch P, which depends on the angle of
the incoming trajectories with respect to the surface normal. Using d3@ = v%dde,

where df2 is the differential solid angle, Eq. 2.39 can be rewritten as

Ja.p :ngqg/f(vg)vgdvﬁ X //cos(@)dQ (2.55)

= JgoLy, (2.56)
where
1/2
Rl (—kBTﬁ> exp <_ﬂ> for qgPp >0
g 2mm kpT, BEP
o=y [ s = 7 ) P 23
T (27rm/3> (1 - kBT5> fOI' QB(I)P < 0

L,= / / cos (0) dQ, (2.58)

assuming a Maxwellian velocity distribution of ions and electrons. L, can not be
integrated directly, as it depends on whether the line of sight in a given direction is
obstructed by other monomers. As shown in Figure 2.1, the shaded areas indicate the
open solid angles for four given points on a monomer surface, i.e., plasma particles
approaching the sphere with trajectories in those regions can reach the surface points,
with the assumption of straight-line trajectories. In order to calculate L,, the surface
of an aggregate is divided into patches with approximately equal surface area. In the

simulation, the number of patches on a monomer with radius R (in unit of um) is

N = 10R?

int)

(2.59)
where R;,; is the nearest integer of R.
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Figure 2.1: Two-dimensional representation of OML_LOS geometry. Plasma currents to
the surface points on monomers are partly blocked by other monomers. In the left figure,
the shaded areas indicate the open solid angles for four given points on a monomer surface.
Shown in the right figure are three surface patches with coordinates (mq, o01), (m1, 02),
(m1, 03) on the monomer centered at point C. The vectors tq,1, t12, t1 3 are the normal
vectors to the patches, and the vectors t’ indicate some test directions for patch (mq, 01)
to determine its open lines of sight. Figure credit: Matthews et al. 2012.

For each patch, a certain number of test directions, which originate at the
center of the patch, are defined (Figure 2.1), and are tested to determine whether
the line of sight is open or blocked by another monomers. As shown in Figure 2.2,
# is a test direction originating at the center of patch P on monomer 7, and CZ;-]- is a
vector pointing from the center of patch P to monomer j with magnitude equal to
the distance between them. The line of sight to patch P in this direction is blocked
by monomer j if the perpendicular distance between the center of monomer j and the
test direction # is smaller than the radius R; of monomer j, and the angle between

' and J;j is smaller than 90°,

- ~ |2

J

dij - >0, (2.61)

where # is a unit vector in the ¢’ direction.
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Figure 2.2: Geometry to determine the open lines of sight. # is a test direction at the
center of patch P on monomer ¢, and d;; is a vector pointing from the center of patch P to
monomer j.

This test is conducted for all monomers within the aggregate, including the
monomer on which the patch resides. If any of the monomers blocks the line of sight
to patch P in test direction £, LOS is assigned with a value 0, LOS pt = 0. Otherwise,
LOSp; = 1. The integral over the solid angle in Eq. 2.58 is then approximated by a
sum over test directions originating from the center of patch P which cover the solid

angle A,
L,~ Z LOS; p x cosO AQy, (2.62)
t

where 6; is the angle between the normal direction of the patch and the test direction
t. Monomers in the interior of the aggregate are more likely to have blocked lines of
sight, i.e., small L,, and thus collect little charge.

The net current of species 5 to patch P is obtained by multiplying the current

density Jgz p by the patch’s surface area As,

113713 = Jﬁyp X AS, (263)
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where As = R2AQp, with R the radius of the monomer on which the patch resides
and AQp the solid angle covered by the patch. Summing over all species gives the

total current to patch P,

Ip=> Isp. (2.64)
B

The change in the charge on the patch during a time interval dt is then calculated by
dQp = Ipdt. (2.65)

The charge on a monomer is obtained by summing over the contribution from
each patch, and the total charge of an aggregate is obtained by adding up the con-
tributions from all constituent monomers. Note that the current reaching patch P
depends on the minimum velocity of plasma particles to overcome the Coulomb re-
pulsion barrier, which depends on the potential of the patch due to the charges of all

other patches,

Q
Ve = § L - 2.66
P l 47T€0d[’ ( )

where [ sums over all patches in the aggregate. ); and d; are the charge of the Iy,
patch and its distance from patch P, respectively. Therefore, the change in charge
on a given patch depends on the charges on other patches, and the charge on each
patch is calculated in an iterative process until the equilibrium charge is reached, i.e.,
the change in aggregate charge is smaller than 0.01% of the aggregate charge at the
previous time step (Matthews et al. 2012, 2016).

At large distances, the electrostatic force acting on a dust aggregate due to
another aggregate is calculated using a multipole approximation including terms up
to the quadrupole moment. The monopole moment ¢ is the sum of charges contributed

from all patches on an aggregate,

¢=> (2.67)
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where [ is the index of each patch. The dipole moment p'is given by
F=>_ad, (2.68)
1

where d; is the vector pointing from the center of mass (COM) of the aggregate to

patch [. The elements of the quadrupole moment, M , are calculated from

M;; = Z 3r1,i715q — Oij Zrl% (2.69)
] ]

where r; is the distance of patch [ from the origin, and the indices 7, 7 run over the
Cartesian coordinates x, y, 2
The electrostatic potential at a position 7 from the COM of an aggregate is

approximated using the monopole, dipole and quadrupole moments (Matthews et al.

2015),

1 (g 1 1
" dreg (F =D U= Mz‘ﬂ"ﬂ"j> : (2.70)

where 77 is the transpose of . The electric field at 7 from the aggregate’s COM is

calculated by taking the negative gradient of the potential,

E<F):Emon+ﬁdip+ﬁquad
1 3F(p-F)—p 1[5 - -
L {qr VD bl {_ (77 7 M@ } (2.11)

47T€0 2 r3 r

The iz, component of the electric field is given by

L Jgri
Ei(r) = o {— + (Banzrl pir ) (2.72)
1] 5 L
; 2_73 ZMZ‘J‘TZ‘T]‘ T—ZMT
J

1/7]'

The force on an aggregate with charge ¢ and dipole moment p in a non-

homogeneous electric field produced by another aggregate is given by (Weisstein
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2012)

F =qE + Gp, (2.73)

with the i;, component equal to
Fi=qkE; + Z Gijpj, (2.74)
J

where G;; = V, I}, is the gradient of the electric field. For a multipole approximation

up to the quadrupole term, Gj; is given by (Raab & de Lange, 2004),

—1

i = o=
T 8mepr?

307‘Z'Tjﬁ' ”f’ + 357’,’7‘j7:T]\:4F— 107”Z Z Mjkrk — 107’j Z Mika
k k
+1% (2M;j — 6pir; — 6pjr; + 6qrir;) + 04 (517T]\:4F+ 610 - 7 + 2qr4>] . (2.75)

The total torque on an aggregate in the electric field of a second aggregate,
which causes its rotation, is the sum of the torque from the dipole moment and that

from the quadrupole moment,
N; = N 4 N, (2.76)
The contribution to the torque on a dust aggregate from dipole moment p in

the electric field E produced by a second aggregate is
Nidip = Z 5ijkijk> (277)
j.k

where €;j is the Levi-Civita pseudo-tensor. The torque from the quadrupole moment
is given by (Torres del Castillo & Mendez Garrido 2006)
Nt = é Z €ijk@juGro- (2.78)
jkv
At close approach (a few aggregate radii), the charge approximation using the
dipole and quadrupole moments breaks down, and the electrostatic force acting on
aggregate 1 due to aggregate 2 is calculated by treating the monomers as point charges

centered at each monomer. Thus the force on the m;, monomer in aggregate 1 is
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(Matthews et al. 2015, 2016)

~

- qundmn
F, = L (2.79)

where n runs over all monomers in aggregate 2 and d,,,, is the distance between two

monomers. The total force on aggregate 1 is then obtained by (Matthews et al. 2015)

F=Y"F,, (2.80)

where m runs over all monomers in aggregate 1. The net torque on aggregate 1 is

given by
N = D i x E,, (2.81)

where 7, is the position vector pointing from the origin of the coordinate system to
the center of the my, monomer. The force and torque on aggregate 2 can be obtained

in the same way by switching the two aggregates in the equations above.

2.1.8 Charging of Chondrule Dust Rim

A rimmed chondrule is modeled as an aggregate of spheres. The charge on the
rimmed chondrule includes two parts: the charge on the spherical chondrule core and
the charge on the porous dust rim. As most dust rims in CM chondrites appear to be
evenly layered around the entire chondrule in petrographic observations, we assume
that the chondrule accretes dust isotropically, and restrict our study to a small patch
on the chondrule surface for computational expediency. As the monomers on the
vertical sides of the pile have a greater LOS_factor than if the entire dust rim were
included in the simulation, we divide the dust pile into two regions, an inner region
(the yellow spheres in Figure 2.3a) and an outer region (the green spheres in Figure
2.3a), and only use OML_LOS to charge the monomers in the inner region. The outer
monomers are included in the calculation of the LOS_factor for the inner monomers

(Figure 2.3b). After the charges on the monomers in the inner region are obtained,
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they are used to approximate the charges on the outer monomers: the monomers in
the two regions are sorted based on their distance z from the top of the dust pile,
and the charges on the inner monomers are assigned to the outer monomers with the
same ranking, scaled by the ratio of the radius of the outer monomer to that of the

inner monomer (Figure 2.3¢),

Qout(2> - Qm(z) X rout’ (282)

Tin

where () and r are the charge and monomer radius, with the subscripts “out” and
“in” representing outer and inner monomers, respectively. In this manner, the charge
on the monomer is related to its radius and distance from the chondrule surface.
After the charges on the monomers are obtained, the total charge of the dust
pile and the chondrule patch beneath the pile are duplicated as point charges on the
rest of the chondrule surface, based on the ratio of the chondrule patch area to the
total chondrule surface area. The duplicated charges have the same distance from
the chondrule core as the center of charge of the dust pile. As shown in Fig. 2.3d,
the deviation from spherical equipotential lines is very small except very near the
dust rim surface. The charge on the entire chondrule is then obtained by adding
the duplicated charges to the total charge of the dust pile and the chondrule patch
beneath the pile. The dipole and quadrupole moments are calculated using formulas
2.68 and 2.69 by treating each duplicated charge as a patch. A multipole expansion
up to the quadrupole term is used to determine the force and torque (Eqgs. 2.74, 2.76)
on an incoming dust particles at large distance. At close approach, the force and
torque are calculated by Eqgs. 2.80 and 2.81, in which m runs over all monomers in
the dust pile, the chondrule patch beneath the pile and all duplicated point charges.
The force and torque on the dust particle eventually determine its trajectory and

rotation (for an aggregate) while approaching the chondrule surface.
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Figure 2.3: Illustration showing two different regions used in the charging calculation and
the resulting equipotential lines. a) depicts the initial state before the monomers are
charged, with the two colors indicating the inner (yellow) and outer (green) regions. b)
represents the state after the monomers in the inner region have been charged. The charge
collected by the inner spheres is calculated directly using OML_LOS, and the outer spheres
are used to calculate the LOS_factor for the inner spheres. The resulting charge collected
by each sphere in the inner region is indicated by the shade: large spheres near the top
of the pile collect the most charge (dark), while small, interior spheres collect little charge
(light). c) represents the state after all monomers have been charged. The charges on the
inner monomers are used to approximate the charge on the spheres in the outer region,
based on their size and distance from the chondrule surface. d) shows equipotential lines
for a slice through the center of the dust pile.

2.1.9 Charging when n, # n;
Local quasi-neutrality of the plasma leads to a zero net charge contributed by

the free electrons, free ions and dust particles. Assuming a single ion species, the
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quasi-neutrality condition is
—ene +en; —eZpnp = 0, (2.83)

where n., n; and np are the number densities of free electrons, free ions and dust
particles, respectively, and Zp is the dust charge number.

In a plasma with high dust concentrations, the density of free electron is re-
duced due to electron collection on the dust particles, which affects the dust particle’s
floating potential as well as the plasma potential. This effect is characterized by the
Havnes parameter P, which is the ratio of the charge density on the dust particles to

the density of free electrons (Havnes et al. 1990),

p =100 (2.84)

Ne

For spherical dust particles with a radius R,
P =695TR—, (2.85)

where the temperature 7' is measured in eV’ and the dust radius R is given in um. np

and n. are the number of dust particles and electrons per cm?

. The dust particle’s
floating potential is greatly reduced for P > 1, and is barely affected for P < 1. In
this simulation, three cases are considered: n./n; = 0.1, 0.5 and 1, corresponding to

P value of 9, 1 and 0, respectively.

2.2 Relative Dust Motion in a Turbulent Protoplanetary Disk
Various mechanisms impart relative velocities to solid particles in a protoplan-
etary disk (PPD), such as Brownian motion, inward radial drift, vertical settling
towards the midplane, and turbulence (Brauer et al. 2008; Weidenschilling 1977;
Voelk et al. 1980; Ormel & Cuzzi 2007; Ormel et al. 2008). The dominant source
of relative velocities depends on the disk temperature and location, as well as on the

particle properties, i.e., mass and porosity (Krijt et al. 2015). The collision energy
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determines the collision outcome: two dust particles can stick at the point of contact,
cause restructuring to the resulting particle, bounce, fragment, etc. At the same time,
the relative velocity between dust particles of various sizes affects the collision rate,
which determines the growth rate of the dust population.

For the disk locations and particle sizes considered in this dissertation, tur-
bulence is the dominant source for the relative velocity between dust particles, as
systematic relative velocities due to drift and settling are much lower for particles
sizes relevant to our problem (Rice et al. 2004; Dullenmond et al. 2004; Ormel et
al. 2008). Therefore, we only consider the contributions of turbulence and Brownian
motion in this study, assuming the particles are well coupled to turbulent eddies.

In the rest of this section we discuss the turbulent relative velocity and the

possible collision outcomes that we consider in our simulations.

2.2.1 Turbulent Relative Velocity
As discussed above, in our models, the relative velocity between two dust par-

ticles is the sum of the turbulent velocity vy and Brownian velocity vg,

vy = /0% + V2, (2.86)

where the contribution from Brownian motion is much smaller than that from tur-
bulence. The Brownian velocity depends on the masses of the two colliding particles,

my and ms,

vp = \/8(m1 + mz)]{?BT’ (287)

TM1My
where kp is Boltzmann’s constant and the gas temperature is given by T = 280 K/+/,
based on the minimum mass solar nebula (MMSN) model (Weidenschilling 1977;
Hayashi 1981; Thommes et al. 2006), with  the heliocentric distance (taken to be 1

AU in this study).
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A closed-form analytical expression for the relative turbulent velocity vy be-
tween two grains was presented by Ormel & Cuzzi (2007) and Ormel et al. (2008),

by comparing the stopping time of the largest particle,

3 mi

T1

(2.88)

- 4cgpg 77_61%’
where p, is the gas density, ¢, is the gas thermal speed, and m; and a,; are the mass and
equivalent radius of the particle, to the turn-over times of the largest and smallest
turbulent eddies, t; and t;,. Three regimes are considered: the linear regime for
small particles; the square_root regime; and the “high stokes regime” where particles

decouple from the gas (Ormel et al. 2008),

vy ReY* (St — St) for T <t

vr = 40,200 — (14 €) + (5 + -S)1V2S? for 5t~ m Sty (2.89)

(Tlsm + ﬁ) for T > 1

In this expression, v, is the gas speed; Re is the Reynolds number, defined as the ratio
of the turbulent viscosity, vy = acg /€2, to the molecular viscosity of gas, vy, = c,A\/2
(Cuzzi et al. 1993), with « the turbulence strength (Shakura & Sunyaev 1973), Q
the local Keplerian angular speed, and A the gas mean free path; the turn-over times
of the largest and smallest eddies are t;, = 1/Q and ¢, = Re~12t; . respectively; the
Stokes numbers St;, i = 1,2, are the ratios 7;/tr; y, is a numerical constant taken to
be 1.6; and the quantity e is the ratio g—’;; <1 (Ormel et al. 2008).

For the regions of the PPD that we are considering and the particle sizes (based
on MRN distribution described in Section 1.3.7) used in our simulation, vr is deter-
mined by the first condition in Eq. 2.89, and the relative velocities depend on the
size difference between the colliding grains

vy Re/40)

)(SADl + SADQ), T <ty (290)
CgPg

’UT:(

where SAD; = 3m;/4a?, i=1,2, is the spherically averaged density of aggregates.
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2.2.2 Collision Outcomes

1 almost all

For low-velocity collisions between particles, i.e., v < 10 ¢m s~
collisions result in sticking (Ormel et al. 2008). However, collisions with energies
that exceed a certain minimum threshold will result in restructuring, bouncing, frag-
mentation, erosion, mass transfer, cratering and abrasion. The threshold velocities
for different collision outcomes depends on the material properties, aggregate size,
constituent monomer size, mass ratio, as well as the porosity of colliding bodies. For
example, the experiments conducted by Blum & Miinch (1993) showed that an im-
pact velocity of ~ 0.15 —1 ms~! between mm-sized particles results in bouncing, and

! results in fragmentation. Note that there can be multiple sce-

a velocity = 1 ms~
narios for each of these outcomes. For example, particles with collision energy lower
than the hit-and-stick threshold energy stick at first contact (Dominik & Tielens,
1997; Blum & Wurm 2000). A collision energy exceeding the hit-and-stick thresh-
old energy results in sticking with surface effects: the contact zone of the particles
is elastically deformed/flattened, and the increased contact area can cause sticking
at greater velocities (Blum & Miinch 1993; Weidling et al. 2009). For even higher
collision velocities, sticking can occur between a large porous aggregates and a smal-
1/compact projectile, which leads the projectile to penetrate deeply into the target.
Experiments show that the projectile can not bounce off the target if the penetration
is deeper than the projectile size (Langkowski et al. 2008; Blum & Wurm 2008).
Likewise, bouncing can cause alteration of the colliding partners, depending
on their sizes, porosity and the collision energy. For two similar-sized aggregates, a
bouncing collision causes compaction of the particles, through which the energy is
dissipated (Weidling et al. 2009). On the other hand, for two porous particles with
great size difference, the small projectile penetrates slightly into the large target, and

bounces off alone with some material from the target. A local compaction is caused

in this process (Langkowski et al. 2008; Blum & Wurm 2008).
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Similarly, for particles with relative velocities exceeding the fragmentation ve-
locity threshold, the collision results depend on the size ratio of the colliding particles:
catastrophic fragmentation occurs with similar-sized collision partners, while erosion,
mass transfer or cratering occurs for particles with great size difference. When the
projectile is very small, collisions are likely to cause local erosion near the impact
point on the large body. The erosion threshold velocity increases with increasing
mass ratio, and the erosion efficiency increases with increasing impact velocity (Krijt
et al. 2015). Mass transfer is also a possible collision outcome, in which part of the
projectile’s mass (< 50%) is permanently transferred to the target body and is com-
pressed to a volume filling factor of 0.3-0.4 (Blum 2018; Teiser et al. 2011; Beitz et
al. 2011). For larger projectiles, the mass transferred to the target object is less than
the excavated mass. As a result, the collision causes cratering on the target body.
The mass loss of the target increases with increasing collision energy of the projectile,
up to 35 times the projectile’s mass (Blum 2018; Wurm et al. 2005a; Paraskov et al.
2007).

In our simulations, the relative velocities are low and for simplicity we only
consider hit-and-stick, bouncing and restructuring. The collision outcomes are deter-
mined by whether or not the impact velocity exceeds the critical velocity for bouncing
or rolling. In the rest of this section, we briefly discuss the mathematical form of these

threshold velocities.

2.2.2.1. Sticking 'The microphysics of collisions between two smooth spherical
grains was derived in detail by Chokshi et al. (1993) and Dominik & Tielens (1997)
using elastic continuum theory. Upon contact, the van der Waals force accelerates the
colliding particles which elastically deform near the contact region, forming a neck of
material. The degrees of the reduction of surface energy and the excitation of elastic
surface waves during this process determine the threshold kinetic energy between

sticking and bouncing (Wurm & Blum 1998). If the kinetic energy is sufficient to
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break the neck, the particles separate and dissipate energy in elastic waves. Otherwise,
the particles stick together. The critical velocity, corresponding to the critical kinetic
energy, depends on the sizes of the grains and the material properties, and is given
by (Chokshi et al. 1993)

75/6

Ver = 386W‘5/6p1/27

(2.91)

with « and p respectively the surface energy per unit area and the density of the
grains, and R the reduced radius of the two spheres, R = RyRy/(R; + Rs). The
Poisson ratios ¢, 95 and Young’s moduli E;, F5 of the two grains enter into the

expression via the material constant E = [(1 — 9¥%)/E; + (1 — 93)/Ey] L.

2.2.2.2. Bouncing Bouncing occurs when the collision velocity is too high for
hit-and-stick collisions to occur, and yet lower than the threshold fragmentation ve-
locity. For collisions between fluffy aggregates consisting of monodisperse monomers,
assuming there is only one contact point per monomer, the local properties are the
same as for two contacting monomers. The increased mass of the aggregates, com-
pared to the case of monomer-monomer collisions, can be expressed as an increased

/2 where N is the number

density in Eq. 2.91, scaling the critical velocity by N~
of monomers in the two aggregates. Letting p and mg be the reduced mass of the
two aggregates and the mass of a monomer respectively, the critical velocity between

aggregates can be expressed as (Wurm & Blum 1998)

’ 1 1%
v, = —U — 1, 2.92
cr \/5 cr (mo ) ( )
where v, is the critical bouncing velocity for the monomer-monomer collision between

the two contacting spheres. In our simulation with polydisperse monomers, my is set

to be the average mass of all the monomers in the two aggregates.

2.2.2.3. Restructuring Restructuring occurs when particles roll along the sur-

face. For micron-sized particles considered in the astrophysical context, the main
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source of friction comes from bonds between atoms at the surface. New contacts
can be made and old contacts can be broken only in step sizes of at least one atom
(Dominik & Tielens 1997). The critical energy required to roll a distance equal to
the size of an atom is

eron = 6TYE 1 (2.93)
where v is the surface energy per unit area and &y is the average distance over
which energy is dissipated. Following Dominik & Tielens (1997), we set &g = 1 A.
In order to cause non-negligible restructuring, the particle has to roll a finite distance.
Therefore, we define the quantity E,..;, which is the energy required to roll a distance
of 1000 A,

E.on = 1000€e,4. (2.94)

Greater impact energy leads to more massive restructuring, and the maximum re-
structuring occurs when all monomers in the aggregate have sufficient energy to roll
a angle of 90 degrees (Paszun & Dominik 2009).

This derivation assumes that the critical rolling energy is independent of the
monomer size. Therefore, the energy required to roll a distance of half the sphere is
proportional to the monomer radius a, E < a. However, some recent research shows
that the rolling force scales with the monomer area in direct contact, resulting in a
smaller energy required to roll this distance, F as (Krijt et al. 2015). Smaller
rolling energy means that particles are more likely to restructure and form a more
compact structure (Krijt et al. 2015). The implementation of the restructuring pro-

cess in this simulation is described in Section 3.3.2.

Some content in this chapter was published in Xiang et al. 2017a, 2017b, 2019a,
2019b, 2019c.
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CHAPTER THREE

Numerical Treatment

3.1 Aggregate Structure

As discussed above, the porosity of dust particles plays an important role in
the collision process, as it impacts the coupling of dust particles to the motion of
ambient gas. The relative velocity developed due to the difference of dust parti-
cles coupling times (see Section 2.2.1) affects the collision frequency (and therefore
the dust growth rate), the collision outcome (see Section 2.2.2) and also determines
whether two charged particles can overcome the electrostatic barrier and coagulate.
Due to its importance, a consistent measurement of porosity is needed. Different
quantities have been used to measure the “fluffiness” of aggregates in previous works,
such as fractal dimension (Gmachowski 2002), gyration radius (Wada et al. 2008),
and enlargement factor (Ormel et al. 2008). Here we adopt the compactness factor
®, (Min et al. 2006). This parameter is useful in this case as it is based on an aggre-
gate’s equivalent radius R,, which defines an effective cross section for coupling with
the gas and has been shown to be directly related to an aggregate’s charge (Matthews
et al. 2012). We use ®,, R,, and an aggregate’s physical radius R to characterize the
structure of an aggregate, as described below. For both the dust aggregate and the
rimmed chondrule, the physical radius is the maximum radial extent from the center
of mass (COM).

The equivalent radius R, of an aggregate is defined as the radius of a circle
with area equal to the projected cross-section o of the aggregate averaged over many

orientations (Min et al. 2006),

g
_ /2 1
R, W (3.1)
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The compactness factor ®, for an aggregate is defined as the ratio of the volume of
all the constituent monomers in an aggregate to the volume of a sphere with radius

equal to R,,

N3
o, = 2l (3.2)

where r; is the radius of the constituent monomer and N is the total number of
monomers within the aggregate (Figure 3.1a).

In the case of a rimmed chondrule, as we only simulate a dust pile on the chon-
drule surface, we use different methods to define its porosity and R,. The porosity of
a horizontal layer (i.e., parallel to the chondrule’s surface) in the dust rim is defined
as the ratio of the volume of voids within the layer, which is the total volume of the
layer Vigyer minus the sum of the volume of the monomers (or monomer portions)
within that layer ) Vy, to the total volume of the layer, i.e., (Vigyer — > Vi) /Viayer-
The equivalent radius of a rimmed chondrule is defined as the sum of the radius of
the chondrule core and half of the maximum radial extent of the rim to the surface
of the chondrule core. The comparison of R, and R for an aggregate and a rimmed

chondrule is illustrated in Figure 3.1.
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Figure 3.1: Illustration of physical radius R and equivalent radius R, for a) a dust aggregate,
and b) a dust rim (shown is a dust pile on the chondrule surface). The black arrow indicates
the physical radius R, defined as the maximum radial extent from the center of mass for
an aggregate (a) or a rimmed chondrule (b). The red arrow indicates the equivalent radius
R,, as defined in the text.

3.2 “Detailed-MC” Method

The factors that affect the coagulation process are the probability that two par-
ticles travel towards each other (determined by their cross-sectional area and relative
velocity) and the type of interaction between them, which determines the collision out-
come (i.e., sticking, bouncing, restructuring, etc.). We use a “Detailed-MC” method
which combines Monte Carlo (MC) method (Ormel et al. 2007; Gillespie 1975) and
an N-Body code (Matthews et al. 2012) to model these two factors. When two solid
particles are far away from each other, their relative velocity depends largely on the
particle sizes, as motion is driven by coupling of the solids to the gas. The Monte
Carlo algorithm is used to randomly select colliding particles, where the collision
probability is a function of the particle size, as well as determine the elapsed time
interval between collisions. At close approach, the detailed collision process is mod-
eled using an N-body algorithm, Aggregate Builder (AB), to determine the collision

outcome (Xiang et al. 2019c).
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At the beginning of the simulation, a population of dust particles with sizes
ranging from 0.5 um to 10 pum is grouped into 100 logarithmic bins by their radii, and
the collision rates Cj; between the bins are initialized using the average equivalent
radius and mass of particles in each bin. In each iteration, time is advanced by a
random interval to the time when the next collision will occur. Then, two bins are
selected based on the collision rates Cj;, and one particle is chosen from each bin to

collide, with the collision outcome modeled by AB.

3.2.1 Monte Carlo Algorithm

The Monte Carlo algorithm is a mathematical method used to simulate the
stochastic coagulation model. The fundamental postulate of this algorithm is that
there exists a function Cj;(x;, z;)dT which represents the probability that a given pair
of particles x; and x; will coagulate in the time interval d7. In our model, assuming

the particles are evenly distributed over a volume,
Cij = UijAUij/v7 (3-3)

where 0;; = m(r; + 7"]-)2 , is the collisional cross section, Aw;; is the relative velocity of
the two particles and V' is the volume of the simulated region (Gillespie 1975; Ormel
et al. 2007). The collision kernel o;;Av;; is equal to the volume that particle z;
sweeps out relative to particle x; per unit time. The ratio of this volume to the total
volume V' is proportional to the probability that the two particles collide per unit
time, i.e., particles with larger radii and larger relative velocity have a higher chance
to collide. At time ¢, the probability that the next collision will occur in time interval
(t+7,t+ 7+ d7) and involve particles x; and z; is equivalent to the probability that
all the following events occur: (1) no collisions happen in the time interval (¢,¢ + 7),
(2) particles x; and z; collide in the differential time interval (¢t 4+ 7,¢ + 7 4 dr), and
(3) no other particles collide in this differential time interval. Since these three events

are independent, the probability that they happen simultaneously is the product of
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the probabilities of the three events (Gillespie 1975),
N-1 N
P(i,j,7)dr = Cjjexp <—T Z Z C’kl> dr. (3.4)
k=l I=k+1
By defining the partial sum C; = Z;V:Z 41 Cy and the total sum Cyy = ZZ]\SI C;

(Gillespie 1975), it can be written as the product of three conditional probabilities,

P(’i,j, T) = (C’totexp[—C'totT}) X (C’Z-/C'tot) X (CU/C@) (35)
= pi(7) - pa(ilT) - p3 (7, )

where

p1(7) = Crorexp[—Cip 7] (3.6)
pa(i|T) = Ci/Cian

p3(jIT, 1) = Cy;/C.

The first term p;(7)d7 is the probability that the next collision will occur between
times (t47) and (t+7-+d7), independent of the colliding pair chosen. The time elapsed
between two collisions, according to this probability, is given by 7 = Cy, 'in(1/7)
with r a random number. po(i|7) is the probability that particle x; is chosen to collide,
given that the next collision occurs at (¢ + 7). ps(j|7,7) represents the probability
that the other chosen particle is z;, given that the next collision occurs at (¢4 7) and
involves particle x;.

po(i|7) and p3(j|T,i) are both normalized as shown in Formulas 3.6. In order
to generate a random number i according to ps(i|7), a random number 7, from the
uniform distribution on the interval [0,1] is generated, and the partial sums C}, are

cumulatively added until 71 Cy; is just exceeded, meaning that ¢ satisfies the following:

i—1 i
Y Ch<rCio <> Ch (3.7)
k=1 k=1
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Dividing each term by Cj, yields

i1 i
Z Ck/Ctot <r; < Z Ck/Ctot- (3-8)
k=1 k=1

Since Cy/Cloy = po(k|T) is the normalized probability that particle x; is chosen to
collide irrespective of which other particle is selected, the cumulative summation of

the probability function is its distribution function,
Fiy<r <F (0K F<1) (3.9)

where F; = S po (k7).

Since 7, follows a uniform distribution on [0, 1], the probability that r; falls in
interval [F;_1, F;] equals the length of the interval F; — F;_; which is equal to po(i|7).
In other words, larger po(i|7) corresponds to a larger segment on the interval [0,1],
resulting in a higher chance for r; to fall in that segment. Therefore, the selection pro-
cedure for particle z; can represent its probability in Formula 3.6. Similarly, particle
x; is chosen by generating another random number 75 from the uniform distribution
on the interval [0,1], and cumulatively adding C;; until r,C; is just exceeded,

Jj—1 J
Y Cu<rCi< ) Ca (3.10)
I=i+1 I=i+1

In order to reduce the computational cost in calculating the collision probabil-
ities C;;, the range of equivalent radii is divided into 100 logarithmic intervals, and
particles of similar size (within the same interval) are binned into the same group.
The average equivalent radius of each bin is used to calculate CA’;, the collision rate

between particles in group ¢ and group j,

1 . .
~ 39:9:Cy for i=j
C;=1" (3.11)
9i9;Cij  for 1 #]
where g; and g; are the number of particles in the two groups. After particles from

group ¢ and j collide, g; and g; are both decreased by 1, and the number of particles in
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the group which the resulting particle belongs to is increased by 1. At the same time,
a particle in the population is randomly chosen to be duplicated, and the number of
particles in its group is increased by 1, so that the total number of particles stays the
same during the simulation. The abstract volume V' is rescaled after each duplication
procedure, in order to keep the dust spatial density constant (Ormel et al. 2007).
According to the power law size distribution that we employ to model dust
particles, the initial population contains a small number of particles with large radii.
In order to reduce the fluctuation caused by small number statistics, instead of cre-
ating monomers randomly based on the power law distribution at the beginning
of the simulation, we create monomers with evenly spaced radii within the radius
range 0.5 ym < a < 10 pum, and add weights to particles of different sizes ac-
cording to the power law distribution. If particles in the i"* group have weights
wy, Wa, ...Wg, then g; in Eq. 3.11 equals Zﬁj w,. The physical meaning of a non-
integer weight can be interpreted by expanding the space. Suppose the smaller weight
of the colliding particle is 0.2: the collision can be imagined to take place in a space
which is 5 times as large as the original one, so that there is one such particle in
the enlarged volume and at the same time the weight of each species becomes 5
times as large. Therefore, the probability that particles x; and z; will collide is:
Cij(new) = 25w;(old)w;(old)o;jAv;; /5V = 5Cyj(old), where ‘old’ refers to the origi-
nal space and ‘new’ refers to the enlarged space. Since the chance that the collision
takes place in the original space is 1/5 (the original volume is 1/5 of the enlarged

volume), the probability that particles z; and z; will collide in the original space is

Ci;(new) /5, which equals to Cy;(old).

3.2.2  Collision Resolution (Aggregate Builder)
Once the dust particles are selected, the detailed interaction is modeled using
an N-body code, Aggregate Builder (Matthews et al. 2012), taking into account

the morphology of the aggregates, the trajectory of the incoming particle, and the
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electrostatic interaction. For collisions between two dust particles, one of the particles
is placed with its center of mass at the origin as the target, and an incoming particle
is shot towards the target’s COM plus an offset up to b = 0.2 x (R; + Ry), where Ry
and Ry are the maximum radii of the target and the incoming aggregates respectively
(this factor is chosen for computational expediency, to reduce the number of missed
interactions). The relative velocities between the two aggregates are set assuming
the dust is coupled to turbulent eddies in a protoplanetary disk (Ormel et al. 2007),
calculated by Eq. 2.89. The initial distance between two charged particles is set such
that the potential energy due to the charge interactions is less than 90% of the initial
kinetic energy, while in the neutral case, it is set to be 2.5 x (R; + Ry). The linear

acceleration @, and angular acceleration a,, of a dust particle are given by

md, = F (3.12)

Id, =N (3.13)

where m and I are the mass and moment of inertia of the particle; F and N are the
electric force and torque acting on the particle, given by Formulas 2.73 and 2.76.

At each time step, the positions, velocities and accelerations of the target and
incoming particles are updated using a 5th-order Runge Kutta method. We are
interested in detecting true collisions, where constituent members of the two particles
physically overlap. If the two particles are separated by a distance smaller than the
sum of their radii, a collision check determines if any two monomers in the target
and incoming aggregates overlap. In the case of an overlap, the incoming particle
is backed up until the overlap is within a small tolerance (0.5 x 10~*um), and the
critical bouncing velocity is calculated for the two aggregates to determine whether
they stick or bounce: the particles stick if the relative velocity is lower than the critical
bouncing velocity, and bounce otherwise. A missed collision is detected when the two

particles are moving away from each other. This can be caused by one particle going
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through the gaps within the other particle, or the electrostatic repulsion between
two like-charged particles. An illustration of the difference in the collision results for
charged particles with different relative velocities is shown in Figure 3.2. In the case
of bouncing or a missed collision, the code proceeds to the next iteration and new

dust particles are selected.

(@)

Figure 3.2: Illustration of collision process of charged aggregates with a surface potential
of -0.1 V. The blue aggregate is the target, while the yellow aggregate travels towards the
target’s COM plus an offset. a, b, ¢, d) show a hit-and-stick collision with an initial relative
velocity of 0.1 m/s, and e, f, g, h) show a missed collision due to electrostatic repulsion with
an initial relative velocity of 0.002 m/s. Each row shows snapshots of the two particles at
different time steps (increased elapsed time from top to bottom).

69



Upon

a successful hit-and-stick collision, the two aggregates are connected at the

point of contact, and the total mass, charge, spin and moment of inertia are calculated

for the resulting aggregate. This new aggregate replaces the incoming aggregate in

the library.

Subsequently, another aggregate is randomly chosen to replace the target

aggregate, so that the total number of aggregates from the library stays constant. The

collision probabilities C;; are updated based on the new average equivalent radius

of each bin

and the change in the population of the dust particles. For each hit,

bounce and miss, the masses, radii, equivalent radii, compactness factors, charges,

relative velocity of the two particles, and the time interval between two interactions

are recorded. The detailed flow chart of this process is shown in Figure 3.3.

‘-{ Calculate the time elapsed between collisions, dt= —In(C,,.*r) }«

[ Bin the 10000 particles into 100 groups, initialize C;; and Ceo; |

!

|

[ Select collision pair, initialize their relative velocity, acceleration and distance }

r )

| update their positions, velocities and accelerations ]

[ Check if the sum of their radii is larger than the distance between them ]

-

Check if they are movin -
= oppositey directions ¢ ]-—m[ Check if any of the monomers overlap |

[ Check if the relative velocity is J_E| Abounce
A miss is detected greater than the critical velocity is detected

A collision is detected }

Y
1. Connect the two aggregates
2. Replace the two colliding aggregates with the
resulting aggregate and a random duplicate
3. Update the number of aggregates in each group
4. Update C;; and Gy,

Figure 3.3. Flow chart of the simulation of particle collision.

3.3 Modifications for Building Chondrule Rims

70



3.3.1 Modified MC Algorithm
In modeling FGR formation, the collision is between a fixed target chondrule ch
and a randomly chosen dust particle d. The probability that the two objects collide

per unit time is
Cehd = Och,aAVen,a/V. (3.14)

The first step in this method is to determine the random time interval between
the collection of dust particles, consistent with the collision probabilities C.y, 4 (Gille-
spie 1975; see Section 3.2.1). The probability per unit time of collecting any dust

particle is

N
C’tot = Z Cch,ia (315)
=1

with N the total number of dust particles. During a given time interval 7, the

probability of collecting any dust particle is proportional to
P = exp[—Ciu1]. (3.16)

The time elapsed between two collisions, according to this probability, is given by
T = —In(r1)/Cio, with 71 a random number between zero and one. A second random
number 75 is used to select the incoming dust particle d by finding the smallest integer
satisfying
d
> Cuni > r2Clar. (3.17)
i=1
In order to reduce the computational cost in calculating the collision probabilities
C'h,d, the range of the equivalent radii of dust particles is divided into 100 logarithmic
intervals, and particles of similar size (within the same interval) are binned into the

same group. The average equivalent radius of each bin is used to calculate 5;:1, the
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collision rate between particles in the group d and the chondrule ch,

—_~—

Cenda = 9aCeh.d, (3.18)

where g4 is the number of particles in group d (Ormel et at. 2007).

3.3.2  Modified Aggregate Builder

For collisions between the chondrule and dust particles, the chondrule is placed
as a target with its center of mass at the origin. For computational expediency, we
restrict dust particles to accumulate on a circular patch 100 ym in diameter on the
chondrule surface, and assume that dust is accumulated isotropically. The elapsed
time between two consecutive interactions is multiplied by the ratio of the area of
the chondrule surface to the area of the patch, in order to take into account the
time required to build the rest of the rim. In each iteration, one dust particle is
selected randomly from the dust population according to the previously computed
collision rates, and is shot towards a randomly selected point on the target area from
a random direction. The angle between this direction and the normal to the patch
at the selected point is uniformly distributed between 0° and 60°, so that it is less
likely that dust particles impact the side of the dust pile, as illustrated in Fig. 3.4.
Although in a natural collision dust particles could approach the chondrule surface
at more oblique angles, it is highly likely that such particles would be blocked by
the irregular distribution of dust particles near the patch that are not included in
our simulation. The initial distance between the chondrule and the incoming dust
particle is set to be 2.5R.,, with Ry, the radius of the chondrule. The initial relative
velocity between the chondrule and the dust grains is set assuming that the dust is
coupled to the gas in the solar nebula, as described in Section 2.2.

Upon a successful collision, in addition to sticking at the point of contact or
bouncing, the incoming particle can also roll on the surface of chondrule (which results

in compaction), depending on its kinetic energy. During rolling, the momentum of
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Figure 3.4: Schematic showing the geometry of the collision between a dust particle and
the chondrule surface. The green sphere represents the chondrule core with a dust pile on
the surface, and the red spot is a randomly selected point on the dust pile. The yellow
cone has its vertex at the selected point and its axis parallel to the normal of the surface of
chondrule core at that point, with an angle of 60° between the cone axis (blue dashed line)
and the cone edge (purple dashed line). The incoming dust particle can be shot towards
the point from any direction within the cone, with the black arrow as an example.

the incoming particle is decomposed into directions tangential and perpendicular to
the point of contact. The kinetic energy associated with the tangential component
of the momentum is used for the rolling of the incoming particle (if it exceeds the
critical rolling energy). The perpendicular component is transferred to the sphere in
contact with the incoming particle, and is decomposed again at its contact point with
another sphere. In this manner the momentum of the incoming particle is transferred
to the inner spheres of the dust rim, and the energy of e,.; is dissipated as a sphere
rolls a distance of 1 A. The momentum stops transferring inward when the remaining
energy is not sufficient to cause any rolling (F < e,.q). Figure 3.5 illustrates the
process of momentum transfer. Note that the grains do not necessarily stop rolling
simultaneously, as each sub system has different kinetic energy. For example, grain
A may stop rolling on grain B due to the depletion of its tangential momentum but
may still roll together with grain B and C on top of grain D.

The energy required to initiate rolling (e,o;) is much smaller than the energy

required for breaking a contact, while the energy needed to roll a large distance is
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Figure 3.5: Illustration of momentum transfer within the dust rim. When the incoming
grain A hits grain B, its momentum (red) is decomposed into the tangential component
(vellow) which makes grain A roll counterclockwise on the surface of grain B and the
normal component (purple) which is transferred to grain B. The momentum of grain B
gets decomposed again at the contact point between grain B and grain D. The tangential
component (brown) enables grains B, A and C roll counterclockwise as a whole on the
surface of D, and the normal component is transferred to grain D.

similar to that for breaking a contact. Therefore, it is easy for the particles to start
rolling for a small distance, but difficult for them to roll a large distance without
breaking the contact. The criteria for the different outcomes are (a) for sticking at
the point of contact: the relative velocity is lower than the critical rolling velocity; (b)
for rolling: the relative velocity is greater than the critical rolling velocity [determined
by the critical rolling energy as in Eq. 2.93 and the mass of the incoming particle]
and lower than the critical bouncing velocity; (c¢) for bouncing: the relative velocity
is greater than the critical bouncing velocity; (d) for missing: particles are moving
away from each other. In our simulation, particles have low relatively velocities and

no bouncing collision is detected.
3.4 Physical Parameters Used in the Simulation

3.4.1 Disk Parameters
Coagulation was modeled for conditions at the midplane of a turbulent proto-
planetary disk, at a distance of 1 AU from the central young stellar object (YSO),

with a gas temperature (7') of 280 K. The average molecular mass u is taken to be
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2.33 g/mol, and the sound speed is given by
Cyg = (kT Jumg)'’?, (3.19)

with v the ratio of C), to (), for diatomic molecule, kp the Boltzmann constant, and

my the mass of hydrogen. The molecular viscosity of the gas is given by

b /(2/m)umpc, | (3.20)

PgO coll

with p, the gas density and o,y the collisional cross section of the gas composed of
molecular hydrogen and helium with the density ratio of 10 (Okuzumi et al. 2011b;
Krumholz 2015), oco = 2 x 10719 m?. The ratio of the dust density to the gas density

is assumed to be 0.01 (Tricco et al. 2017).

3.4.2 Plasma Conditions

There are several mechanisms that can contribute to the ionization of the pro-
toplanetary disk, such as cosmic rays (CRs), UV radiations, X-rays, radionuclides.
In our simulation, the plasma environment is assumed to be hydrogen with equal
electron and ion temperature, 7. = T; = 280 K, as the plasma thermalizes with the
gas due to collisions. In the case of low dust density, a negligible percentage of the
electrons reside on the dust grains, and the number density of electrons and ions in
the gas are equal: n, = n; = 3.5 x 10> m™3 (Horanyi & Goertz, 1990). For high dust
density, the ratio of free electrons to free ions is reduced due to electron depletion,
and we use n./n; =0.1, 0.5. The corresponding surface potentials of the dust par-
ticles charged by primary current are -0.061 V, -0.048 V and -0.020 V for n./n; =
1, 0.5, and 0.1 respectively. In the simulation of chondrule dust rims (Chapter six),
we compare these three plasma environments with a neutral environment where the
particles are not charged. On the other hand, dust can also be charged by secondary
electron emission and photoelectric emission from high energy UV and X rays. In

the inner solar system, impinging electrons do not have sufficient energy to knock

75



secondary electrons off dust particles, and thus the main charging processes in this
region are the primary plasma currents and photoelectric emission. The level of UV
radiation varies over locations in the disk; the inner, denser regions are less exposed
to radiation, and therefore the effect of photoelectric emission is reduced. The photon
flux, i.e., the product of absorption efficiency, yield and solar flux (Ma et al. 2013),
ranges from 5 x 102 m™2s71 to 1.5 x 10" m=2s7! at 1 AU (Tobiska 1991), which
can charge dust particles up to a few volts (Ma et al, 2013). A porous aggregate can
collect more free electrons and absorb more UV photons due to greater surface area
than can a compact aggregate of the same mass. Therefore, the efficiencies of both
the plasma charging and photoelectric emission are positively related to the open area
of an aggregate, and the OML_LOS method used for plasma charging is also appli-
cable to photoelectric emission (Ma et al. 2013). In order to explore the process of
dust growth under various charging conditions, we do not specify the value of photon
flux, but rather integrate the effect of photoelectric emission into the dust surface
potential. We employ values of |V;| =0, 0.1, 0.5, 1 and 5 V to cover the range of pos-
sible surface potentials due to charging through direct collection of plasma particles
or charging through photoemission (Matthews et al. 2012; Ivlev et al. 2016) in the
simulation of dust coagulation (Chapter four). Although we simulate dust growth at
1 AU, these results can be applied to other regions of the disk with the same surface

potential.

3.4.8 Turbulence Levels

As discussed in Section 1.1.3, neither the origin nor the precise value of the tur-
bulence strength in protoplanetary disks is certain. In this work, we do not specify
the origin of the turbulence but characterize its strength through dimensionless hy-
drodynamical viscosity parameter a;, which describes the degree of increased viscosity
caused by turbulence (Shakura & Sunyaev 1973; Lynden-Bell & Pringle 1974). The

values of « often considered range from a ~ 107% to 0.1 (Hartmann et al. 1998; Cuzzi
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Figure 3.6: Contour lines indicating the regions in a PPD, where the relative velocity
between a 0.5-um-radius particle and a 10-pm-radius particle is within the limits of [0.12
1.21] m/s, for turbulence strengths a = 1075, 1074, and 1072.
2004; Ormel et al. 2008, Carballido 2011), and we investigate levels of turbulence with
a equal to 1071,1072,1073,107%,107>,1076.

The environmental parameters that determine the relative velocity between
particles are the radial distance, scale height, and the turbulence strength, where the

scale height is defined as

H= 2\/%0—5, (3.21)

with € the Keplerian angular velocity. Varying the turbulence level at a fixed disk
location can result in the same range of relative velocities as changing the disk location
with a fixed turbulence level. For example, the relative velocity between two particles,
with radii of 0.5 wm and 10 pum respectively, at 1 AU (midplane) is 0.12 m/s for
a = 107% and 1.21 m/s for « = 1072 The contour lines in Figure 3.6 indicate the
regions in the disk where such a particle pair has a relative velocity within these
two limits, for various turbulence strengths. Therefore, although we model the dust
coagulation at a specific location in the disk (midplane at 1 AU) and adopt specific
turbulence levels, the results can be applied to other regions of the disk by adjusting

the turbulence strength.
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In addition to the turbulence level, the process of dust collision is also affected
by the charging condition. The combined effect of these two factors can be character-
ized by the ratio PE/KE, where PE is the electrostatic potential energy of the dust
grain at the point of impact, given by PE = %, with @; and @); the charges of

the colliding dust particles and r; ; the distance between them. The kinetic energy of

2

the colliding pair when the incoming particle is far from the target is KE = %uvml,

2 with m,; and my their

where v is the reduced mass of the two particles, u = - o
i J

individual masses, and v, is the relative velocity calculated from Eq. 2.89. Given
the combined turbulence and charge levels, the results are broadly applicable over a

large region of the disk where conditions match a given PE/KE.

Some content in this chapter was published in Xiang et al. 2017a, 2017b, 2019a,

2019b, 2019c.
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CHAPTER FOUR

Aggregate Growth in a Protoplanetary Disk Using Molecular Dynamics

This chapter submitted as [201]: Chuchu Xiang, Lorin S. Matthews, Augusto
Carballido, Truell W. Hyde, “Detailed Model of the Growth of Fluffy Dust
Aggregates in a Protoplanetary Disk: Effects of Nebular Conditions,”
arXiv:1911.04589.

4.1 Introduction

Electric charging of dust grains is an important process in PPDs. This process
plays a key role in the ionization-recombination state of the plasma environment,
particularly through the removal of electrons from the gas phase. The magneto-
hydrodynamics of PPDs are strongly dependent on the abundance of small grains
(Mori & Okuzumi 2016; Okuzumi et al. 2019), which are efficient electron sinks.
Non-zero grain charges affect the dynamical interactions between grains (Matthews
et al. 2012) and, by extension, the coagulation mechanism that leads to macro-
scopic precursors of planetesimals. Coulomb interactions between colliding dust pairs
can significantly alter the collision outcome (Matthews et al. 2012; Okuzumi 2009;
Okuzumi et al. 2011a,b): growth is strongly inhibited, or even halted, by the elec-
trostatic repulsion between colliding aggregates, especially in locations with weak
turbulence (disk radius < 20 AU or scale height |z| < 2H; Okuzumi 2009).

Various collision outcomes including bouncing (Zsom et al. 2010), erosion (Krijt
et al. 2015) and fragmentation (Brauer et al. 2008, Birnstiel et al. 2012) have been
modeled theoretically and experimentally (Blum 2004), with both laboratory obser-
vation and numerical simulations revealing that aggregates have a porous structure.
The internal density of aggregates changes upon collision, and in turn, affects future
collision processes. An understanding of the porous structure of dust aggregates is

crucial to determine their charge distribution. Although significant progress has been
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made in calculating the amount of charge acquired by non-porous grains (e.g., Ivlev
et al. 2016), such calculations remain challenging when applied to irregular, fluffy
grains (Okuzumi 2009; Matthews et al. 2012). Aggregate charging depends markedly
on the open area of the aggregates: porous aggregates can acquire more charge than
compact aggregates of the same mass in the same plasma environment (Matthews et
al. 2012). Thus, improved models of the growth of charged dust in weakly-ionized
PPDs need to take the evolution of dust aggregate porosity into account (Matthews
et al. 2012).

Okuzumi (2009) focused on early stages of dust evolution and modeled collisions
between aggregates of a fixed mass ratio formed of monodisperse spherical monomers,
with the collision outcome limited to hit-and-stick. The simulation results were used
to construct a recipe for the porosity change of the aggregates as well as a formula for
collisional cross sections. However, Okuzumi (2009) did not model the morphology of
particles and therefore did not factor in the impact of the rotation of charged particles
on the porosity of the resulting aggregates. In addition, the initial size distribution
of dust grains, generally assumed to be the interstellar medium distribution (a power
law with index -3.5; Mathis et al. 1977), is relevant to collisional outcomes. Not only
do collisions occur between monomers of different sizes, but the collisions will occur
between monomers and aggregates which vary greatly in size, as well as between ag-
gregates of different sizes, based on their collision probability. Therefore, assuming
a fixed mass ratio between colliding pairs can not reflect the real coagulation pro-
cess, and also significantly limits the diversity of the aggregate structures, since the
structure of an aggregate strongly depends on its formation history.

In this study, we examine the evolution of charged and neutral dust populations,
considering an initial population of spherical monomers whose radii follow the MRN
distribution. A population of aggregates is built by considering the probability of col-

lisions between particles of all sizes present in the population. A detailed model of the
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collision process, which takes into account two key physical characteristics (porosity
and charge), is used to resolve the collision outcome. Here we restrict the analysis to
the hit-and-stick regime and identify missed collisions. We parameterize the strength
of turbulence in a PPD, and analyze the influence of the turbulent strength on the
electrostatic repulsion experienced by colliding aggregates. The resulting character-
istics of the dust aggregates including the monomer size as well as porosity and the
time evolution of the dust population in different environments are presented, and the
relationship between the properties of colliding particles and the collision outcomes

is analyzed.

4.2 Results

The simulation is restricted to the hit-and-stick regime before the bouncing
criterion is met, i.e., more than 5% of 100 consecutive collisions results in bouncing.
At this point, restructuring is expected to play a large role in the evolution of the
population. In general, the bouncing probability increases as the population grows.
However, it develops differently for populations with different charges, due to their
different growth behaviors, as shown in Figure 4.1. Particles in neutral and weakly
charged populations grow collectively, and the bouncing probability increases quasi-
linearly after the initial stage. On the other hand, in highly charged cases, the growth
is concentrated on a small proportion of the population while the majority of the
population grows slowly. Therefore, a lot of hit-and-stick collisions still occur after
meeting the bouncing criterion. The elapsed times and maximum particle sizes in
populations when the bouncing criterion is met are listed in Table 4.1 and Table 4.2.
See section 4.2.3 for more discussion about different growth modes of dust populations
in different environments.

In this section we compare the collision outcomes, the morphology of the result-
ing aggregates, as well as the evolution of dust populations for charged and neutral

aggregates, in varying levels of turbulence.
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Figure 4.1: Bouncing probability as a function of elapsed time for a) neutral and b) charged
(surface potential |V = 5 V) populations, with turbulence level a = 1072, Each point
represents the ratio of the number of bouncing collisions to the total number of interactions
for 100 consecutive interactions. The black vertical lines indicate the time at which the
bouncing criterion is met.

Table 4.1: Maximum elapsed time when bouncing criterion is met (more than 5% of
previous 100 collisions result in bouncing), for different dust surface potentials (V;) and
turbulence levels (o).

o
1072 1074 10-6
V5]
neutral 0.5 3.3 24.2
0.1V 04 3.8 58.3
0.5V 1.0 52.0 2962.2
1V 3.8 568.4 17987.0
5V 58.4 23465.1

Figure 4.2 shows examples of aggregates formed in different plasma conditions
with turbulence strength o = 107%. The selected aggregates have similar equivalent
radii, but the difference between them is readily apparent: the neutral aggregate
and aggregate with the smallest charge (Figs. 4.2a, 4.2b) are the most porous and
contain large numbers of the smallest monomers (< 1 pum). Compared to the neutral
aggregate, the aggregate with the smallest charge has the greatest proportion of small
monomers which tend to be attached to large monomers. As the surface potential of

the particles increases, fewer small monomers are incorporated into the aggregates,
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Table 4.2: Average equivalent radius of the top 0.5% largest particles when bouncing
criterion is met (more than 5% of previous 100 collisions result in bouncing), for different
dust surface potentials (V5) and turbulence levels (). The populations exhibiting
runaway growth are highlighted in bold.

o
1072 10~4 1076

14

Neutral 14.8£0.5 20.1+1.1 60.9+4.1
0.1V 15.3+0.5 19.5+1.4 48.7+7.6
0.5V 16.5£0.5 21.7+£0.7 81.2+0.4
1V 20.0+£0.4 44.84+2.0 116.24+0.2
5V 23.1+0.8 64.5+0.4

the minimum size of monomers increases, and the porosity decreases (Figs. 4.2c,
4.2d). In addition, the highly charged aggregates are more spherical (lower aspect
ratios) and symmetrical, while the neutral and weakly charged particles have more

irregular shapes.

4.2.1 Monomer Size Distribution within Aggregates

As shown in Figure 4.2, highly charged aggregates contain larger monomers
than do weakly charged and neutral aggregates, as small monomers have a higher
charge to mass ratio and are repelled from highly charged grains. As aggregates grow
larger, they develop greater relative velocity with respect to small dust grains, which
enable these grains to overcome the electrostatic barrier and be incorporated into the
large aggregates. As a result, for environments with low turbulence level and high
surface potential, the percentages of small (r < 1.43 um) and medium (1.43 - 7.14
wm) monomers within aggregates increase over time, while the percentage of large
monomers (7.14 - 10 um) decreases over time, leading to a decrease in the average
monomer size within aggregates [the small monomers and large monomers are defined
as the bottom and top 20% (in mass) of the initial population]. In a strongly turbulent

environment, neutral and weakly charged grains incorporate a greater percentage of
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Figure 4.2: Representative aggregates with an equivalent radius of R, ~ 48 pum formed in
environments with turbulence level @ = 1075, The surface potential |Vj| is a) neutral, b)
0.1 V,¢), 0.5 Vand d) 1 V. The compactness factor ®,, number of monomers N and the
mass m are shown for each aggregate.

large monomers over time, but the average monomer size within aggregates is quasi-
constant.

A comparison of the probability distribution of the monomer sizes incorporated
into the aggregates at the end of the simulation (when more than 5% of collisions
result in bouncing) is shown in Figure 4.3. At all turbulence levels, the distribu-
tion of monomers in the neutral and weakly charged aggregates matches the initial

distribution of monomers sizes. As the surface potential increases, the monomer
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distribution shifts towards larger monomer sizes, and the shift increases with lower
turbulence level. For environments with very low turbulence and very high charge,
small monomers are not incorporated into aggregates due to repulsion. [note that for
a = 107* and |V,| = 5 V, the curve is shifted beyond the monomer size of 3 um,
reflecting the fact that aggregate growth is very slow as there are so few of the large

monomers which can overcome the Coulomb repulsion barrier.]
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Figure 4.3: Monomer size distribution within aggregates (surface potential |V5| = 0, 0.1,

0.5, 1, 5 V; in order of decreasing color shades), at the end of the simulation (when the
bouncing criterion is met). The shadowed area in a) indicates the size distribution of the
initial population. Turbulence levels are a = 1076 for a), a = 10~ for b) and a = 10~2 for

c).
4.2.2  Porosity

Porosity plays an important role in the collision probability because open struc-
tures couple more strongly to the gas, which reduces the relative velocity between
grains. Although open, porous aggregates have a larger collisional cross section,
which enhances the collision rate and aids them in out-growing the radial drift bar-
rier (Garcia et al. 2016), small aggregates can pass through the gaps of the extended
arms, making collisions less likely. In addition, the diversity of aggregate porosity
can enhance collisions between particles of similar sizes by increasing the difference
between their friction times.

Charge influences the porosity of aggregates in different ways, and the porosity

of the resulting aggregates is a balance between several factors. The electrostatic force
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causes small grains to be repelled, and the lack of small monomers filling in the gaps of
aggregates increases the aggregate porosity. On the other hand, low-velocity collisions
enable particles to have sufficient time to alter their path or rotate to minimize
the potential energy of the configuration, producing more compact structures. This
effect is most noticeable for weakly turbulent and/or highly charged environments, in
which grains either have small turbulent velocities or are slowed down greatly by the
electrostatic repulsion.

The distributions of compactness factor of all aggregates within the population
are compared for all charging conditions and turbulence levels, as shown in Figure
4.4. The porosity of aggregates increases as they grow in size through hit-and-stick
collisions. Therefore, as time progresses, a population shifts to lower compactness
factors, i.e., contains a greater fraction of porous aggregates. The neutral and weakly
charged populations have narrower distributions, and the peaks shift towards smaller
compactness factor (greater porosity) as the populations grow and turbulence level
decreases. On the other hand, the highly charged populations have broader distribu-
tions which change very little over time.

Figure 4.5 shows the mean porosity of all aggregates within the population
at different time points. Each circle represents a time point which progresses from
top to bottom in each column. For all environmental conditions, the mean porosity
increases as the population grows. Given the same turbulence level, aggregates in
highly charged populations are more compact than those with a low charge after
equal elapsed time. However, at the time when the bouncing criterion is met, the
highly charged aggregates are more porous in strong turbulence (o = 1072?) and more
compact in weak turbulence (o = 1074, 107%). The size of the circle represents the
ratio of the number of aggregates to the total number of particles in the population for
Fig. 4.5a, and the ratio of the mass of aggregates to the total mass of the population

for Fig. 4.5b. It is seen that for neutral or weakly charged dust, the number of
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Figure 4.4: Distribution of compactness factor in the population for aggregates with more
than 10 monomers and surface potential |Vi| = 0, 0.1, 0.5, 1, 5 V, in order of decreasing
color shades (from top to bottom). The turbulence levels are o = 1079 for the left column
(green), a = 10~* for the middle column (blue) and o = 10~2 for the right column (red).
The solid curves represent the time when 5% of collisions result in bouncing. The dashed
and dotted curves represent 1/3 and 2/3 of the total elapsed time.

aggregates present grows in time (Fig. 4.5a) just as the fraction of the mass contained
in aggregates grows (Fig. 4.5b). In contrast, for highly charged dust populations
(JVe] 205V for a=107% |V, > 1V for a = 1074 |V4] > 5V for a = 1072), the
number of aggregates stays small (Fig. 4.5a) while the fraction of mass within the
total population contained in aggregates grows (Fig. 4.5b). This indicates that in
the highly charged populations the dust growth is concentrated on a small number
of particles, indicating runaway growth (see next section for more discussion).
Comparisons of the compactness factor for charged and neutral aggregates for
different charging conditions and turbulence levels are shown in Figure 4.6. Here the

data is shown relative to the porosity of neutral aggregates with the same equivalent
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Figure 4.5: Average compactness factor of all aggregates within the population, at different
time points. In each column, the circles progress in time from top to bottom for equally
spaced times until the bouncing criterion is met. The size of the circle represents the ratio
of the number of aggregates to the total number of particles in the population for a), and
the ratio of the mass of aggregates to the total mass of the population for b).

radius. For aggregates smaller than ~ 10 pwm, charged particles are more compact
(Ad, > 0) than neutral particles in all cases. For large aggregates, charged particles
are either more compact or more porous (A®, < 0) than neutral particles, depending
on the environmental conditions. In general, highly charged particles tend to be more
compact than those with a low charge for the same turbulence level, consistent with

Figure 4.4.

4.2.8  Time Evolution of the Aggregate Population

Fig. 4.7 compares the size distribution of the dust grains in the population for
all of the turbulence strengths and charging levels when the bouncing criterion is met
for each population. In highly charged cases (|Vi| > 0.5V for a = 107%; |V,| > 1V for
a=10"% |V, = 5V for « = 1072), dust particles grow to a larger size than in neutral

and weakly charged cases, and the large particles represent a very small proportion of
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Figure 4.6: Percent difference of compactness factor for charged aggregates relative to
neutral aggregates as a function of equivalent radius. Turbulence levels are a = 107 for
a), a = 107* for b) and o = 1072 for c¢). Results shown are for all aggregates formed over
the course of the simulation until the bouncing criterion is met.

the population. Overall, the size distributions of the highly charged populations do
not deviate much from the initial size distribution, meaning that a lot of monomers
and small aggregates remain in the population while few large aggregates grow in
size, which indicates a runaway growth. In contrast, for neutral and weakly charged
populations, almost all monomers have collided and formed aggregates before the
bouncing criterion is met, and the size distributions peak around the average particle
size. The deviation of the population from the initial mass distribution is negatively

correlated with the charge level and turbulence level.
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Figure 4.7: Size distribution of the population for charged (surface potential |Vs| = 0, 0.1,
0.5, 1, 5 V; in order of decreasing color shades) and neutral particles (darkest shades), at
the end of the simulation (more than 5% of collisions result in bouncing). The black dashed
lines indicate the distribution of initial population. Turbulence levels are o = 1076 for a),
a =107 for b) and a = 102 for c).
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The time evolution of the size distribution of the dust grains is shown in Figure
4.8. Over time, as the dust population evolves to larger grain sizes, the smallest grains
in the population tend to be depleted [at the highest turbulence level (Fig. 4.8¢), the
small grains are depleted to a much smaller extent as aggregate growth does not
progress very far before the bouncing criterion is met]. An exception occurs in the
charged case with low turbulence (Fig. 4.8a): the relative velocities are not great
enough for the smallest monomers to overcome the Coulomb repulsion barrier, and
the aggregates grow primarily through the agglomeration of the mid-sized monomers.
During the early stages of coagulation, the size of the aggregates in the charged
populations lags behind that of the neutral populations, as most of the small particles
repel each other, resulting in missed collisions (especially in weak turbulence; Figs.
4.8a, 4.8b). As aggregates grow larger, the growth of weakly charged particles in the
relatively strong turbulence catches up with neutral population (Figs. 4.8b, 4.8c¢),
caused by higher relative velocities between charged particles, resulting from their
more compact structures. At the end of the simulation when the bouncing criterion
is met, the charged population even has a greater percentage of the largest particles
than the neutral population, for a = 1072 (Fig. 4.8c). It is also shown that the
large aggregates are a small fraction of the charged population for weak turbulence
(a = 107%; Fig. 4.8a), and a large fraction of the population for medium turbulence
level (¢ = 107%; Fig. 4.8b). For strong turbulence (o« = 1072; Fig. 4.8c), the
population has relatively flat distribution of particles sizes.

The different growth modes of dust populations in different charging environ-
ments are further exhibited in Fig. 4.9. Fig. 4.9a shows the evolution of the size of the
largest aggregates in a population compared to the size of the largest aggregates for a
given turbulence level at the end of the simulation. In general, the maximum particle
size reached at the end of the simulation increases as the charging level increases. In

highly charged, weakly turbulent environments (|V,| =5 V, a = 107%; |V4] = 1V,
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Figure 4.8: Evolution of distribution of particle size within total population for turbulence
levels o = 107 (a), 107* (b), and 10~2 (c). The purple circles represent the charged case
(V5] = 0.1 V) and green triangles represent the neutral case (Vs = 0). The curves progress
in time from light to dark for equally spaced times until the bouncing criterion is met. The
total elapsed times are 24.1 years for a), 3.2 years for b), and 0.4 years for c).

a = 107°), once a critical size is reached, the largest particle in the population grows
very rapidly (runaway growth), while the rest of the population grows very slowly,
which is shown by the ratio of the maximum particle size to the average particle
size of the population in Fig. 4.9b. In contrast, the ratio Ry ma./ (R,) decreases in
strongly turbulent environments for |V;| < 1 V, meaning that the difference in particle
sizes of the populations decreases over time and the particles grow collectively. For
the conditions between these two extreme cases, the ratio R, ../ (Ro) first increases
slightly and then decreases, indicating the preferential growth of large particles in the
initial stage, followed by a more even growth among the population.

The elapsed time between successive interactions increases with time, due to
the reduced number density of the dust. Particles in strongly turbulent regions collide
more frequently and grow faster than those in weakly turbulent regions. Given the
same turbulence level, weakly charged particles collide more frequently than highly
charged particles. Although populations with low charge in strong turbulence grow
faster, they meet the bouncing criterion sooner than those with high charge in weak
turbulence, as shown in Table 4.1. The gentle collisions afforded by low relative

velocities allow particles in weak turbulence to grow to larger sizes before meeting
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Figure 4.9: Growth rate of largest aggregate in the population. a) Normalized equivalent
radius of the largest particle, and b) ratio of equivalent radius of the largest particle to
the average equivalent radius of the population as a function of elapsed time for |Vs| = 0,
0.1, 0.5, 1, 5 V, in order of decreasing color shades, with different turbulence levels (red:
a = 1072; blue: a = 107%; green: a = 107%). For a), the equivalent radii are normalized by
the largest value for each turbulence level: 19.5 um for a = 1072, 41.0 pum for a = 1074,
115.6 pum for a = 1076, For b), the elapsed times are normalized by the longest elapsed
time for each turbulence level: 58 years for o = 1072, 23148 years for a = 1074, 17979 years
for & = 107%. The right end of each curve indicates the occurrence of bouncing for more
than 5% of the particle interactions.

the bouncing criterion (compare results for neutral particles in Figs. 4.8a, 4.8c).
In addition, particles with greater charge grow to a larger size before the bouncing
criterion is met, due to reduced relative velocity by electrostatic repulsion (compare
endpoints for Figs. 4.7, 4.9a). The maximum particle size reached before the bouncing
criterion is met is positively correlated with charge for a given turbulence level, as
shown in Figure 4.9a and Table 4.2.

Note that in addition to the relative velocity at impact, bouncing is also affected
by the porosity. Compact aggregates are more likely to bounce than fluffy aggregates,
because compact aggregates have much higher average coordination number, i.e., the
number of contacts per monomer, than porous ones, making it more difficult to dis-
sipate the collision energy through restructuring (Wada et al. 2011; Seizinger &
Kley 2013). In addition, compact aggregates are less coupled to the gas, resulting in
greater relative velocity with other particles, which also enhances bouncing. There-

fore, charge can either reduce bouncing by decreasing the relative velocity through
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electrostatic repulsion, or reinforce bouncing by increasing the compactness of aggre-
gates. The first factor is more dominant for the environmental conditions considered

in the simulation.

4.8 Analysis

The collision outcomes, i.e., the morphology of the resulting aggregates and the
evolution of dust populations, depend on the properties of colliding particles, such
as the relative velocity, equivalent radius and mass ratio. The particle properties
also greatly determine the probability of particles being selected to collide and the
probability of a successful collision, which further affect the collision outcome. In
this section, we analyze the relationship between the colliding particles and the colli-
sion outcomes, and investigate how it is altered in different charging and turbulence

conditions.

4.3.1 Relative Velocity

The relative velocity of aggregate pairs plays an important role in their collision
rates as it affects the volume an aggregate sweeps out per unit time, which determines
how likely it is for an aggregate to encounter another. The relative velocities between
particles within the population during different time periods, calculated according to
Eq. 2.89, are shown in Fig. 4.10. Similar-sized aggregates have low relative velocities.
Aggregates with greater size differences, especially colliding pairs consisting of large
and small aggregates, have higher relative velocities. The blanks that can be seen
on the diagonal are due to the low relative velocity for aggregate pairs in that region
resulting in a low selection probability, meaning they are less likely to be selected to
collide (see Section 4.3.2). However, as more collisions take place, the difference of the
relative velocity on the diagonal and the nearby regions decreases, especially for large

particles (Figs. 4.10b, 4.10c), because the increased diversity of particle structure
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(porosity) enables particles of the same size to have a variety of masses and therefore
different friction times, resulting in a relatively high velocity.

Figures 4.10a and 4.10b show that the relative velocity drops as the equiva-
lent radius just exceeds 10 pwm, which is the maximum monomer size, because the
spherically averaged density of an aggregate is much lower than it is for a spherical
monomer of the same size (spherical monomers make up a large percentage of the
particles at the early stage of the simulation). The decrease of the aggregate density
in a PCA (particle-cluster-aggregation) collision results in a smaller difference in the
friction times for an aggregate and a monomer, decreasing their relative velocity cal-
culated from Eq. 2.89. Figures 4.10b and 4.10c show that the regions of maximum
relative velocity (indicated by black rectangles; note that they are local maxima)
shift towards smaller particle size as more collisions take place. The reason is that
the maximum monomer size of the population decreases over time with the depletion
of large monomers, and meanwhile the increase of the ratio of small aggregates to
monomers of the same size leads to an overall decreased density for small particles.
The resulting stronger coupling with the gas increases their relative velocity with re-
spect to relatively large particles (notice that this is still in the small particle regime).
Therefore, particles with 5 um < R, < 7 wm have higher relative velocities in Figure
4.10c (indicated by the black rectangle) than in Figures 4.10a and 4.10b. Unlike the
neutral particles, the relative velocity of charged particles increases with increasing
size difference (Figs. 4.10e, 4.10f), except for the initial stage (Fig. 4.10d).

As discussed in section 4.2.3, charged particles have greater initial relative ve-
locities than neutral particles (not considering the reduction of the velocity due to
repulsion), because they are less coupled to the gas due to more compact structure.
Figure 4.11 shows that the initial relative velocity is positively correlated with the
dust surface potential for the same turbulence level. The fact that particles with the

highest charge have the greatest compactness factors (Figure 4.6) and largest initial
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Figure 4.10: Relative velocity for particles at different stages of growth, a, d) 0-40,000 suc-
cessful collisions, b, e) 40,000-80,000 successful collisions, and ¢, ) 80,000-140,000 successful
collisions, comparing neutral (top row) and charged (bottom row, |Vs| = 1 V) grains. The
turbulence level is o = 1076,

relative velocities (Figure 4.11) corroborates the importance of the porosity in the

dust motion.
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Figure 4.11: Percent difference of relative velocity between colliding pairs for charged ag-
gregates relative to neutral aggregates as a function of the mass ratio. Color shades indicate
dust surface potential. Turbulence levels are o = 1076 for a), a = 10~ for b) and o = 102
for c).
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4.8.2  Selection Rate

The collision kernel which determines the selection of potentially colliding pair
is a function of the effective cross section, which depends on particle size and charge,
and the relative velocity, which depends on size, and indirectly on charge through the
porosity. As a large size difference between grains increases the relative velocity, but
large particles are a small fraction of the original population, the selection rate is a
function of size, charge, relative velocity and the distribution of size in population.
The dominant factor varies for different size ranges and different stages of coagula-
tion, as shown in Figure 4.12, comparing the selection rates for a neutral (|V;| = 0)
and highly charged environment (|V;| = 1 V) with turbulence level a = 107°. In the
neutral environment (top row of Fig. 4.12), the initial selection rate is broadly dis-
tributed over all particle sizes, though small monomers are most likely to be selected
for collisions, reflecting the abundance of small monomers within the population (Fig.
4.12a). Particles first grow by collisions between monomers of all sizes, followed by
PCA and CCA (cluster-cluster-aggregation). The maximum selection rate slowly
shifts towards larger particle sizes as small monomers and aggregates are gradually
removed from the population, and CCA is the dominant mechanism at the late stage
of the process. In contrast, in the highly charged environment (bottom row of Fig.
4.12), small monomers are not selected to collide at the initial stage of the growth pro-
cess (Fig. 4.12d), and particles first grow by coagulation of relatively large monomers,
and then by accretion of monomers onto large aggregates. The mean size of accreted
monomers shifts towards smaller sizes as time goes on, as larger aggregates enable
small particles to overcome the electrostatic barrier (Figs. 4.12e, 4.12f). The selec-
tion rate remains sharply peaked for combinations of large aggregates (R, greater
than maximum monomer size) with smaller monomers, an indication that PCA is
the dominant mechanism over all time (Figs. 4.12e, 4.12f). The difference in the

selection rates contributes to more spherical and symmetric structures of the charged
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aggregates relative to the neutral aggregates (Fig. 4.2), as particles growing through

PCA accrete monomers more evenly than collisions between irregular aggregates.
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Figure 4.12: Selection rate for particles at different stages of growth, a, d) 0-40,000 success-
ful collisions, b, e) 40,000-80,000 successful collisions, and c, f) 80,000-140,000 successful
collisions, comparing neutral (top row) and charged (bottom row, |Vs| = 1 V) grains. The

turbulence level is ov = 1076,
4.8.83 Size Ratio of Colliding Partners

The size ratio of colliding particles is greatly affected by the charging condition,
turbulence level and size distribution within the population. In turn, it affects the
collision outcome and the structure of the resulting aggregates. In general, the size
of colliding particles increases over time for neutral or weakly charged population,
while the smaller particle of the colliding pair decreases over time for highly charged,
weakly turbulent population, since larger particles are more capable of accreting small
particles. Figure 4.13 shows the equivalent radii of resulting particle as a function
of the size ratio of colliding particles. It is seen that the equivalent radius of the
resulting particle is positively related to the dust surface potential for a given size

ratio of colliding particles, because in general, the smaller particle of the colliding
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pair is larger in a highly charged environment, due to the repulsion of small particles.
Therefore, the same size ratio corresponds to two larger colliding particles in a highly
charged environment than in neutral or weakly charged environments, and results in
a larger aggregate. Note that the slopes of the curves are nearly constant for neutral
and weakly charged populations, but for highly charged populations the curves rise
rapidly and then tend to be a constant value. The flattening of the curves is probably
caused by the runaway growth, i.e., accretion of small particles onto large particles,
which does not make much change to the sizes of large particles. In addition, the
sizes of the small particles being accreted decrease over time, causing a rapid increase

in the size ratios while the sizes of resulting aggregates are relatively constant.
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Figure 4.13: Average equivalent radius of the resulting particle from successful collision as a
function of ratio of equivalent radii of colliding particles, for different turbulence levels and
dust surface potentials. The shaded areas indicate one standard deviation of the average
R, ratio. Turbulence levels are o = 107 for a), @ = 107 for b) and a = 102 for c).

4.4 Discussion
As shown, the process of dust coagulation is affected by many factors, i.e., the
diversity of particle size, porosity, charge, and turbulence. These factors influence
each other and come together to determine the collision process. However, most
studies to date have considered only a subset of these factors, and thus do not reflect
the diversity of dust particles in a real environment. The current model incorporates

all of these factors to examine how the charge affects the collision kernel of particles
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and their resultant porosity, which further influences the collision probabilities and
the growth rate of dust population.

In this section, we compare our detailed-MC model to previous MC models for
neutral particles with an initial monodisperse distribution (Section 4.4.1), in partic-

ular determining the effect of charged aggregates (Section 4.4.2).

4.4.1  Comparison with Previous MC Models

The key characteristic of dust particles that controls their coupling to the tur-
bulent motion of the gas is the ratio of surface area to mass A/m. In the “hit-and
stick” regime, the mass m and the cross-section A for growing aggregates follows a

power-law relationship (Ormel et at. 2007),

0

Aoxm®, <6<1 (4.1)

Wl o

with the lower limit § = % corresponding to compact spherical particles, and the
upper limit 4 = 1 corresponding to the aggregation of chains or linear structures.

Consequently, the friction time scales with mass as

7 oc mC (4.2)

Ormel et al. (2007) defined an enlargement factor ¢ = ‘y*, where V' is the ex-
tended volume corresponding to a sphere with a radius equal to the equivalent radius,
and V* is the volume the material occupies in its compacted state [the enlargement
factor is approximately equal to the inverse of the compactness factor, except that
V* in the compactness factor is equal to the total volume of all the monomers in
an aggregate, which is smaller than the V* in the enlargement factor|. By using the

3
2

relationships V' o A3 oc m3? and V* o m, the enlargement factor can be related to

the mass as (Ormel et al. 2007)

W om0, (4.3)
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Figure 4.14: a) Surface area, b) friction time and c) enlargement factor as a function of
mass for neutral and charged particles (surface potential |Vi| =0, 0.1, 0.5, 1, 5 V; in order
of decreasing color shades) with more than two monomers, for different turbulence levels
(red: a = 1072; blue: a = 107%; green: o = 107%). The masses are normalized by the mean
mass of the initial population.

For compact particles (A oc m?/?), the friction time 7; oc m!/3, which increases
monotonically with mass, and the enlargement factor ¢ is constant. On the other
2

2), both 74 and ¢ increase with m. In the extreme

hand, for fluffy particles (6 > 2

case where linear aggregates are formed by collisions between equal-sized monomers,
0 takes the value 1, and 7 stays constant, which means the relative velocity between
particles stays the same during collisional growth, where 1 oc m!/2.

Figure 4.14 shows the surface area, friction time and enlargement factor as a
function of mass for aggregates generated in our simulation. By comparing the slopes
of the curves with Eqgs. 4.1, 4.2 and 4.3, one obtains § ~ 0.682 before the turning
point and 0 ~ 0.845 after the turning point from the relationship between A and m
(Fig. 4.14a); 6 ~ 0.683 before the turning point and & ~ 0.844 after the turning
point from the relationship between 7y and m (Fig. 4.14b); and 0 ~ 0.683 before the
turning point and ¢ ~ 0.845 after the turning point from the relationship between v
and m (Fig. 4.14c). The turning point corresponds to the maximum monomer mass.

The increase of 9 at the turning point indicates that aggregates with higher porosity

have larger 9.
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Ormel et al. (2007) replaced the mass in Equation 4.3 with the volume of the
particles in order to take into account the spatial extent of the collision partners,
which reflects the porosity, and, by using the relationship among the volume, cross-
section as well as the enlargement factor, derived a formula for the enlargement factor

of the resulting aggregate for collisions between particles of all kinds of sizes:

30cca—1
o=t (14 222) 7 (1)
where 0cca=0.95, and V.00 = B2 4exp [—p/mp] with B = 1, mp = 10mg (my is
the monomer size for monodisperse distribution). 1,44 is a term added to compensate
for the underestimation of the porous growth when one of the colliding particles is
very small.

Because our detailed-MC model and Ormel’s MC model have different initial
populations (polydisperse vs monodisperse) and locations within the PPD, instead of
comparing the results of the two models directly, it is more instructive to compare the
results of the detailed-MC model to the results calculated by the formula for Ormel’s
MC model (Eq. 4.4) using the data of the colliding particles in the detailed-MC model.
Fig. 4.15 shows that in low turbulence (o = 107% 10~*; Figs. 4.15a, b), the results of
the two models start off the same, and then diverge in the neutral cases, while being
consistent in the charged cases. In strong turbulence (o = 1072; Fig. 4.15c), the
results of the two models tend to diverge in both charged and neutral cases, with more
divergence in the neutral case. Ormel’s MC model predicts that charged and neutral
populations have very similar enlargement factor for a = 1072, while the detailed-MC
model shows a difference with larger enlargement factor for the charged case. Greater
differences between charged and neutral populations occur for o = 1076, 107%, but
the effect is opposite: the enlargement factor of charged population is smaller than
that of the neutral population for & = 107%, and is larger for o = 10~%. For all

turbulence levels, the detailed-MC model results in more compact aggregates than
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Ormel’s MC model for equal ratio of mass-weighted enlargement factors of colliding
particles, although V* in the detailed-MC model is smaller than that of MC model,
which would cause a larger enlargement factor. One possible reason is that Eq. 4.4
is based on a monodisperse distribution, while the polydisperse distribution in the
detailed-MC model leads to more efficient packing than a monodisperse distribution,
i.e., the small particles fill in the gaps of aggregates. However, in the charged cases
with low turbulence (@ = 107%, 107%), the two models have similar enlargement
factors, because the charged population have a narrower range of monomer sizes, i.e.,
less diversity of monomer size, which is closer to a monodisperse distribution than

the size distribution in the neutral case.

a=10°

) @ . (0 + . ©

9] -
® K
= 3 et 3 e 3
C .-"""" L ".:
q) ----- ““--‘ ------- -‘1v0
g
2 2 2t 7 e 2 ‘*."' /v-’ 1
s | e e
- *===neutral eeneutral & *===neutral
L — — —_—
1V 1V v
1 1 1
1 2 3 4 1 2 3 4 1 2 3 4
1 9/
1+m21/12/m1u1 1+m21‘)2/m1 Y, 1+m21‘,)2/m11/J1

Figure 4.15: Comparison of the results from detailed-MC model (solid lines) to the results
calculated by Ormel’s MC model (dotted lines), for neutral (dark shades) and charged (light
shades) particles. Turbulence levels are o = 1079 for a), o = 107 for b) and a = 102 for

c).
4.4.2  Comparison of Growth of Charged Aggregates

The diversity of particle sizes not only increases the growth rate of particles
(due to the higher relative velocity between grains within the population), but also
reduces the porosity of aggregates (more efficient packing; Fig. 4.15), which further
increases the growth rate due to the weak coupling of compact particles to the gas.
For charged particles, in addition to these two effects, the size distribution also helps

avoiding the freeze-out of the fractal growth.
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Okuzumi (2009) simulated dust coagulation with an initial monodisperse popu-
lation in various plasma conditions. In contrast to Ormel et al. (2007), this simulation
assumed that the dust grows into an ensemble of quasi-monodisperse aggregates with
fractal dimension D ~ 2 and typical monomer number N, which increases during
the fractal growth of dust. He found that the electric repulsion between charged
particles strongly inhibits dust growth, which eventually ceases, for a wide range of
model parameters. For example, at a radial distance of 5 AU and scale height z =
H, with initial monomers size ag = 0.1 pum, the dust growth freezes out at N ~ 33
for turbulence strengths a@ = 1073,10~*. However, for a = 1072, the dust continues
growing and reaches the subsequent growth stage involving collisional compaction.

Figure 4.16 shows the average ratio of electric potential energy PFE to kinetic
energy K E of particles with N monomers in our simulations. Although the average
ratio of potential energy to kinetic energy is larger than 1 for highly charged cases, the
standard deviation of PE/KE for the population shows that there is a significant
fraction of the population with PE/KFE < 1, preventing the freezing of particle
growth. Okuzumi (2009) proposed a possible scenario to remove the electrostatic
barrier against the fractal growth, which assumes a polydisperse size distribution
where large aggregates can sweep up small aggregates. This is borne out in the results
from the detailed-MC model, as the aggregates can develop sufficient relative velocity
to overcome the electrostatic barrier when colliding with large particles. Okuzumi
(2009) also pointed out that this can not happen if the large aggregates are as fluffy
as the small aggregates (with comparable mass-to-surface-area-ratios). Therefore,
the diversity of both the porosity and size of particles is important to overcoming the

growth barrier.
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Figure 4.16: Ratio of electric potential energy to kinetic energy of particles as a function
of the number of monomers within aggregates. Turbulence levels are a = 107% for a),
a =107 for b) and a = 1072 for c¢). The shaded areas indicate the standard deviation of
the ratio.

4.5 Conclusions

We have presented a model of grain growth that incorporates the detailed phys-
ical characteristics of aggregates during the collision process employing a MC algo-
rithm to model the collisional evolution of a population of dust particles in a proto-
planetary disk. We defined two quantities, the compactness factor and the equivalent
radius, to describe the porosity of an aggregate and quantify the effect of the colli-
sion process on the structure of the colliding aggregates. We compared charged and
neutral aggregates for different levels of turbulence, which drives collisions. Our main
findings are:

1. Highly charged aggregates contain fewer small monomers, resulting in a size
distribution shifted towards larger monomer sizes and greater average monomer size;
this shift increases with larger surface potential and lower turbulence (Fig. 4.3). The
average monomer size within aggregates does not change much over time in strongly
turbulent environments for |V;| < 1 V, and decreases over time in weakly turbulent
environments with [Vy| > 0.5 V.

2. In general, charged aggregates are more compact than are neutral aggregates,
and highly charged aggregates tend to be more compact than those having lower

charge for the same turbulence level (Fig. 4.6). One reason is that charged particles
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tend to avoid the prominent region of the colliding partners due to the high local
potential, and are more likely to stick between the extended arms. This effect is
most noticeable for weakly turbulent and/or highly charged environments, in which
the particles have sufficient time to deviate/rotate to minimize the potential energy
of the configuration due to the slow movement. A second reason is that aggregates
grow mainly through PCA in highly charged, weakly turbulent environments, i.e.,
by accretion of monomers onto large aggregates. It is easier for monomers to pass
through the pores and fill in the gaps of aggregates, reducing the porosity.

3. Aggregate growth in the charged population first lags behind neutral popu-
lations due to electrostatic repulsion. As particles grow larger, the growth of weakly
charged particles in relatively strong turbulence catches up with neutral particles (Fig.
4.8), due to the greater number density (more particles remain in the population due
to repulsion) and higher relative velocities between charged particles (resulting from
their more compact structures).

4. Particles in strongly turbulent regions collide more frequently than those in
weakly turbulent regions. Given the same turbulence level, weakly charged particles
grow faster than highly charged particles (Table 4.1). However, highly charged parti-
cles grow to larger size before reaching the bouncing barrier, due to reduced relative
velocity by electrostatic repulsion. The maximum particle size reached before the
bouncing criterion is met is positively correlated with charge for a given turbulence
level (Fig. 4.9a and Table 4.2).

5. For a highly charged environment with low turbulence, once a critical size is
reached, the largest particles in the population grow very rapidly (runaway growth),
while the rest of the population grows very slowly (Fig. 4.9). The particles formed by
runaway growth are a small proportion of the population, resulting in a population
with a few large aggregates and a lot of remaining monomers and small aggregates.

For populations without runaway growth, particles grow collectively, and almost all
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monomers have collided and formed aggregates before the bouncing criterion is met
(Fig. 4.7).

6. Charge has a greater impact on the porosity, monomer size, collision proba-
bility and the growth rate of dust particles in weak turbulence than in strong turbu-
lence.

7. Diversity of particle size not only increases the growth rate of the particles
(due to the higher relative velocity), but also reduces the porosity of the aggregates
(more efficient packing; Fig. 4.15), which further increases the growth rate due to the
weak coupling of compact particles to the gas. For charged particles, the diversity
of both the porosity and size are important to overcoming the growth barrier (Fig.
4.16).

In conclusion, it has been shown that charge and porosity play an important
role in the evolution of a dust population. Charge decreases the growth rate of dust
particles, due to missed collisions and smaller capture cross section (more compact
structure). The longer growth timescale causes particles to be more subject to the
radial drift barrier, and particles may have been accreted to the central star before
growing to large sizes (Birnstiel 2016). In addition, dust particles also encounter
bouncing and fragmentation barriers during their growth. The threshold bouncing
and fragmentation velocities depend on impact energy, material, monomer size and
porosity. Compact aggregates are more likely to bounce/fragment than fluffy aggre-
gates, and aggregates comprised of small monomers are more resistant to fragmen-
tation/compaction. Particles in charged environments are overall more compact and
are comprised of larger monomers, which makes them more susceptible to bouncing
and fragmentation. On the other hand, although charge increases the initial rela-
tive velocity between particles, due to the weaker coupling to the gas, the velocity
is reduced during the electrostatic interaction, which decreases bouncing/fragmen-

tation. On top of these two factors, the collision in charged cases tends to occur
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between a large particle and a small particle, which is unlikely to cause catastrophic
fragmentation. Instead, mass transfer is more likely: when a small particle impacts
a large aggregate, part of its mass is transferred to the target, leading to further
growth of large particles. Therefore, charge may assist the population to overcome
the fragmentation barrier. In addition to the impact on the growth barriers, the
charge also greatly affects the optical properties of dust, such as the scattering and
absorption opacity, by altering particle porosity/composition and the abundance of
remaining small particles, which influences the temperature distribution, spectral en-
ergy distribution and appearance of PPDs (Kirchschlager & Wolf 2014; Krijt et al.
2015).

A linear regression and principal component analysis were used to determine
that the charge, compactness factor, equivalent radius and relative velocity are the
greatest contributors to the collision rate and the properties of the resulting aggre-
gates in the hit-and-stick regime. The next step of this research is to include other
types of collision outcomes in the simulation, such as bouncing, fragmentation, ero-
sion and mass transfer, and develop a heuristic model for the collision rate as well
as the physical characteristics of the resulting aggregate based on the data recorded
from actual collisions. This new kernel will be used to simulate the evolution of a

dust population over long time periods relevant to protoplanetary disk evolution.
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CHAPTER FIVE

The Initial Structure of Chondrule Dust Rims I: Electrically Neutral Grains

This chapter published as [200]: Chuchu Xiang, Augusto Carballido, Romy D.
Hanna, Lorin S. Matthews, Truell W. Hyde, “The initial structure of chondrule dust
rims I: Electrically neutral grains,” Icarus 321, 99-111 (2019).

5.1  Introduction

The origin of FGRs has been somewhat disputed, with some researchers propos-
ing that FGRs formed in the parent body environment, either by attachment and
compaction of dust onto chondrules in regolith (Sears et al. 1993, Trigo-Rodriguez
et al. 2006, Takayama & Tomeoka 2012), or through pervasive aqueous alteration of
chondrules (Sears et al. 1993, Takayama & Tomeoka 2012). These theories are sup-
ported by the embayment textures along the chondrule/rim boundary (Takayama &
Tomeoka 2012) and the low rim porosity which is inconsistent with the high-porosity
structure formed in experimental simulations of preplanetary dust coagulation (Blum
& Wurm 2000, Blum & Schrépler 2004). However, Beitz et al. (2013) performed
experiments of impacts between chondrule analogs and different dust materials, and
found larger dust rim porosities than those found in chondrites. Thus, Beitz et al.
(2013) concluded that FGRs around chondrules can not form in dynamic compaction
processes.

Several lines of evidence suggest that FGRs formed by accretion of grains onto
the underlying chondrule cores in a nebular setting, before the rimmed chondrules
were incorporated into their parent bodies (Metzler et al. 1992, Morfill et al. 1998,
Brearley 1999). The presence of pre-solar grains in CR chondrite FGRs led Leitner
et al. (2016) to conclude that those rims had a nebular origin, since pre-solar silicate
and oxide abundances in the rims differ from those in the interchondrule matrix,

indicating different alteration paths of both meteoritic components. Metzler (2004)
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investigated the occurrence and properties of preirradiated (track-rich) olivines in
CM chondrites, and found that track-rich olivines were only contained in the clastic
matrix. The absence of track-rich olivines in fragments of primary rock implied its
formation in an environment shielded from cosmic radiation, leading Metzler to argue
a nebular origin of dust mantles around chondrules in CM chondrites (Metzler 2004).
Bland et al. (2011) mapped the orientation of submicron grains in the Allende CV
chondrite, and calculated an initial rim porosity of 70-80% by relating fabric intensity
to net compression. Such high porosity values are similar to those obtained from
Monte Carlo simulations (Ormel et al. 2008) and laboratory experiments (Beitz et al.
2013), which assume nebular conditions. Metzler et al. (1992) found a roughly linear
correlation between the thickness of dust rims and the diameter of the mantled cores,
using optical microscopy and scanning electron microscopy. This finding is supported
by numerical simulations assuming a nebula origin (Ormel et al. 2008; Carballido
2011), and furthered by Hanna and Ketcham (2018), who, using X-ray computed
tomography, examined the 3D morphology of FGRs in the CM chondrite Murchison,
and found a power law relation between FGR volume and chondrule radius, consistent
with rim accretion in a weakly turbulent solar nebula as calculated by Cuzzi (2004).
In addition, the noticeably smaller size of grain in FGRs than in enveloping matrix
(Ashworth 1977; Brearley 1993; Zolensky et al. 1993), the alteration of hydrous
phases present in the rims prior to accretion onto chondrule surface suggested by
petrographic evidence (Metzler et al. 1992), and the rim layering as well as the
grain-size coarsening (Brearley et al. 1999) all support the nebular setting of FGR
formation.

The significance of a nebular scenario for FGR formation cannot be overstated.
A possible path towards the emergence of asteroidal parent bodies, composed of ag-
glomerates of rimmed chondrules, could involve an essentially hydrodynamic process:

the runaway convergence of chondrules due to the relative drift between the solar
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nebula gas and small solids (Carrera et al. 2015). This streaming instability, as it
is known, has its origin in the radial pressure gradient that supports the nebular
gas, but not the solid component. If chondrules acquired dust envelopes while being
suspended in the solar nebula, the resulting rimmed chondrules could have formed
dense clumps due to the streaming instability. These clumps, in turn, would have
facilitated low-velocity sticking between rimmed chondrules.

Here we adopt the nebular scenario for FGR formation, and assume that FGR
accretion occurs in the midplane of a minimum-mass solar nebula (MMSN; Hayashi
1981). Although different chondrule groups are thought to have formed at different
heliocentric distances (Wasson & Wetherill 1979; Wasson 1988), Rubin (2010) sug-
gested that most groups formed within 3 AU, based on the chemical composition of
different groups. Salmeron et al. (2012) also suggested a radial distance of 1-3 AU for
chondrule formation based on a possible heating mechanism to melt the chondrule
core and subsequently collect a cool dust rim. For this study, we choose 1 AU as
the heliocentric distance as a representative location for which FGR accretion takes
place.

As discussed in Section 3.3.2, the study is restricted to a small patch on the
chondrule surface. A “detailed-MC” model is developed to simulate collisions between
dust and chondrules, taking into consideration detailed collisional physics, such as the
trajectory of the incoming particle, restructuring after the collision, and the resulting
morphology of the dust rim. The effects of turbulence strength and chondrule size on
rim growth are investigated by tracking the evolution of the dust accretion process and
examining the structure of the resulting dust rim (or more precisely, partial rim). In
addition, the difference between rims formed by accretion of dust monomers (particle
aggregation) and rims formed by accretion of dust aggregates (cluster aggregation)
is analyzed. All theoretical models of chondrule rim growth have assumed that the

dust grains comprising the rims are electrically neutral. We follow that assumption
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in this chapter, and study the effects of electric charge on the formation of FGRs in

next chapter.

5.2 Results

In order to analyze the structure and composition of a dust rim, we divided
the rim into 30 horizontal layers (i.e., parallel to the chondrule’s surface), with each
layer having the same thickness. We define the porosity of each layer as the ratio of
the volume of voids within the layer, which is the total volume of the layer minus the
sum of the volume of the monomers (or monomer portions) within that layer, to the
total volume of the layer. To avoid edge effects of the dust pile, only the inner region
of the pile with a radius of 50% of the total pile radius (i.e., the distance from the

pile center to pile edge) is analyzed.

5.2.1 Effect of Turbulence Strength

Figure 5.1 shows dust piles on the surface of a chondrule with a radius of
700 pm, for runs al-r7 (Fig. 5.1a) and a6-r7 (Fig. 5.1b). The piles are formed
on circular patches of 100 ym in diameter. The respective turbulent strengths are
a = 107! and 107%. The piles contain 30,000 monomers. Since the relative speeds
between chondrules and dust particles are higher in regions of stronger turbulence,
massive particles are more likely to cause restructuring, as they have a larger kinetic
energy which can exceed the threshold rolling energy. Therefore, chondrule dust
rims formed in environments with stronger turbulence are more compact than those
formed in weak turbulence. This can be better appreciated in Fig. 5.1c and Fig.
5.1d, which show a vertical slice through the center of the dust pile of Figs. 5.1a
and 5.1b, respectively. There are more open spaces between monomers in the weak-
turbulence case (Fig. 5.1d), a sign of less compaction (note that monomers and groups

of monomers that are apparently detached from the main pile in Figs. 5.1c and 5.1d
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Figure 5.1: Rim growth on a 100 ym-diameter patch on the surface of a chondrule with a
radius of 700 pm, from runs al-r7 (a,c) and a6-r7 (b,d). The elapsed times are 0.26 yr and
173.61 yr, respectively. Panels (c¢) and (d) show the monomer distributions on a vertical
plane cutting through the center of the dust piles that are shown in (a) and (b), respectively.
The dust particle sizes shown (circle diameters) represent the apparent monomer sizes due
to cutting effects. More compaction (less open spaces) is observed in the strong-turbulence
case (¢). The apparent detachment of some monomers and groups of monomers from the
main dust pile is due to the slicing procedure, which cuts off other monomer structures that
support the “detached” ones. A movie showing a succession of slices through the dust rim
from the left to the right is available online.
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appear to be so due to the slicing procedure, which cuts off other monomer structures
on which the “detached” structures are supported).

Figure 5.2 shows the rim porosity as a function of distance from the chondrule
surface, for different turbulence strengths. Note that the porosity increases rapidly
at a certain radial distance in the dust pile. Thus we define the rim thickness by
the position of the “knee” in the porosity plot. The rims formed in weak turbulence
(o =107*) are more porous than those formed in strong turbulence (o = 107!) after
accretion of 60,000 monomers. Strong turbulence results in a more compact rim,
and restructuring leads to an approximately constant porosity of 55% throughout
the thickness of the rim. Weak turbulence produces less restructuring, resulting in
rims which are overall more porous, and the porosity increases from the base of the
rim to the top, as very fine dust particles are able to pass through voids and fill in
the lower rim layers. Analysis of chondrules with radii between 500 and 1000 pm
shows that FGRs formed in weak turbulence (o < 107*) have an average porosity of
60-74%, while those formed in strong turbulence (o = 107!) have an average porosity
of 52-60%, with the lower end of each range corresponding to large chondrules and
the upper end to small chondrules. In general, the porosity of FGRs decreases with
both turbulence (stronger dependence) and chondrule radius (weaker dependence).
The effect of chondrule size will be further discussed in Section 5.2.2.

In addition to the enhanced restructuring, the increased relative velocity caused
by stronger turbulence also leads to more frequent collisions between the chondrule
and the dust particles, speeding up the growth of the dust rim. Figure 5.3a displays
the time necessary to build rims of three different thicknesses on a chondrule of 500
pm in radius, in each of the six turbulence conditions that we consider. The lower
bound of each vertical bar represents a rim thickness of 40 pym, while the upper bound
corresponds to a thickness of 320 ym. The midpoints represent a thickness of 180

pm. The time required to build rims of 180 yum in thickness is 2.7-3.2x1072 yrs for
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a=10"% 7.9-8.9%x1072 yrs for a = 107%; 2.4-4.6x107! yrs for a = 1073; 1.3-2.4 yrs
for a = 107%; 7.6-14 yrs for a = 1075; and 38-66 yrs for a = 107¢ (the lower end of
each range corresponds to large chondrules and the upper end to small chondrules;
see Section 5.2.2 for more detailed discussion). As expected, the time needed to build
a rim of a given thickness decreases with increasing turbulence strength.

Using a linear fit to relate FGR thickness to elapsed growth time, we obtain the
following growth rates (the increase in the rim thickness per unit time): 6100 pm/yr
for « = 1071 1900 pm/yr for o = 107%; 350 pm/yr for « = 107%; 80 pum/yr for
a =107% 10 ym/yr for a = 107%; and 3 um/yr for « = 107¢. We also investigated the
effect of the dust density on the growth rate. Figure 5.3b shows that the higher dust
density leads to lower elapsed time for the same turbulence condition (o = 107%), since
a larger dust population can cause more frequent collisions between the chondrules
and dust particles. The growth rates are 0.4, 2, 4, 17 and 36 pm/yr for the ratios of

dust density to gas density equal to 0.001, 0.005, 0.01, 0.05 and 0.1, respectively.
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Figure 5.2: Radial profiles of dust rim porosity in each horizontal layer on a chondrule with
a 600-pum radius, for four different turbulent strengths (o = 107, corresponding to runs
ak-r6, k = 1,2,3,4.), after accretion of N = 60,000 monomers, for particle aggregation
(PA). The elapsed times are 0.52 yr (for a = 1071), 1.62 yr (a = 1072), 5.04 yr ( = 1073)
and 14.05 yr (o = 10~%). The position of the “knee” in the porosity curve is defined as the
rim thickness.
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Figure 5.3: a) Elapsed time to build FGRs for different turbulence strengths and different
chondrule radii (runs ak-r¢, k = 1,2,...6, £ = 5,6, ...,10). The midpoints correspond to a
thickness of 180 pum for each chondrule size, while the lower and upper bounds (shown for
the 500-pm-radius chondrule) indicate the times to build a thickness of 40 ym and 320 um,
respectively. b) Elapsed time to build FGRs on a 500-pum-radius chondrule for different
dust densities with o« = 107%. The meaning of the upper and lower bounds as well as the
midpoints is the same as (a).

5.2.2  Effect of Chondrule Size

Another important factor affecting dust rim growth is the size of the chondrule.
Larger chondrules have higher relative velocity with respect to the dust particles (Eq.
2.89), which, together with their greater cross-sectional area, increase the collision
rate between the chondrules and the dust particles. Figure 5.4 shows the number
of interactions as a function of the elapsed time for different chondrule sizes and
turbulence strengths. The small chondrules in weak turbulence (o = 107*) take the
longest time to collide with the dust particles. The broader separation between the
curves in weak turbulence shows that the chondrule size has a greater impact on the
collision rate when the relative velocity is low.

In spite of the higher collision rate, more dust is required to build a rim of a
certain thickness for large chondrules than for smaller chondrules. As a consequence
of these two factors, the rim thickness scales linearly with the chondrule radius, as
shown in Fig. 5.5a, consistent with measurements by Metzler et al. (1992), Paque &

Cuzzi (1997), Greshake et al. (2005), Hanna & Ketcham (2018), and simulations by
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Ormel et al. (2008) and Carballido (2011). The linear relationship becomes steeper
over time, as the greater collisional cross section and larger relative velocities of the
larger chondrules increases the collision rate, causing large chondrules to grow even
faster (Xiang et al. 2017b). The growth rates of chondrules of different sizes are also
shown in Fig. 5.5b, in which the slopes of the lines increase with the chondrule size.

The comparison of the time evolution of the slopes for different turbulence
strengths is shown in Fig. 5.6. All the rims have a thickness of 350 um at the
maximum elapsed times, which are 0.05 yr (for « = 1071), 0.15 yr (a = 1072), 0.66
yr (a = 1073), 3.37 yr (a = 1071), 20.98 yr (o = 1079), and 92.89 yr (o = 1079);
the elapsed time for each turbulence strength is normalized by its maximum time.
Although the slope increases with time for all turbulence strengths, the slope is greater
and increases faster in weak turbulence than in strong turbulence, meaning that the
growth rates of dust rims are less sensitive to chondrule size in strong turbulence.
The dashed lines in Fig. 5.6 indicate the minimum thickness of of the dust rim, if all
of the constituent dust material were compressed to a solid layer of zero porosity on
the surface. This gives a lower bound of the rim thickness which may be observed in
a chondrule after collisional compaction.

In addition to the change in the collision rate, the velocity difference caused by
different chondrule sizes also affects the restructuring and therefore the porosity of
the dust rim. Figure 5.7a shows that larger chondrules are enveloped in more compact
dust rims than smaller chondrules with the same rim thickness for both strong and
weak turbulence (v = 107%,1072), as larger chondrules have more kinetic energy for
restructuring. Figure 5.7b shows the time evolution of the overall porosity of the
dust rims. The colliding dust particles constantly fill in the gaps of the existing rim
and form a new outermost layer which has the highest porosity. The ratio of the
volume of the outermost layer to the volume of the inner layer gets lower as the rim

becomes thicker. This, together with the fact that larger chondrules experience more
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Figure 5.4: Number of interactions as a function of elapsed time for different chondrule
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inset is a magnification of the o = 1072 curves between 1.1 and 1.7 years.
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Figure 5.5: a) Thickness of dust rims formed through the addition of single monomers (PA)
after t = 5,10, 15,20, 25,30 years, with a turbulent strength o = 107> and for different
chondrule radii. The data points correspond to runs ab5-rf, £ = 5,6,...,9. The lines are
linear, least-square polynomial fits to the data points. b) Same as a), except that the
thickness of dust rim is a function of the elapsed time, and each line represents a chondrule
size.

restructuring, results in the decrease in porosity of the whole rim over time, for all

chondrule sizes, until a certain time has passed, after which the porosity is constant.
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Figure 5.6: Time evolution of the slopes of rim thickness versus chondrule size (solid lines),
with the elapsed time for each turbulence strength normalized by its maximum time (the
time required to build a dust rim with a thickness of 350 pum). The dashed lines are for
an ideal case where the dust rims are fully compacted (with zero porosity), indicating the
influence of the porosity on the slope.
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Figure 5.7: a) Radial profiles of dust rim porosity on chondrules of different sizes, for
turbulent strengths o = 10™* (solid curves, corresponding to runs ad-rf, £ = 5,6,...,9)
and o = 1072 (dashed curves, corresponding to runs a2-r/, £ = 5,6,...,9), for equal rim
thickness. The data were obtained by particle aggregation (PA). b) Mean porosity of the
rim (the top-most layer with porosity > 0.9 is discarded; note that this value is higher than
the cutoff porosity for calculating the rim thickness, and this is an overall porosity of almost
the whole rim), formed through particle aggregation (PA), as a function of time and for
different chondrule radii. The turbulent strength is & = 10, The data correspond to runs
ad-rd, £ =5,...,9.

5.2.3 Comparison between PA and CA
As dust particles in the solar nebula can form aggregates before colliding with

chondrules (e.g., Scott et al. 1984), it is instructive to compare dust rims formed
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through accretion of single monomers (particle aggregation, PA) and accretion of ag-
gregates (cluster aggregation, CA). A library of small aggregates was created by build-
ing aggregates from spherical grains with the same size distribution as the monomer
library. The aggregates were built using a combination of PCA (particle-cluster aggre-
gation) and CCA (cluster-cluster aggregation), and their equivalent radii range from
0.5 um < R, < 10 pum, while their physical radii range from 1 pym < R < 24 um,
(see Figure 3.1 for the definition of R, and R). The aggregates were binned by their
equivalent radius, which was also used to calculate the relative velocity between the
aggregate grain and chondrule (Eq. 2.89). Since aggregates are more porous than
monomers and have larger radii than monomers of the same mass, it is less likely
that the aggregates in CA will pass though the gaps of the dust rim. Instead, they
are likely to stick to the outer layers of the rim. Therefore, the dust rims formed
by CA are more porous than for PA, as shown in Fig. 5.8 and 5.9a. Since almost
no restructuring takes place in weak turbulence (o = 107*), the incoming particles
simply add to the outer layer. Hence, the inner region of the rims for CA (up to
~ 280 pm) has an approximate constancy of porosity as a function of distance from
the chondrule surface, while for PA the porosity increases from the base of the rim
to the top, with more small monomers filling the inner layers. In addition to the
difference in porosity, Fig. 5.9b shows that the dust rims formed by CA have more
constant monomer size distribution throughout the rims, while the average monomer
size increases (especially at the top of the rims) with distance from chondrule cen-
ter for dust rims formed by PA, consistent with laboratory observations of CM dust
mantles that show grain-size coarsening toward the outer portions of the rim (Metzler

et al. 1992; Zega & Buseck 2003).

119



065 0.65
E o6} E 06
E £
N N

055 0.55

05} 05

-0.1 -0.05 0 0.05 0.1
r (mm)

-0.1 -0.05 0 0.05 0.1
r (mm)

Figure 5.8: Rim growth on a 100 pm-diameter patch on the surface of a chondrule with a
radius of 500 pm, formed through a) particle aggregation (PA, run a4-r5) and b) cluster
aggregation (CA, run a4-r5-agg). A movie showing how small monomers pass through the

rim to fill the lower layers is available online.
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Figure 5.9: Radial profiles of a) dust rim porosity and b) average monomer size in each

horizontal layer on chondrules of different radii, for same rim thickness of ~ 290um (the

rim thickness is defined in Sec. 5.2.1). Shown are data for particle aggregation (PA, runs
ad-rl, £ =5,6,...,9) and cluster aggregation (CA, runs a4-rl-agg, { =5,6,...,9).

5.3 Discussion

We have calculated FGR porosities for different values of the parameters in-

volved in the collision between chondrules and dust (either a spherical monomer or

an aggregate; Secs. 5.2.1-5.2.3). We have also corroborated the linear relationship be-

tween FGR thickness and chondrule radius that has been measured by other authors

(Sec. 5.2.2). We now put our results in the context of previous FGR studies.
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5.8.1 Structure and Porosity of FGRs

Beitz et al. (2013) investigated FGR formation around chondrule analogs in
laboratory experiments. The authors produced two types of chondrule analogs: one
with a forsterite composition (radius = 0.75 mm) and one with a spinel composition
(radius = 0.80 mm). The chondrule analogs were levitated inside a funnel using a
gas flow, which also contained olivine dust grains of irregular shapes. These grains
stuck to the chondrule analogs, with most of the stuck grains having radii in the
range ~ 0.25 — 1.5 pym. Using scanning electron microscopy and X-ray computed
tomography (CT), Beitz et al. (2013) measured the porosity profiles of the formed
rims. Their data is shown in Fig. 5.10: the black points correspond to the rim
porosity around the spinel chondrule analog, while the white points represent rim
porosity values around the forsterite chondrule analog.

Figure 5.10 also shows our data for runs a2-r5 (black curve), ad-r5 (red, solid
curve), ad-rb-agg (red, dashed curve), and a6-r5 (blue curve). Perhaps the largest
difference between the numerical and the experimental data is seen close to the chon-
drule surface: the former shows a high porosity in the lower rim layers, while the latter
exhibits very low porosity there. As Beitz et al. (2013) explain, the low porosity at
the boundary between their chondrule analog and its associated dust rim is due to
partial melting or sintering. Even if no melting or sintering occurred, we speculate
that the low porosity close to a chondrule analog surface might be possible due to the
irregular shape of the dust monomers, which can arrange themselves in more compact
configurations than the spherical monomers used in our simulations. This difference
in monomer shape is perhaps also responsible for the overall higher porosities in our
simulations, compared to the experimentally obtained rims. Future simulations with
non-spherical monomers will test these hypotheses.

The high FGR porosities calculated from our simulations (2 60%), however,

are generally consistent with those obtained by Ormel et al. (2008) for the dust
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Figure 5.10: Measurements of rim porosity obtained by Beitz et al. (2013) from experiments
of rim accretion onto spinel (black points) and forsterite (white points) chondrule analogs.
For comparison, data from our runs a2-r5 (black curve), ad-r5 (red, solid curve), ad-r5-agg
(red, dashed curve), and a6-r5 (blue curve) are also shown.

component of chondrule aggregates (2 67%), as well as with the initial porosity
estimated for an FGR in Allende (70-80%, Bland et al. 2011). Such high porosities
could conceivably result from gentle collisions between dust and chondrules in weak
turbulence (Ormel et al. 2008).

Effects that will need to be taken into account in future work include frag-
mentation and erosion due to energetic collisions, as well as rim compaction due to

chondrule-chondrule collisions.

5.3.2  Comparison to FGR Observations

The ultimate goal of our modeling efforts is the comparison of our results to
observations of FGRs in chondrites to help shed light on the nebular conditions of
FGR formation. However, the calculations presented herein apply only to the ini-
tial accretion of FGRs, and do not provide information regarding their subsequent
structural evolution. For example, the role of FGRs as the “glue” that holds together

decimeter-sized chondrule composites (Ormel et al. 2008) means that rims would be
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subjected to compaction events via collisions between rimmed chondrules and other,
perhaps similar, objects. It has also been suggested that weak nebular shocks may re-
structure the rim grains leading to a compaction fabric and lower rim porosity (Bland
et al. 2011). After accretion to the chondrite parent body, the rims may be modified
further by impact compaction, thermal metamorphism, and aqueous alteration. All of
these processes will likely modify the rim structure and reduce porosity. Regardless,
modeling the initial accretion of FGRs is an important first step towards identifying
which of these nebular and parent body processes may have been involved in, and
their relative influence on, post-formation FGR modification.

Bland et al. (2011) examined a CV Allende FGR fabric defined by the crystal-
lographic alignment of olivine grains within the rim. By estimating the compressional
strain needed to produce such a fabric and combining this with the current Allende
porosity measured by Consolmagno et al. (2008), they estimated an initial rim poros-
ity on the order of 70-80%. They interpreted the compaction as a post-accretional
nebular process, such as a nebular shock or rimmed chondrule collision, so this initial
porosity estimate should be comparable to our modeled rim porosity. For our model,
porosities this high are associated with smaller chondrules (in the particle aggregation
case) or with cluster aggregation (Fig. 5.9). Because the Allende chondrule is over
~ 1 mm in size, this seems to exclude particle aggregation for the formation of the rim
unless the turbulence strength was much lower than 10~ (Fig. 5.2). One important
difference between our model and the Allende FGR, however, is that our model uses
perfectly spherical grains while olivine grains are typically elongated. As we hypoth-
esize in Section 5.3.1, irregular monomer shape may decrease the rim porosity, but
future work will investigate this.

Another study that characterized strain in FGRs among several chondrules in
CM Murchison found that the compression of the rims likely occurred on the parent

body (Hanna & Ketcham 2018). In this case, the strain estimate from compression
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of the rims and the current bulk porosity of Murchison leads to a pre-deformation
rim porosity of 45% (Appendix A). Because the porosity reduction took place on the
parent body it is difficult to know if this porosity estimate is directly comparable to
our modeling results. In light of the Bland et al. (2011) study showing evidence of
pre-parent body compression of the rim, it is likely that the 45% estimate does not
represent original FGR formation porosity. Another complication is that FGR rims
in CM chondrites are dominated by serpentine (a hydrous mineral) in contrast to
the anhydrous olivine dominant in CV FGRs (Zolensky et al. 1993). Therefore, if
CM FGRs were aqueously altered after formation, this also would have reduced the
original formation porosity [although whether this hydration took place in the nebula
or on the parent body is debated (e.g., Haenecour et al. 2018; Metzler et al. 1992;
Tomeoka & Tanimura 2000)]. Still, these data place a lower limit (~ 45%) on the
original, formational FGR porosity and is consistent with our modeling results that
suggest a minimum original porosity of ~ 55%.

There have been two direct observations of current, in-situ porosities of FGRs in
carbonaceous chondrites. Beitz et al. (2013) calculated a ~ 10% porosity for two CM
Murchison rims from X-ray CT data. However, their assumptions of zero porosity in
chondrule interiors and an identical mineralogical and chemical composition of rims
and chondrules are likely incorrect (e.g., Fuchs et al. 1973; Hanna et al. 2015).
Additionally, repeated measurements of Murchison porosity using helium ideal-gas
pycnometry indicates a much higher porosity of 22.1% (Macke et al. 2011). Haenecour
et al. (2018) also estimated a ~ 10% porosity for FGRs in two primitive CO3.0
chondrites from reduced analytical totals in electron microprobe analysis (EMPA).
This FGR porosity matched both the average matrix value and the average porosity of
CO chondrites [10.8%; (Consolmagno et al. 2008)]. This observed porosity is much
lower than our modeled porosity, probably for two reasons: first, CO chondrites

have relatively low porosity (therefore inferences based on CO chondrites may not be
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robust); second, it may again represent post-accretional processing of the FGR, most
likely aqueous alteration, of which the authors found evidence within the FGRs.
Finally, we note that another assumption in our model is that the chondrule
surface is smooth and spherical. In reality, chondrule surfaces can be rough and
chondrule shapes can depart from spherical, possibly as primary features (Hanna &
Ketcham 2018). Comparison of FGR volume with chondrule roughness suggests that
increased chondrule surface roughness caused greater accumulation of dust onto the
chondrule surface (Hanna & Ketcham, 2018). Forthcoming work will examine the

influence of irregular chondrule surface shape on dust accumulation in our model.

5.83.8 FGR Formation Times

The results of Fig. 5.3 for the formation times of FGRs of a certain thickness
(40, 180 and 320 pum) can be qualitatively compared to previous estimates by other
authors. Cuzzi (2004) showed that rimming times, like our data in Fig. 5.3, decrease
with increasing turbulence strength a. However, the rimming times calculated by
Cuzzi (2004) correspond to a solar nebula location of 2.5 AU, where turbulent veloc-
ities are lower than at 1 AU as we consider here. Depending on the ratio ¢ of rim
volume to chondrule volume, rimming times obtained by Cuzzi (2004) vary between
40 yrs (¢ = 0.1) and 600 yrs (¢ = 3.0) at 2.5 AU, whereas at 1 AU we find the
rimming times to be between 0.3 yrs (¢ = 0.1) and 10 yrs (¢ = 3.0), for a = 107%.

Ormel et al. (2008) calculated the times at which the available dust in their
simulations was depleted by incorporation onto chondrule surfaces, as a function of
a. Once again, those times decrease with increasing a. As Ormel et al. (2008) take
into account the growth of chondrule aggregates (i.e., objects composed of chondrules
joined by fine-grained dust), direct comparison to our rimming times is difficult.

Gunkelmann et al. (2017) point out that the bouncing velocity of two chon-
drules increases by two orders of magnitude if they are covered by dust rims. Thicker

and denser dust rims are more efficient in accommodating the collision energy (with
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a higher bouncing velocity) than thin and porous rims, while the dust rims are partly
destroyed in all cases by sputtering, even for hit-and-stick events. Our simulations
show that the dust rims formed in different turbulence conditions have different poros-
ity and growth rates, which means the colliding chondrules in different environments
will have different bouncing velocities, affecting the growth of chondrule agglomer-
ates. It will be of interest to investigate the growth rates of chondrules in various
turbulent environments by conducting collisions between rimmed chondrules in our

future work.

5.4 Conclusions

We conducted a numerical study of the initial accretion of fine-grained dust
rims (FGRs) onto chondrule surfaces. This study is an important first step towards
elucidating the structural properties of FGRs before the onset of impact compaction,
thermal metamorphism, and aqueous alteration.

In this work, we concentrated on the porosity and the thickness of FGRs as
signatures of the collisional formation process of rim structures. We compared FGRs
formed in nebular turbulence of different strengths, and also investigated the roles of
chondrule size and cluster aggregation. Our main conclusions are:

1. FGRs formed in environments with strong turbulence are more compact
and grow more rapidly than FGRs formed in weak turbulence. In the case of strong
turbulence (a > 1072), FGR porosity has an approximately constant value of 55 —
60% in the inner regions of the rims, while in the case of weak turbulence (a < 1073)
the porosity increases with distance from the chondrule center, from values of ~ 60%
to ~ 70%.

2. The times needed to build FGRs of a certain thickness decrease approxi-

mately linearly with increasing turbulence parameter o.
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3. FGR thickness scales linearly with chondrule radius. This linear relation
becomes steeper over time, as the greater collisional cross section and higher relative
velocities of the larger chondrules increase the collision rate.

4. The mean porosity of FGRs decreases over time in weak turbulence (o =
10~%) for all chondrule sizes studied. Compaction reduces porosity from early values
of ~ 85% to values between ~ 66 — 68% in ~ 100 years.

5. FGRs formed by cluster aggregation have higher porosity (~ 85%) than
those formed by accretion of individual monomers (~ 60 — 70%), for all chondrule

sizes studied.
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CHAPTER SIX

The Initial Structure of Chondrule Dust Rims II: Charged Grains

This chapter submitted as [201]: Chuchu Xiang, Augusto Carballido, Lorin S.
Matthews, Truell W. Hyde, “The initial structure of chondrule dust rims II: charged
grains,” arXiv:1911.00981.

6.1 Introduction

As dust grains become charged to varying degrees in the radiative plasma envi-
ronment of the solar nebula, it is of importance to investigate how the charge effects
the process of FGRs formation. In this model, both the chondrule parent body and
the dust grains are charged, and the electrostatic interactions are included during
the rimming/accretion process. FGRs are formed by direct accretion of spherical
monomers of various sizes onto chondrule surfaces at the midplane with a distance
of 1 AU from YSO. The structure of the resulting dust rim (porosity, monomer size
distribution, etc.) as well as the time to build the rims are examined in order to
identify the manner in which charge alters the rim structure and growth rate, and to
investigate the interplay between the charge, turbulence strength, and chondrule size

on dust rim growth.

6.2 Results
The structure of the dust rims and their formation time are affected by the level
of turbulence, charging condition and the chondrule size. Together, these effects can
be characterized by the ratio PE/KE, where PE is the electrostatic potential energy
of the dust grain at the point of impact, given by PE = %, with Qg and Q. the
charges of the dust grain and the chondrule and r4. the distance between the dust

grain and the center of the chondrule, and the kinetic energy of the dust grain far from

2

-1, With m, the mass of the dust grain and v, the relative

the chondrule is KE = %mdv
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velocity calculated from Eq. 2.89. Figure 6.1 shows the range of PE/KE averaged over
the dust population for different chondrule sizes in different environments (turbulence
strength; plasma conditions). Given the combined turbulence and charge levels, the
results are broadly applicable over a large region of the disk where conditions match
a given PE/KE. The structure of the resulting dust rims is characterized based on
the distribution of monomer sizes, porosity (¢), and the time for rim formation as a

function of PE/KE.
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Figure 6.1: PE/KE (the ratio of a grain’s electrostatic potential energy upon collision to
its kinetic energy at large distances), as a function of dust surface potential (¢s = -0.061
V, -0.048V, -0.020 V), turbulence strength (o = 10~1, 1072, 1073, 10~%, 107, 107%) and
chondrule size (r = 500-1000 pm, in 100-pm increments).
6.2.1 Size Distribution of Dust Collected in the Rim

Although the population of dust in the protoplanetary disk has a power law
size distribution with average grain radius ag ~ 0.83 um, the electrostatic repulsion
alters the distribution of grains collected within the chondrule rim. The distribution
of monomer size within the rim depends not only on the magnitude of the charge,
but also on the relative velocities between the dust and chondrule. Representative
slices through the dust rim are shown in Fig. 6.2 comparing the results for two levels

of charge and turbulence. In a weakly turbulent environment, where the relative

velocities are low, only the largest dust grains have enough energy to overcome the

129



Coulomb repulsion barrier (Fig. 6.2a), whereas for the same turbulence level, a rim
consisting of uncharged grains will consist of dust particles of all sizes (Fig. 6.2b), and
the smaller dust grains are able to penetrate the porous dust pile and are concentrated
near the chondrule surface. In a highly turbulent region where the relative velocities
are large, the distribution of dust grain sizes is similar for both charged and neutral
grains (Fig 6.2c, 6.2d). However, as shown below, the distribution of particle sizes

within the rim and the porosity of the rims differ.
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Figure 6.2: Cutaway view of rims collected on a 100-um-diameter patch on the surface of a
chondrule with a radius of 1000 pm, formed from a) charged dust (¢s = -0.061V) in weak
turbulence o = 107%; b) neutral dust in weak turbulence o = 1075; ¢) charged dust (¢,
= -0.061V) in strong turbulence a = 10~!; d) neutral dust in strong turbulence a = 1071
The size of each circle represent the apparent monomer size due to cutting effects.

The average monomer size within dust rims when the rims have reached a
thickness of 200 ym in environments with different turbulence levels (o = 1071 —1079)
and charge levels (¢ = -0.061V, -0.048V, -0.020V) are compared in Fig. 6.3. For
low values of PE/KE, the presence of charged grains has little effect, and the average
monomer size within the dust rims matches that of the original dust population.

Above a critical value of PK/KE = 0.0193, the average monomer size within the rims
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increases with PE/KE, as the smallest dust particles are repelled from the chondrules.
For a given turbulence level (indicated by shade), and charge level (indicated by color),

small chondrules (indicated by symbol size) tend to collect larger monomers.
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Figure 6.3: Comparison of average dust size within dust rims with a thickness of 200 pum,
as a function of PE/KE. Dust surface potential is indicated by color (pink: ¢5 = -0.061V;
purple: ¢s = -0.048V; blue: ¢, = -0.020V). Turbulence level is denoted by shade(aw = 107+
to a = 1079 in order of decreasing color shades). Size of chondrule core is represented by
symbol size (r = 500-1000 pm, in 100 pm increments).

The time evolution of the average dust size collected as the rim grows in thick-
ness is shown in Fig. 6.4a for a representative chondrule with a radius of 900 pm.
Neutral chondrules collect dust with the average size matching that of the population
for all turbulence levels. In charged environments, the average size of the dust con-
tained in the rims remains nearly constant for turbulence o« > 10~* but increases with
rim growth for lower turbulence levels. This indicates that the repulsion of smaller
dust grains increases as the rimmed chondrule grows and collects more charge. The
average monomer size as the rim grows is also shown as a function of PE/KE in Fig.
6.4b. Again, as in Fig. 6.3, PE/KE ~ 1072 is a critical threshold above which the

average monomer size increases with PE/KE. As the rim grows thicker, as indicated

by the symbol size, more large dust grains are incorporated.
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Figure 6.4: Average monomer size within dust rim on a 900-pym-radius chondrule, a) as a
function of elapsed time, and b) as a function of PE/KE. Data is shown for all turbulence
levels (o = 10! to @ = 107° in order of decreasing color shades) and dust surface potentials
(pink: ¢5 = -0.061V; purple: ¢s = -0.048V; blue: ¢5 = -0.020V). In (b), the symbol size
indicates the total thickness of the rim as the rim grows from 100 pm (small squares) to
300 pm (big squares). For comparison, the results for neutral dust particles are shown in
green.

To further illustrate the difference that charge plays in weak turbulence, the
distribution of monomer sizes for the three different levels of surface potential at
three different stages in the rim growth is presented in Fig. 6.5 for turbulence level
a = 107, The distribution shifts towards larger monomers as a dust rim grows in
thickness in the highly charged environments (¢, = -0.061 V and -0.048 V), while the
change is minor in the environment with a low dust surface potential (¢s = -0.020
V). Overall, large monomers with radii greater than 1 gm are more common in small
chondrules, in environments with high surface potentials, and in thicker rims (those

that have more time for accumulation).

6.2.2 Porosity

The porosity is a measure of the open space within the dust rim. It can be
examined in experimental observations of meteorite samples (Greshake et al. 2005;
Friedrich 2014), and, along with other features of the fabric, provide important infor-
mation about the environmental conditions where the dust rims were originally formed

and the subsequent processes that alter the porosity (Thompson 1985; Gunkelmann
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Figure 6.5: Monomer size distribution in the dust rims as the rim thickness grows from a)
100 pm, to b) 250 pm to c¢) 400 pm. The dust surface potential is (column 1, pink) ¢ =
-0.61 V, (column 2, purple) ¢s = -0.048 V, and (column 3, blue) ¢s = -0.020 V. The initial
chondrule radius is indicated by the symbol size, as given in the legend. The turbulence
strength is @ = 10™*. The distribution of the initial dust population is shown by the thin
black line.

et al. 2017). Differences can be seen not only in the average porosity of the entire
rim, but also in the change in the porosity of different layers within the rim. To
calculate the porosity as a function of the distance from chondrule surface, the rim
is divided into a certain number of horizontal layers (i.e., parallel to the chondrule’s
surface), with each layer having a thickness of 3-4 pm. The porosity of each layer
is defined as the ratio of the volume of voids within the layer (the total volume of
the layer Vi, minus the sum of the volume of the monomers (or monomer portions)

within that layer ) V) to the total volume of the layer, i.e., (Vigyer — > Vi) /Viayer-

To avoid edge effects of the dust pile, only the inner region of the pile with a radius
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of 50% of the total pile radius (i.e., half the distance from the pile center to pile edge)
is analyzed.

In Fig. 6.6, the change in rim porosity as a function of distance from the chon-
drule surface, for different charging conditions and turbulence strengths, is illustrated
for a chondrule with radius a = 700 um. Overall, the porosity increases from the base
of the rim to the top, due to the grain-size coarsening toward outer portions of FGRs,
consistent with observations. This is apparently caused by the fact that small grains
pass through voids and fill in the lower rim layers (Metzler et al. 1992, Zega & Buseck,
2003; see Paper 1). In relatively strong turbulence (o = 107%; Fig. 6.6a), the charged
and neutral dust rims have similar radial profiles for porosity. As turbulence weakens
(a =107%,107%; Fig. 6.6b, c), the relative difference in the porosity between bottom
and top layers decreases with increasing dust surface potential, because it is more
difficult for large dust particles (which are able to overcome the Coulomb repulsion

barrier) to pass through voids.
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Figure 6.6: Radial profiles of dust rim porosity in each horizontal layer on a chondrule
with a 700-pm radius, formed in neutral and charged environments, for equal rim thickness,
defined by the distance from the chondrule surface encompassing 95% of the total rim mass.
The turbulence strength is a) @ = 107* , b) a = 107, and ¢) o = 1075, Lines are averages
for five chondrule rims, with the shaded area indicating the standard deviation.

The evolution of the overall porosity of dust rims as the rims grow in thickness
(defined as the average porosity of inner rim portion encompassing 95% of the total

rim mass), is shown in Fig. 6.7. In strong turbulence with o > 107%, the charged
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rims and neutral rims have similar porosity, which decreases as the rim is accumulated
because the small colliding dust particles constantly fill in the gaps of the existing
rim (an example of @ = 10™* is shown in Figure 6.7a). In weak turbulence (v = 107¢;
Figure 6.7c), higher charge increases the porosity of dust rims, and the porosity
increases further as the rim grows. This is due to the increased likelihood of missed
collisions with small grains caused by electrostatic repulsion, as shown in Figure 6.8.
The threshold size of dust particles which are able to overcome the Coulomb repulsion
barrier increases as chondrules grow larger, and the lack of small monomers filling in
the pore spaces results in higher porosity. The turbulence level o = 1075 is a turning
point where the highly charged rims (¢, = -0.061 V, -0.048 V) are more porous than
the neutral rims and the weakly charged rims (¢, = -0.020 V) are more compact than

the neutral rims (Figure 6.7b).
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Figure 6.7: Change in average rim porosity as the rim is accumulated in different plasma
conditions. Turbulence strength is a) & = 10™* | b) a = 107°, and ¢) a = 1075, Chondrule
radius is 700 pm. Lines are averages for five chondrule rims, with the shaded area showing
the standard deviation.

In Fig. 6.9, the evolution of rim porosity as it is accumulated is summarized
for all combinations of turbulence strengths, dust surface potentials and chondrule
sizes, characterized by the average PE/KE for the chondrule-dust interactions for a
given set of parameters. The average porosity of dust rims decreases as they grow in

thickness over time, except for values of PE/KE 2 2, which result in a slight increase
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Figure 6.8: Probability of missed collision as the rim is accumulated in different plasma
conditions, with turbulence strength o = 107°. Chondrule radius is 500 pum. Lines are
averages for five chondrule rims, with the shaded area showing the standard deviation.

of porosity with time. Rims with lower PE/KE have more compact structure and the
porosity decreases more rapidly than those with higher PE/KE. [Note that PE/KE
is the average calculated for all dust particle sizes, so even if PE/KE > 1 for the dust
population, the largest dust particles in the simulation may have enough energy to
overcome the Coulomb repulsion barrier; PE/KE is mainly determined by the size of
the chondrule core for given environmental conditions, and only changes a little as
the rim is accumulated).

Fig. 6.10 compares the average porosity of the entire rim when the rims have
reached a thickness of 300 um for chondrules in environment with different PE/KE.
The porosity ¢ is almost linearly proportional to the logarithm of PE/KE. Two
fit lines are shown: ¢ =~ 0.023log(PE/KE) + 0.75 for log(PE/KFE) < —2, and
¥ =~ 0.060log(PE/KE) + 0.80 for log(PE/KFE) 2 —2. The greater slope of the fit
line for large PE/KE indicates a greater dependence of the porosity on the charge in
weak turbulence. Given the same environment, larger chondrules tend to accumulate
less porous rims than small chondrules, due to the greater relative velocity with
respect to dust particles, which increases the restructuring and reduces the repulsion

of small particles.
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Figure 6.9: Change in average rim porosity as the rim is accumulated for different average
values of PE/KE. Dust rims on chondrules of different sizes (a = 500-1000 pm, in 100-pm
increments), formed in different plasma conditions (¢s = -0.061 V, -0.048 V, -0.020 V), with
different turbulent strengths (o = 1071, 1072, 1073, 10™4, 1072, 107°) are binned into nine
groups based on the average PE/KE. Shown is the average porosity in each group. For
comparison, the average porosity of neutral rims for different turbulence levels are shown
in green (o = 107! — 1075 in order of decreasing color shades).
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Figure 6.10: Comparisons of porosity of dust rims with a thickness of 300 pym as a function
of the ratio of grains’ electrostatic potential energy to the kinetic energy. Dust surface
potential is indicated by color (pink: ¢s = -0.061V; purple: ¢5 = -0.048V; blue: ¢5 = -
0.020V). Turbulence level is denoted by shade (o = 107! to a = 1079 in order of decreasing
color shades). The size of the chondrule core is represented by symbol size (r = 500-1000
pm, in 100 pgm increments). The black lines are the linear, least-square polynomial fit to
the data points.
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6.2.3 Time to Accumulate Rims

As shown in Chapter Five, in a neutral environment, chondrules in strong
turbulence accrete dust rims faster than those of the same size in weak turbulence,
and large chondrules accumulate dust rims faster than small chondrules in the same
environment. Here we examine the effect of charge on the time it takes a chondrule to
collect a dust rim. Although the growth rates of charged and neutral rims are similar
in strong turbulence, they can differ markedly in weak turbulence, as illustrated in
Fig. 6.11a for a 500-pum chondrule. Differences are seen among the charged and
neutral rims for turbulence levels av < 107°, due to a large fraction of small dust
particles being repelled. The critical value of turbulence at which the growth rate of
charged rims starts lagging behind neutral rims differs for different chondrule sizes:
it shifts towards weaker turbulence with increasing chondrule size due to the greater
kinetic energy of dust particles. More complete data for all chondrule sizes, turbulence
levels and charge levels are presented in Fig. 6.11b, where the growth rate is shown as
a function of PE/KE. Overall, the higher the charge and the weaker the turbulence,
i.e., greater PE/KE, the more the growth rates of charged rims lag behind those of
neutral rims.

Figure 6.12 compares the growth rates of chondrules of different sizes in more
detail. In the weakest turbulence (v = 1079), it is shown that the rim ceases accretion
before it grows to a thickness of 400 pum for the smallest chondrule (500 pm) with
highest surface potential (¢s = -0.061V). Therefore, in low turbulence, the presence
of charge not only slows the growth rate, but can cause the rim growth to stop. The
maximum rim thickness depends not only on the turbulence and charge level, but
also on the chondrule size. Although for the range of the conditions and elapsed
times examined here, rim growth is halted only for the smallest chondrule, larger
chondrules are also expected to eventually stop accreting dust rims after reaching

some maximum thickness depending on the surface charge and turbulence level.
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Figure 6.11: a) Thickness of the dust rim on a 500-pum-radius chondrule, as a function of
elapsed time, in charged (pink: ¢5 = -0.061V; purple: ¢s = -0.048V; blue: ¢5 = -0.020V)
and neutral (green lines) environments, with different turbulence strengths (o = 107! to
a = 1075 in order of decreasing color shades). b) Thickness of the dust rim as a function
of elapsed time for different average values of PE/KE. Dust rims on chondrules are binned
into 9 groups based on the average PE/KE. The green dashed lines indicate the growth
of neutral dust rims in environments with different turbulence levels (o = 107! — 1076 in

order of decreasing color shades).
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lines: ¢5 = -0.048V; blue dotted lines: ¢s = -0.020V). Turbulence strength is a) o = 1076

and b) a = 107°
6.3 Discussion and Conclusions
We have compared the growth of chondrule rim in neutral and weakly ionized
gas in PPDs, where the collisions leading to rim growth are driven by turbulence.

The turbulence strength, the amount of charge, and the chondrule size all come
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together to determine the ratio of a dust particle’s potential energy at the point of
impact to its kinetic energy far from the chondrule. Thus differences in the porosity,
thickness, and the distribution of dust sizes within the rim, as well the time needed
to accumulate a rim of a given thickness, are shown to depend on the ratio PE/KE.
In general, greater charge, weaker turbulence, and smaller chondrule size results in
larger average monomer size, increased porosity, smaller rim thickness and greater
time to accumulate the rim.

The radial profiles of dust rim porosity show that the outer regions have a
higher porosity than the inner regions in all cases, and the values vary in different
environments. In general, dust rims formed in stronger turbulence are more compact
than those formed in weak turbulence due to more severe restructuring (see Chapter
Five) and more small dust grains filling the pores. The impact of the charge on the rim
porosity varies in different turbulence regimes. In a strongly turbulent environment
(e > 107%), the charge can either increase or decrease the rim porosity due to the two
factors: first, the reduced relative velocity caused by the electrostatic force reduces
restructuring which increases the porosity; second, the electrostatic force can alter the
particle trajectories as they pass through the gaps in the rim, and the particles tend to
avoid the extremities of the rim to minimize the potential energy of the configuration,
which causes a more compact arrangement of monomers and decreases the porosity
[note that this effect is less important when particles move fast]. The impact of the
charge is negligible for o > 1072, and FGR porosity has an approximately constant
value of 50 — 65% in the inner regions of the rims formed in both charged and neutral
environments. For medium turbulence levels (« = 1073, 1071), charged rims are
overall slightly more compact than neutral rims, but they both fluctuate in the range
of 60 — 70%. Modelling and laboratory estimates (Ormel et al. 2008; Dominik et al.
1997; Blum 2004) show that the rolling motion within the dust layer or restructuring

caused by greater collisional energy can increase the filling factor (¢, = 1 — ) to
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a value of ~ 0.33, which is close to our results. In the case of weak turbulence
(a < 107°), the presence of charge on the dust results in the very smallest dust
particles being repelled from the chondrule surface. This lack of small dust grains
leads to an increase in the porosity of the dust rims, as the small dust grains tend
to fill in the pore spaces. Greater values of PE/KE result in more small grains
being repelled and therefore higher rim porosity, and the difference between rims
with different PE/KE increases as the rim grows (Fig. 6.9). The inner regions of
charged rims have a porosity of 60 — 75% for a = 107 and 70 — 92% for o = 1076,
while the porosity of neutral dust rims ranges from 63% to 72% for these turbulence
strengths.

Note that these are the initial porosities that dust rims acquired in the PPD,
which can be greatly reduced during following compaction process caused by low-
intensity shocks that individual rimmed chondrules or aggregates of chondrules ex-
perience before incorporated into parent bodies (strong shocks can melt chondrules;
Desch et al. 2012; Thompson 1985) or by energetic collisions between agglomerations
of rimmed chondrules (Bland 2011). Bland et al. (2011) researched the relationship
between fabric intensity and net compression by examining the degree of alignment of
olivine grain in FGRs, which indicates the amount of deformation, and reconstructed
an initial rim porosity of 70 — 80%. Our results have a broader range of porosity
due to the variety of conditions considered. In addition to the porosity, the repulsion
of small dust grains also affects the monomer size distribution within rims, and the
average monomer size is positively related to PE/KE for o 2 1072 (Fig. 6.3).

FGRs formed in environments with strong turbulence grow more rapidly than
those in weak turbulence (Ormel et al. 2008; Chapter Five). In strong turbulence,
the charge affects the formation time of dust rims by changing the rim porosity and
equivalent radius of the dust rim, which results in a different surface-to-mass ratio and

thus relative velocity with respect to dust particles (see Eq. 2.89). In low turbulence,
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the charge impacts the rim porosity and formation time mainly through the repulsion
of small dust particles. As chondrules grow in size and rims become more porous, the
increased surface area results in a higher surface potential, as shown in Fig. 6.13a,
which poses a greater electrostatic barrier for dust particles. Meanwhile, the ratio of
mass to surface area of a rimmed chondrule decreases as the thickness of the porous
rim relative to the compact chondrule core increases (Fig. 6.13b), which decreases
the relative velocity between chondrule and dust particles. Both factors cause more
small dust particles to be repelled. Therefore, the rim becomes more porous and
the growth rate slows down over time. Although larger chondrules have a higher
surface potential than small chondrules, they also have a greater mass-to-surface area
ratio increasing the relative velocity, which enables the dust particles to overcome
the increased electrostatic barrier. Therefore, large chondrules grow faster, and form
thicker and more compact rims than small chondrules. In very weak turbulence, the
presence of charge not only slows the growth rate, but can cause the rim growth to
stop. The maximum thickness depends on PE/KE: the lower the turbulence, the
higher the charge, and the smaller the chondrule size, the thinner the dust rim that

can be formed.
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The cessation of rim growth caused by the charge is similar to the charge bar-
rier for aggregate growth identified by Okuzumi (2009). However, there are several
mechanisms that could prevent the freezing of rim growth. First, chondrules may
resume accreting dust after traveling to environments with less charge or stronger
turbulence (through radial infall, etc.). A sudden change in porosity or monomer size
distribution within the rims may imply they were formed in multiple locations. Sec-
ond, vertical mixing of dust particles can enhance the kinetic energy of dust particles:
dust particles that couple strongly to the gas are lifted out of the region, and reenter
it after they grow larger (Okuzumi 2011b). Third, positive charging of the dust grains
caused by photoelectric emission due to stellar radiation (Akimkin 2015) can remove
the electrostatic barrier. However, neither of the last two mechanisms is significant
in dense regions of the disk (Ivlev 2016). Finally, compaction of dust rims caused
by thermal alternation or nebular shock waves results in a higher mass-to-surface
ratio which increases the relative velocity between chondrules and dust particles, and
a lower charge-to-mass ratio which reduces the electrostatic barrier. Both factors
promote the growth of dust rims.

Our main conclusions are:

e The overall porosity of neutral dust rims decreases as they grow in
thickness, while that of charged rims can either decrease (low PE/KE)
or increase (high PE/KE). In weakly turbulent regions, higher charge

results in higher rim porosity, and this increases as the rim grows.

e Deviation from the initial grain size distribution (with a greater propor-
tion of large monomers incorporated into the rim) increases for greater
charge, weaker turbulence, and smaller chondrule cores. In addition,
the deviation from the initial monomer distribution increases as the rim

increases in thickness (given more time to accumulate).
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e The higher the charge and the weaker the turbulence, the more the
growth rates of charged rims lag behind those of neutral rims. In low
turbulence (o < 107%), the presence of charge not only slows the growth

rate, but can cause the rim growth to stop.
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CHAPTER SEVEN

Conclusions and Outlook

A “detailed-MC” model simulating dust grain growth and chondrule dust rim
formation has been presented. This model incorporates the detailed physical charac-
teristics of aggregates in the collision process and uses a MC algorithm to simulate the
collisional evolution of a dust population and chondrule dust rims in a protoplanetary
disk. The study examines the impact of the environment, such as plasma condition
and turbulence level, and the physical characteristics of particles, such as the diversity
of particle size and porosity, on the collision process. In turn, it is also investigated
how the collision process affects the characteristics of resulting aggregates/dust rims.
Dust growth and FGR formation are compared over a range of nebular conditions
(charging levels, turbulence levels), by quantifying their physical characteristics and
timescales for growth. A summary of the results and a discussion about future work

are presented in the following sections.

7.1 Dust Growth

7.1.1 Results

Charge is an important factor in the process of dust coagulation, as it can
cause missed collisions and affect the monomer size distribution as well as porosity of
aggregates. Highly charged aggregates contain larger monomers than weakly charged
and neutral aggregates, as small monomers have a high charge-to-mass ratio and are
repelled from highly charged grains. The average monomer size within aggregates
increases with larger surface potential and lower turbulence. As aggregates grow
larger, the increased relative velocity enables small grains to be incorporated into

large aggregates. Therefore, the average monomer size decreases over time in highly
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charged, weakly turbulent environments, while it is fairly constant in neutral and
weakly charged, strongly turbulent environments.

Although the repulsion of small grains increases the porosity of aggregates,
charge can also decrease the porosity of resulting aggregates by causing colliding
particles to alter their path or rotate to minimize the potential energy of the configu-
ration. In addition, aggregates grow mainly through PCA in highly charged, weakly
turbulent environments, i.e., by accretion of monomers onto large aggregates. It is
easier for monomers to pass through the pores of aggregates and fill in the gaps of
aggregates, resulting in lower porosity. As a result of these factors, in general charged
aggregates tend to be more compact than neutral aggregates, and highly charged
aggregates are more compact than those with a low charge for a given turbulence
level.

The more compact structure of charged particles increases their relative veloc-
ities, which enhances the collision rate and enables the growth of a weakly charged
population to catch up with neutral population after lagging behind in the early stage
of dust growth. However, highly charged populations, despite their compact struc-
ture, are unable to catch up, due to a large amount of missed collisions. Although for
a given turbulence level, highly charged populations grow most slowly, they grow to
a larger size before reaching the bouncing barrier, due to reduced relative velocity by
electrostatic repulsion. The maximum particle size reached before bouncing occurs is
positively correlated with charge for a given turbulence level.

Different charging levels also cause dust populations to grow with different
modes. For highly charged population, once a critical size is reached, the largest
particles in the population grow very rapidly (“runaway growth’), while the rest of
the population grows very slowly. The particles with runaway growth are a small
proportion of the population, resulting in a population with few large aggregates and

a lot of remaining monomers and small aggregates. On the other hand, for neutral
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and weakly charged populations, particles grow collectively, and almost all monomers
have collided and formed aggregates before bouncing occurs.

In addition to the charge and porosity, the diversity of particle size also plays an
important role in dust coagulation. It not only increases the growth rate of particles,
as greater size difference results in higher relative velocity, but also reduces their
porosity through more efficient packing, which further increases the growth rate due to
the weak coupling of compact particles to the gas. For charged particles, the diversity

of both the porosity and size are important to overcoming the growth barrier.

7.1.2  Future Work for Growth of Aggregates in PPDs

This study focused on the hit-and-stick regime for low-velocity collisions. Re-
gression analysis shows that the charge, compactness factor, equivalent radius and
relative velocity are the greatest contributors to the collision process in this regime.
As aggregates grow larger and become less coupled to the ambient gas, they develop
greater relative velocities, which can lead to destructive collisions. As charged par-
ticles are more compact and comprised of larger monomers, they are more subject
to bouncing and fragmentation. The next step of this research is to simulate other
types of collision outcomes, such as bouncing, fragmentation, erosion and mass trans-
fer using LIGGGHTS (an Open Source Discrete Element Method Particle Simulation
Software), and develop a heuristic model for the collision rate as well as the physical
characteristics of the resulting aggregates based on the data recorded from actual
collisions. This new kernel will be used to simulate the evolution of a dust population

over long time periods relevant to protoplanetary disk evolution.

7.2 FGRs
7.2.1 Results
The turbulence strength, the amount of charge, and the size of the chondrule

core all come together to determine the ratio of a dust particle’s potential energy at
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the point of impact to its kinetic energy far from the chondrule. Thus, differences in
the porosity, thickness, and the distribution of dust sizes within the rim, as well as
the time needed to accumulate a rim of a given thickness, are shown to depend on
the ratio PE/KE.

Neutral chondrules collect dust grains representative of the size distribution
in the local environment, while in environments with high PE/KE, large monomers
are selectively incorporated into rims due to the repulsion of small monomers. The
average monomer size and the deviation from the initial grain size distribution are
positively related to the charge as well as rim thickness (thicker rims indicate more
time for accumulation), and negatively related to the turbulence level and the size of
chondrule core.

FGRs formed in strong turbulence are more compact than those formed in weak
turbulence, and FGRs formed by accretion of individual monomers (PA) are more
compact than those formed by cluster aggregation (CA). Higher charge results in
higher rim porosity in weakly turbulent regions, while in strong turbulence, charged
and neutral rims have similar porosity. Differences can be seen not only in the average
porosity of the entire rim, but also in the change in the porosity of different layers
within the rim. For PA with strong turbulence (o 2 1072) and CA, rim porosity has
an approximately constant value in the inner regions of the rims, while for PA with
weak turbulence (o < 1073), especially for highly charged rims, the porosity increases
with distance from the chondrule center. As dust rims grow in thickness, their over-
all porosity decreases in a neutral environment, while in charged environments, the
porosity can either decrease (low PE/KE) or increase (high PE/KE).

The linear relationship between chondrule size and rim thickness is investi-
gated. Larger chondrules have higher collision rate with dust particles due to their
greater relative velocity with respect to dust particles and the greater cross-sectional

area. However, more dust is required to build a rim of a certain thickness for large
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chondrules than for smaller chondrules. As a consequence of these two factors, FGR
thickness scales linearly with chondrule radius for equal elapsed time. This linear
relation becomes steeper over time, as the greater collisional cross section and higher
relative velocities of the larger chondrules increase the collision rate.

FGRs formed in environments with strong turbulence grow more rapidly than
those formed in weak turbulence, and the times needed to build FGRs of a certain
thickness decrease approximately linearly with increasing turbulence parameter a. In
the case of low PE/KE, charged rims have similar growth rates as neutral rims, while
for high PE/KE, the greater the charge and the weaker the turbulence, the more the
growth rates of charged rims lag behind those of neutral rims. In low turbulence
(a < 107%), the presence of charge not only slows the growth rate, but can cause
the rim growth to stop. The maximum thickness depends on PE/KE: the lower the
turbulence, the higher the charge, and the smaller the chondrule size, the thinner the
dust rim that can be formed.

In summary, a higher PE/KE, i.e., greater charge, weaker turbulence, and
smaller chondrule size, results in larger average monomer size, increased porosity,

smaller rim thickness and greater time to accumulate the rim.

7.2.2  Future Work on the Growth of Chondrule Rims

Note that the porosities of FGRs obtained in this study are the initial porosi-
ties that dust rims acquired in the PPD, which can be greatly reduced during the
compaction processes that follow, such as those caused by low-intensity shocks that
individual rimmed chondrules or aggregates of chondrules experience before being
incorporated into parent bodies or by energetic collisions between agglomerations of
rimmed chondrules. In addition to impact compaction, thermal metamorphism and
aqueous alteration can also reduce the dust rim porosity. Future work should take

these factors into consideration.
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This model assumes that both the chondrule core and dust monomer are spher-
ical with smooth surfaces. In reality, chondrule surfaces can be rough and chondrule
shapes can depart from spherical, possibly as primary features. Comparison of FGR
volume with chondrule roughness suggests that increased chondrule surface roughness
caused greater accumulation of dust onto the chondrule surface (Hanna & Ketcham,
2018). Dust monomers in the PPD also have irregular shapes, which can arrange
themselves in more compact configurations than spherical monomers, reducing the
rim porosity. Future work should examine the influence of irregular shape of chondrule
core/dust monomer on dust accumulation and rim porosity.

FGRs act as a cushion and are compressed in energetic collisions between
rimmed chondrules. Thicker and denser dust rims are more efficient in dissipating
the collision energy than thin and porous rims, resulting in higher critical bouncing
velocity. The compaction of dust rims increases the relative velocities of chondrules
with respect to other particles, which leads to destructive collisions such as erosion
and fragmentation, limiting the further growth of dust rims. On the other hand, both
the greater relative velocity and lower charge-to-mass ratio resulting from compaction
can alleviate the electrostatic barrier. It will be of interest to simulate collisions be-
tween rimmed chondrules and/or agglomerates of chondrules, taking into account the
erosion, fragmentation and compaction of dust rims, and investigate the effect of dust

rims on the collision process in future work.
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APPENDIX A

Initial porosity of compacted Murchison FGRs

Hanna and Ketcham (2018) found that that Murchison FGRs varied in thickness
and were consistently thinner (compressed) in the direction of maximum strain within
the meteorite. The maximum FGR thickness was 9.2% of the maximum chondrule
length and the minimum FGR thickness was 6.4% (of maximum chondrule length)
[refer to Fig. 6F of Hanna & Ketcham (2018)]. Therefore the maximum relative
thickness difference between compressed and uncompressed portions of the rim is
0.064/0.092 = 0.70. In other words, the thickness of the FGRs has been reduced by
up to 30%. If we assume the current bulk porosity of Murchison (22.1%; Macke et al.,
2011) is the current porosity of the FGRs in Murchison, we can use equation (9) of

Hanna et al. (2015) to estimate the maximum initial porosity of the FGRs at ~45%.
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