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ABSTRACT

The role of astrophysical dust is often simplified in models of galaxy and star
formation, where it is typically treated as passively tracing the gas. However, dust
actively influences the dynamics, thermodynamics, and observable properties of
diverse environments. This thesis explores how explicitly modeling dust grain
dynamics and their interactions with gas, radiation, and electromagnetic fields alters
the behavior of three key astrophysical regimes: active galactic nuclei (AGN), star-

forming giant molecular clouds (GMCs), and the early Universe.

Radiation pressure on dust is widely regarded as a driver of large-scale outflows in
AGN, though the dynamics of this interaction remain poorly constrained. Using radi-
ation—dust-magnetohydrodynamic (RDMHD) simulations, we show that radiation
efficiently drives supersonic, dust-laden outflows, which are unstable to resonant
drag instabilities (RDIs). These instabilities generate turbulence and restructure
the dust into clumpy, anisotropic forms, accounting for the torus’s patchiness and

producing time-variable reprocessed emission in the infrared and optical.

In GMCs, dust dynamics play a crucial role in shaping both the chemistry and
thermodynamics of the gas. Leveraging the STARFORGE framework with live
dust dynamics and non-equilibrium thermochemistry, we show that stellar radiation
redistributes dust, reducing dust accretion during the main mass growth phases
and leading to substantial abundance variations among co-natal stars. Statistically,
these variations align with observational data, providing an alternative mechanism
for driving abundance fluctuations in co-natal stars, beyond interpretations focused
solely on post-formation processes like planet accretion. We find that, for a fixed
dust mass, grain size variations significantly affect the thermodynamics, influencing
local opacity, radiative transport, thermal balance, and ionization structure, thereby

suppressing SFE by up to an order of magnitude.

Finally, we introduce a novel mechanism for magnetogenesis in the early Uni-
verse via radiatively accelerated, charged dust grains. This “dust battery" takes
advantage of the large stopping lengths of dust grains to produce significant charge
separation over large distances, thereby driving electric fields and seeding magnetic
fields. Unlike conventional mechanisms (e.g., Biermann battery, Weibel instability),
which rely on short-range electron-ion separation, this process operates efficiently

and generates magnetic fields several orders of magnitude stronger than those pro-
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duced by traditional mechanisms. We derive the underlying theory, develop a
Magnetohydrodynamic-Particle-In-Cell (MHD-PIC) model, and a sub-grid model

suitable for implementation in cosmological contexts.

These insights underscore the importance of incorporating dust dynamics into as-
trophysical models to enhance our understanding of the formation and evolution of

galaxies, stars, and the interstellar medium.
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NOMENCLATURE

AGN. Active Galactic Nucleus. A compact, extremely luminous region at the
center of a galaxy, powered by accretion of matter onto a supermassive black
hole..

Chemical Tagging. A technique for associating stars with their formation sites
based on their detailed elemental abundance patterns.

Collisional Charging. The process by which dust grains acquire electric charge
through collisions with ambient electrons and ions.

DTG. Dust-to-Gas Ratio. The mass ratio of dust grains to gas in the ISM.

Dynamo Mechanism. A physical process by which magnetic fields are amplified
through the motion of conducting fluids, particularly in turbulent astrophys-
ical plasmas.

Feedback. The injection of energy, momentum, or radiation into the surrounding
environment by stars, supernovae, or AGN, regulating further star formation
and gas dynamics.

GMC. Giant Molecular Cloud. A massive and dense cloud of molecular gas and
dust within the interstellar medium (ISM), serving as a primary site of star
formation.

Grain Coagulation. The process by which individual dust grains collide and ad-
here, forming larger aggregates within molecular clouds or protoplanetary
disks.

Gray Opacity Approximation. A radiative transfer simplification in which the
opacity is assumed to be independent of frequency within a given spectral
band..

IMF. Initial Mass Function. The statistical distribution of stellar masses at the
time of their formation within a given star-forming environment.

ISM. Interstellar Medium. The complex mixture of gas, dust, and cosmic rays
occupying the space between stars within a galaxy.

ISRF. Interstellar Radiation Field. The diffuse background radiation field per-
meating the galaxy.

MHD. Magnetohydrodynamics. The study of the dynamics of electrically con-
ducting fluids, such as plasmas, in the presence of magnetic fields.
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Monte Carlo Super-Particles. A computational method in which each simulation
particle represents a statistical ensemble of dust grains, enabling efficient
modeling of dust dynamics..

Opacity. A measure of a medium’s resistance to the propagation of radiation,
quantified through absorption and scattering cross-sections..

Photoelectric Emission. The ejection of electrons from dust grain surfaces due to
incident ultraviolet photons, contributing to gas heating and grain charging.

Planetesimal. A solid body, typically kilometers in size, formed from coagulated
dust grains in protoplanetary disks and serving as a precursor to planets.

Radiation Pressure. The force exerted on dust grains as a result of momentum
transfer from absorbed or scattered photons.

RDI. Resonant Drag Instability. An instability that arises from the resonant
interaction between dust-gas drift and natural wave modes in a background
fluid.

RDMHD. Radiation-Dust-Magnetohydrodynamics. A numerical framework for
modeling the coupled dynamics of radiation, dust, gas, and magnetic fields.

SFE. Star Formation Efficiency. The fraction of gas mass within a molecular
cloud that is converted into stars over time.

Shattering. The fragmentation of dust grains into smaller particles following high-
velocity collisions.

Single-Fluid Approximation. An approach in which two fluid components are
assumed to be perfectly coupled and treated as a single fluid with shared
dynamics.

Sink Particle. A numerical construct used to represent collapsing regions (e.g.,
stars or black holes) in simulations, which can accrete mass and interact
gravitationally with the medium.

Sputtering. The erosion of dust grain surfaces due to impacts by high-energy ions,
particularly in shock-heated gas.

STARFORGE. STAR FORmation in Gaseous Environments. A large-scale
simulation project designed to model the multi-scale physics of star forma-
tion, including turbulence, feedback, and magnetic fields.

Streaming Instability. A collective instability in dusty protoplanetary disks, driven
by the relative drift between dust and gas, which can lead to dust clumping
and planetesimal formation.
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Thermochemistry. The coupled interplay between thermal processes and chem-
ical reactions within the ISM, governing heating, cooling, and molecular
formation.

Turbulence. A state of chaotic and stochastic fluid motion.

Two-Fluid Method. A simulation technique that treats gas and dust as distinct
fluids with separate equations of motion, allowing for differential dynamics
and drag forces.



Chapter 1

INTRODUCTION

Astrophysical systems are inherently multi-scale, highly nonlinear, and frequently
chaotic. Their macroscopic behavior arises from the complex interactions of pro-
cesses that operate across many orders of magnitude in both spatial and temporal
scales. A central challenge in computational astrophysics is identifying which phys-
ical processes must be captured explicitly and under what conditions approximate
or sub-grid prescriptions can be reliably applied. These decisions set the require-
ments for spatial and temporal resolution, as well as the physical fidelity needed for

simulations to remain both computationally feasible and scientifically robust.

The interstellar medium (ISM) provides an illustrative example of these challenges.
It is a turbulent, multiphase medium with wide variations in density, temperature,
and ionization. The ISM encompasses cold molecular clouds where stars form, the
warm neutral and ionized media that mediate stellar feedback, and the hot, diffuse
gas that populates galactic halos (Draine [2010; McKee & Ostriker |1977). These
phases are dynamically coupled through processes such as radiative heating and
cooling, shock-driven turbulence, stellar winds, and gravitational collapse (Ferriere
2001} Krumholz, McKee, & Tumlinson[2009a; Wolfire et al. 1995b). Capturing this
interconnected and highly nonlinear behavior is essential for constructing physically

grounded models of star formation and galactic evolution.

Despite extensive theoretical and computational efforts to model the ISM, one of its
most influential components, dust, remains poorly understood in many astrophysical
contexts. While dust constitutes only about 1% of the ISM by mass, its influence on

the thermodynamic, chemical, and radiative properties of the medium is pronounced.

1.1 The Evolving Role of Dust in Astrophysics

The recognition of interstellar dust as a critical component of the ISM has undergone
significant evolution over the past centuries. The earliest indications of dust came
from its obscuring effects. In the 18th century, William Herschel noted dark starless
patches in the Milky Way, that he interpreted as “holes in the heavens” (Herschel
1785). These observations correspond to obscuring features now known to be dense

dust clouds, which rendered sections of the Galaxy optically opaque.
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By the early 20th century, systematic discrepancies between the observed and intrin-
sic magnitudes and colors of stars suggested the presence of an intervening medium
(Kapteyn |1909; Schalén 1929} Struve [1847). A key development came with the
work of Trumpler (1930), who showed that open clusters appeared dimmer and
redder at larger distances. This provided strong evidence for interstellar extinction
and reddening, clearly identifying dust as the primary cause. Subsequent studies
further clarified the wavelength dependence of extinction, with observations by Hall
(1937), Greenstein (1938) and Stebbins, Huffer, & Whitford (1939) revealing a A1
trend in the optical regime, consistent with Rayleigh scattering by small dust grains.

Early models suggested that metallic particles, meteoritic debris, or icy mantles
might be the primary constituents of interstellar dust (e.g., Greenstein|1938}; Oort &
van de Hulst|1946; Schalén|1936). However, these hypotheses were eventually ruled
out due to discrepancies with observed elemental abundances and interstellar dust
polarization measurements. Further spectral observations provided more insight
into the composition of interstellar dust. The 2175A ultraviolet extinction feature
pointed to the presence of graphitic grains (Hoyle & Wickramasinghe|1962), while
infrared absorption spectra revealed signatures of both amorphous and crystalline
silicates (Hackwell, Gehrz, & Woolf|1970; Knacke et al.[1969; Stein & Gillett|1969;
Woolf & Ney |1969). These findings established that silicate and carbonaceous
grains, frequently coated with volatile ices in dense regions, are the primary solid

constituents of interstellar dust.

As the basic composition and structure of interstellar dust became clearer through
spectral observations, so too did its functional role in shaping the thermodynamic
and chemical state of the ISM. Hollenbach, Werner, & Salpeter (1971) demon-
strated that dust grains act as catalytic sites for the formation of molecular hydrogen
(H3), enabling the recombination of hydrogen atoms adsorbed on grain surfaces.
This process, now recognized as the dominant formation mechanism for H; in the
interstellar medium, linked dust directly to the chemical evolution of the gas. In
parallel, studies by Goldsmith & Langer (1978) showed that dust grains absorb
ultraviolet and optical photons and re-radiate this energy in the infrared, allowing
dense gas to cool efficiently and thereby promoting gravitational collapse. These

findings established dust as a crucial thermochemical agent within molecular clouds.

A pivotal step in quantifying the dust population came with the work of Mathis,
Rumpl, & Nordsieck (1977), who developed what is now known as the MRN

distribution. This empirical power-law grain size distribution, n(€grin) eg‘ri'ifl
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for grain size €gpin between 0.005 and 0.25 microns, successfully reproduced the
observed interstellar extinction curve across the ultraviolet, optical, and infrared
wavelengths. The MRN model demonstrated that the ISM contains a continuous
range of grain sizes, dominated in number by the smallest particles but with most

of the mass in larger grains.

Building on the empirical foundation laid by the MRN size distribution, efforts soon
turned toward constructing more physically detailed models of dust. A major step
forward came with the work of Draine & Lee (1984), who developed a compre-
hensive model incorporating both silicate and graphite grains, along with updated
dielectric functions and optical constants. These models allowed for accurate pre-
dictions of dust scattering, absorption, and thermal emission across a broad range of
wavelengths, effectively linking grain composition to their observed radiative sig-
natures. Later refinements by Li & Draine (2001) introduced polycyclic aromatic
hydrocarbons (PAHs) as a distinct population of small grains, providing a natural
explanation for the prominent mid-infrared emission features seen in many inter-
stellar environments. Together, the MRN distribution and Draine’s models form
the backbone of contemporary dust modeling and are widely employed in radiative

transfer calculations and ISM simulations.

As the radiative properties of dust became well-characterized, attention increasingly
shifted to its influence on the physical and chemical state of the surrounding gas.
Early investigations by Draine & Sutin (1987), Elmegreen (1979), Spitzer (1941),
and Umebayashi & Nakano (1980) highlighted the significance of dust grains as
charge carriers in the ISM, influencing both ionization balance and magnetic dif-
fusion. Building on this foundation, Weingartner & Draine (2001b) conducted a
comprehensive study of grain charging mechanisms, demonstrating that interstellar
dust grains acquire electric charge primarily through photoelectric emission—driven
by ultraviolet and optical photons—and through collisional interactions with am-
bient electrons and ions. They showed that grain charge distributions are highly
sensitive to local physical conditions, including the radiation field strength, electron
density, and grain properties, emphasizing the dynamic role of dust in shaping its

electromagnetic environment.

Building on these insights, studies by Umebayashi & Nakano (1990) and Nishi,
Nakano, & Umebayashi (1991) demonstrated that charged dust grains play a pivotal
role in shaping the ionization balance and magnetic behavior of weakly ionized

regions in the ISM. In such environments, dust grains act as charge reservoirs that
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alter the abundance of free electrons and ions, thereby modifying the gas’s elec-
trical conductivity. This has direct implications for the emergence of non-ideal
magnetohydrodynamic (MHD) effects, including Ohmic dissipation, ambipolar dif-
fusion, and the Hall effect. These findings established grain charging as a key factor
governing magnetic field evolution in environments such as molecular clouds and

protoplanetary disks, where magnetic forces influence star and disk formation.

As the role of dust in regulating the physical state of the ISM was being established,
parallel theoretical developments highlighted its significance in planet formation.
Safronov & Zvjagina (1969) proposed that solid particles in protoplanetary disks
would settle toward the midplane and grow through successive collisions, initiating
the first stages of planet formation. Observational confirmation of this growth
process came decades later, as studies by Beckwith, Henning, & Nakagawa (1999)),
Testi et al. (2003)), and Ricci et al. (2010) revealed that dust grains rapidly evolve from
sub-micron sizes to millimeter—centimeter-scale pebbles within the first few hundred
thousand years of disk evolution. Theoretical models by Youdin & Goodman
(2005) and Johansen & Youdin (2007) further showed that these pebbles can
become aerodynamically concentrated via gas-dust instabilities, reaching densities
high enough to gravitationally collapse into planetesimals. This pathway, from
grains to pebbles to planetesimals, firmly established dust as the starting point for

building planetary systems.

Each of these studies emphasizes different microphysical processes: radiative trans-
fer, thermochemistry, and magnetohydrodynamics. A comprehensive understanding
of dust-grain microphysics and its macroscopic consequences is therefore essential.
One effective avenue for exploring these processes is through numerical simula-
tions, which can self-consistently capture how grain-scale interactions influence the

evolution of complex, multiscale astrophysical systems.

1.2 The Dynamics of Dust Grains

Traditionally, many astrophysical simulations adopt a simplified treatment of dust,
assuming perfect coupling to the gas via strong drag forces, i.e., short mean-free
paths relative to the scales of interest. In this single-fluid approximation, dust
is modeled as a passive scalar that follows the gas dynamics exactly, influencing

radiative transfer, chemistry and thermal balance but not evolving independently.

While the single-fluid approximation offers substantial computational efficiency and

is sometimes physically justified (e.g., for small grains in dense, highly collisional
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environments), it breaks down across a wide range of astrophysical conditions. Dust
grains experience a wide array of forces beyond collisional drag, including radiation
pressure, Lorentz forces from interactions with magnetic fields, and gravity. For
the single-fluid approximation to hold, forces must balance such that no significant
differential motion arises between dust and gas. In practice, this condition is often

violated particularly in highly dynamic environments.

A key quantity for assessing the degree of dust-gas coupling is the dust stopping
time which quantifies the characteristic timescale over which a dust grain loses
its momentum relative to the surrounding gas due to drag forces. Specifically, it
describes the rate at which collisions with gas particles dampen the relative velocity
between the dust and the gas. A longer stopping time indicates weaker coupling,
while a shorter stopping time suggests stronger interaction and more rapid adjustment
of the dust grain’s motion to that of the gas. The stopping time of a dust grain can

be estimated as
_ MgrainWs

ty =
|Fpl
where mg,, 18 the grain’s mass, wy is its relative velocity with respect to the gas,

b

and Fp is the drag force.

More precisely, since drag typically scales with velocity, ¢, represents the e-folding

timescale for the decay of the grain’s relative motion with respect to the gas. Addi-

tionally, the grain’s mass scales with the cube of its size (eé’rain), while drag forces
. . . 2 . .

scale with the square of the grain size (egrain) and are directly proportional to the gas

density. Thus, larger grains or grains in low-density environments exhibit longer

stopping times and weaker coupling to the gas.

Additionally, as mentioned earlier grains acquire electric charges through photoelec-
tric emission or collisional charging, leading to large charge-to-mass ratios. These
charged grains interact strongly with magnetic fields and can experience Lorentz
forces that can become important in the strongly magnetized regime Draine (2010)
and Hopkins & Squire (2018b). Furthermore, radiation pressure can accelerate
dust independently of the gas, especially in high-radiation fields typical of starburst
galaxies, AGN winds, or around massive stars (Murray, Quataert, & Thompson
2005; Thompson, Quataert, & Murray [2005). In regimes where external forces
(non-drag forces) on the dust dominate over the drag from the gas, the dust dynam-
ics will deviate from that of the gas. The decoupling of dust and gas dynamics
leads to a spectrum of dynamical phenomena, with the resonant drag instability

(RDI) being of particular interest in many astrophysical contexts. RDIs manifest
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when the relative drift between the dust and gas resonates with the characteristic
wave modes of the medium, such as sound, Alfvén, or magnetosonic waves, which
drives the exponential growth of small perturbations (Hopkins & Squire 2018bj
Squire & Hopkins 2018b)). Under these conditions, small perturbations can grow
exponentially by tapping into the energy of the relative drift. Because RDIs arise
whenever particles stream through a wave-supporting fluid with drag coupling, they
are remarkably general, appearing across a wide array of environments, from HII
regions and circumstellar disks to the circumgalactic medium (Hopkins & Squire
2018a; Moseley, Squire, & Hopkins 2019; Squire & Hopkins 2018b).

The broad applicability of RDIs makes them particularly interesting, especially since
they can develop from even modest initial drift velocities. As these instabilities
evolve, they can reach strongly nonlinear regimes, leading to significant dust-gas
segregation, turbulence in both the dust and gas components, and enhanced density
and velocity inhomogeneities (Hopkins & Squire 2018b; Seligman, Hopkins, &
Squire 2019). This process often results in the formation of structures such as
filaments, clumps, and cavities, which can substantially influence the morphology

and evolution of dusty media.

One particularly well-studied example of the RDIs is the streaming instability in
protoplanetary disks (johansen2007rapid; Youdin & Goodman 2005). Here, dust
grains experience headwind drag due to the sub-Keplerian motion of the gas, causing
inward radial drift. When this drift resonates with the epicyclic frequency of the
disk, instabilities develop that generate dust over-densities. These dense clumps can
then become gravitationally bound, facilitating the formation of planetesimals. The
streaming instability is now widely regarded as a leading mechanism for the early

stages of planetesimal growth.

Furthermore, in radiation-pressure-dominated environments such as starburst galax-
ies or AGN-driven winds, RDIs can significantly impact radiation-matter coupling.
In these regions, RDIs can fragment radiatively accelerated dusty flows, creating
low-density channels that allow radiation to escape more efficiently. This reduces
the coupling between the gas and radiation, modifying the dynamics of radiation-
driven outflows. Consequently, this can alter the observational signatures of such
outflows and affect the efficiency with which energy is transferred to the surrounding

medium.

In addition to these dynamical effects, the dust over-densities produced by these

instabilities can also have important implications for the thermal properties of the
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gas. By enhancing infrared emission or promoting molecular formation, these
dust clumps can alter local cooling rates, a process particularly relevant in star-
forming regions where dust plays a critical role in both chemistry and the cooling

of collapsing gas clouds.

1.3 The Need for Improved Dust Modeling

As evidence for dust-driven processes increases across diverse astrophysical envi-
ronments, it is becoming increasingly important to move beyond the single-fluid
approximation and treat dust as a distinct component in order to more accurately

capture its influence.

Dust in Numerical Simulations: A Monte Carlo Super-Particle Approach

One of the major challenges in modeling dust in realistic astrophysical environments
is the vast disparity in relevant physical scales. Galaxies span tens to hundreds of
kiloparsecs, while individual dust grains are micron-sized solids. The physical
timescales range from sub-second interactions (e.g., grain charging, collisions) to
billions of years of galaxy evolution. Directly resolving these scales in a single

simulation is infeasible with current computational resources.

To bridge this gap, simulations often adopt a statistical approach known as the
Monte Carlo super-particle method. In this framework, each computational “dust
particle” represents an ensemble of grains sharing common physical properties,
such as size, composition, charge state, and temperature. These super-particles do
not correspond to individual grains but to phase-space distributions, allowing the

simulation to evolve a representative sample of the dust population.

Each super-particle evolves under the combined influence of aerodynamic drag,
radiation pressure, gravitational forces, and magnetic interactions via the Lorentz
force. Importantly, these grains also exert a back-reaction force on the gas, ensur-
ing momentum conservation and allowing for two-way coupling between dust and
gas phases. The grain charge is updated dynamically based on the local ionizing
radiation field and ambient plasma properties, accounting for processes such as

photoelectric emission, collisional charging, and ionization from cosmic rays.

1.4 Scope of this Thesis
This thesis models dust as a distinct component in astrophysical systems, dynam-
ically coupled with the surrounding gas and influenced by various external forces.

Dust dynamics are represented by Monte Carlo super-particles, which are initialized
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according to observationally constrained grain size distributions and compositions.
These super-particles evolve through interactions with gas, radiation, gravity, and
magnetic fields, contributing to the system through opacity, radiative momentum

transfer, and chemical processes.

This work investigates under what conditions such detailed modeling is essential
and how dust-gas interactions shape both local and global astrophysical phenomena.

Specifically, we apply this framework to three key environments:

1. AGN-driven outflows: In Chapter [2l we consider the dynamics of dust in
the AGN torus. Active galactic nuclei provide extreme testbeds for radia-
tion—dust—gas coupling, where small-scale dust dynamics can dramatically
affect large-scale feedback. In such systems, radiation pressure is primarily
exerted on dust grains, which subsequently transfer momentum to the gas
via drag. In optically thick regions, radiation pressure can be enhanced by
multiple scattering, allowing photons to interact with dust grains repeatedly
before escaping. This process can boost the total momentum imparted to
the medium beyond the single-scattering limit, enabling powerful outflows.
However, this coupling is highly sensitive to the local dust-to-gas ratio, grain
size distribution, and anisotropy in the radiation field. The presence of RDIs
and other sources of inhomogeneity can further complicate this picture. RDIs
restructure the dust distribution, creating filamentary, clumpy, and anisotropic
structures that alter the local and global opacity. We perform a suite of
radiation—dust-MHD simulations to quantify how these effects impact the
macroscopic outflow morphology, momentum budget, and multi-wavelength
AGN variability.

2. Star-forming GMCs: The next three chapters turn to GMCs. These envi-
ronments offer a contrasting but complementary testbed to the AGN case for
probing the coupled dynamics of dust and gas, but now on smaller scales, and
under turbulence and gravitational collapse across a wider range of densities
and temperatures. As in the AGN case, radiation, gravity, and turbulence can
all drive decoupling between the dust and gas phases, and this decoupling may
play a critical role in shaping the properties of stars that form within these

clouds.

Chapter 3] begins by examining the effects of relaxing the assumption of tight
dynamical coupling between the dust and the gas. We analyze the competing
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forces that govern the motion of dust grains relative to the gas. As dust grains
sequester a large fraction of the metals in the ISM, even modest decoupling can
lead to localized fluctuations in the dust-to-gas ratio. Such variations have
the potential to produce chemical abundance inhomogeneities in the stars
that form from, or subsequently accrete from, this material. This has direct
implications for the interpretation of abundance spreads in young clusters
and place constraints on the assumptions underlying techniques like chemical
tagging.

In Chapter 4, we explore the observational consequences of these chemically
imprinted birth conditions. Specifically, we test whether abundance variations
from dust dynamics could be misinterpreted as signs of planetary ingestion.
Planetary engulfment is often invoked to explain metal-rich anomalies in solar-
type stars. However, if these stars were born with enhanced metallicity from
anomalous dust fluctuations in their natal environment, such post-formation
interpretations may be misleading. The goal is to understand how far abun-
dance anomalies can be pushed by dust to gas ratio fluctuations alone, and to

better distinguish them from planet ingestion signatures.

Chapter [5]shifts focus to another common simplification: the assumption that
dust properties, such as grain size are fixed and spatially uniform. While
such assumptions facilitate modeling, they can mask the critical role that
dust plays in regulating the thermodynamic state of GMCs. Dust influences
both radiative cooling and opacity, each of which depends non-linearly on
grain size. As a result, even modest variations in the grain size distribution
can lead to significant changes in the thermal structure of the cloud. Since
gas temperature governs the local Jeans mass and modulates the degree of
fragmentation, shifts in dust properties can cascade upward to affect star
formation efficiency and imprint on the resulting initial mass function (IMF).
This chapter explores how grain size variability modulates the thermal balance

within GMCs and, in turn, alters global star formation outcomes.

. The early Universe: Chapter[6|turns to the early Universe, where we examine
the role of dust in cosmic magnetogenesis. The generation of magnetic fields
from an initially field-free state requires charge separation to produce electric
fields, which then induce magnetic fields via Faraday’s law. Conventional
mechanisms, which rely on electron-ion separation at small spatial scales,

typically produce weak seed fields that require substantial amplification by
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dynamo processes to reach observed field strengths.

In this chapter, we propose an alternative mechanism, the “dust battery”, in
which charged dust grains accelerated by radiation pressure, decouple from
the ambient plasma and drift relative to other charged species. Due to their
large radiative cross-sections and weak collisional coupling to the gas phase,
these grains can be displaced over large astrophysical distances before being
slowed by drag forces. This displacement gives rise to coherent electric fields
and results in the generation of magnetic fields that can exceed those predicted
by conventional scenarios. This process efficiently generates magnetic fields
orders of magnitude stronger than traditional scenarios. The mechanism
is developed from first principles using multi-species MHD, and we derive
the governing equations necessary for implementation in MHD-PIC plasma

simulations, and a sub-grid model applicable to galaxy formation.

By systematically analyzing these regimes, this thesis aims to identify the physical
conditions where dust must be modeled as a fully coupled dynamical component
and quantify how its microphysical behavior feeds back onto star formation, galaxy

evolution, and cosmic structure formation.
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Chapter 2

DUST DYNAMICS IN AGN WINDS: A NEW MECHANISM FOR
MULTIWAVELENGTH AGN VARIABILITY

Soliman, N. H., Hopkins, P. F., 2023, Dust Dynamics in AGN Winds: A New
Mechanism for Multiwavelength AGN Variability Monthly Notices of the Royal
Astronomical Society, 525, 2668 DOI: 10.1093/mnras/stad2460. | NHS partici-
pated in the conception of the project, carried out the simulations, and analyzed
the results.

Abstract

Partial dust obscuration in active galactic nuclei (AGN) has been proposed
as a potential explanation for some cases of AGN variability. The dust-gas
mixture present in AGN tori is accelerated by radiation pressure, leading to the
launching of an AGN wind. Dust under these conditions has been shown to be
unstable to a generic class of fast-growing resonant drag instabilities (RDIs).
In this work, we present the first numerical simulations of radiation-driven
outflows that explicitly include dust dynamics in conditions resembling AGN
winds. We investigate the implications of RDIs on the torus morphology, AGN
variability, and the ability of radiation to effectively launch a wind. We find
that the RDIs rapidly develop, reaching saturation at times much shorter than
the global timescales of the outflows, resulting in the formation of filamentary
structure on box-size scales with strong dust clumping and super-Alfvénic
velocity dispersions. The instabilities lead to fluctuations in dust opacity and
gas column density of 10-20% when integrated along mock observed lines-
of-sight to the quasar accretion disk. These fluctuations occur over year to
decade timescales and exhibit a red-noise power spectrum commonly observed
for AGN. Additionally, we find that the radiation effectively couples with the
dust-gas mixture, launching highly supersonic winds that entrain 70-90% of
the gas, with a factor of < 3 photon momentum loss relative to the predicted
multiple-scattering momentum loading rate. Therefore, our findings suggest
that RDIs play an important role in driving the clumpy nature of AGN tori and

generating AGN variability consistent with observations.


http://dx.doi.org/10.1093/mnras/stad2460
http://dx.doi.org/10.1093/mnras/stad2460
http://dx.doi.org/10.1093/mnras/stad2460
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2.1 Introduction

Dust plays a critical role in how a wide range of astrophysical systems form, evolve,
and are observed. It is involved in processes such as planetary formation and
evolution (Apai & Lauretta [2010; Lissauer 1993; Liu & Ji 2020); chemical
evolution (Minissale et al. 2016; Watanabe & Kouchi 2008; Weingartner &
Draine 2001b; Whittet, Millar, & Williams |1993), heating, and cooling within
the interstellar medium (ISM) and star formation (Dorschner 2003; Draine 2003}
Salpeter |1977; Spitzer Jr[2008; Weingartner & Draine 2001a)); as well as feedback
and outflow launching in star-forming regions, cool stars and active galactic nuclei
(AGN) (Hofner & Olofsson [2018; King & Pounds 2015, Murray, Quataert, &
Thompson 2005). Moreover, dust imprints ubiquitous observable signatures, such
as the attenuation and extinction of observed light (Draine & Lee |1984; Mathis
1990; Savage & Mathis|1979).

One particular regime where dust is believed to play a central role in both dynamics
and observations is the “dusty torus” region around AGN (Antonucci 1982; Choi
et al.2022; Lawrence & Elvis|1982; Urry & Padovani|1995). It is well established
that outside of the dust sublimation radius, AGN and quasars are surrounded by a
dust-laden region with extinction and column densities ranging from ~ 10??> cm=2
in the polar direction to ~ 10?®cm™2 in the mid-plane (on average), exhibiting
“clumpy” sub-structure in both dust and gas, ubiquitous time variability on > yr
timescales, and a diverse array of detailed geometric and reddening properties (see
Elitzur & Shlosman 2006} Krolik & Begelman|1988; Leighly et al.2015; Nenkova
et al. 2008alb; Stalevski et al. 2012} Tristram et al. 2007, or for recent reviews see
Balokovi¢ et al. [2018; Hickox & Alexander 2018; Netzer 2015 Padovani et al.
2017), as well as a broad variety of different extinction curve shapes (Gallerani et al.
2010; Hatziminaoglou, Fritz, & Jarrett|2009; Honig & Kishimoto 2010; Hopkins
et al. 2004; Laor & Draine |[1993; Maiolino et al. 2004). It has been recognized
for decades that the torus represents one (of several) natural locations where bright
AGN should drive outflows, and indeed many have gone so far as to propose the
“torus” is, itself, an outflow (see, e.g., Elitzur & Shlosman 2006; Elvis 2000;
Konigl & Kartje 1994; Pier & Krolik [1992} Sanders et al. |1988). Put simply,
because the dust cross-section to radiation scattering and absorption is generally
much larger than the Thompson cross section, which defines the Eddington limit,
any AGN accreting at even modest fractions of Eddington should be able to unbind
material via radiation pressure on dust, launching strong outflows. This concept has

led to an enormous body of detailed observational followup (Alonso-Herrero et al.
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2011} Bianchi et al. 2009; Honig & Kishimoto 2010; Honig 2019; Horst et al.
2008 Kishimoto et al.[2011a; Ricci et al. 2017 Tristram et al. 2009) and detailed
theoretical simulations and models of dust-radiation pressure-driven outflows from
AGN in the torus region (Baskin & Laor2018; Chan & Krolik 2016} Costa et al.
2018; Debuhr et al.|2010;; Ishibashi & Fabian[2015; Ishibashi, Fabian, & Maiolino
2018}, Kawakatu, Wada, & Ichikawa 2020; Roth et al.[2012; Thompson, Quataert,
& Murray 2005; Thompson et al. 2015; Venanzi, Honig, & Williamson 2020
Wada, Papadopoulos, & Spaans|2009; Wada [2012).

Yet despite this extensive literature, almost all the theoretical work discussed above
has assumed that the dust dynamics are perfectly coupled to the dynamics of the
surrounding gas — effectively that the two “move together” and the dust (even as it is
created or destroyed) can simply be treated as some ‘“‘additional opacity” of the gas.
But in reality, radiation absorbed/scattered by grains accelerates those grains, which
then interact with gas via a combination of electromagnetic (Lorentz, Coulomb) and

collisional (drag) forces, re-distributing that momentum.

Accurately accounting for these interactions is crucial for understanding any radiation-
dust-driven outflows. If the dust “free-streaming length” is very large, grains could
simply be expelled before sharing their momentum with gas (Elvis, Marengo, &
Karovska 2002). If dust can be pushed into channels, creating low-opacity sight-
lines through which radiation can leak out efficiently, some authors have argued that
the coupled photon momentum might be far smaller than the standard expectation
~ 1R L/c (where TR is the infrared optical depth; see Krumholz & Thompson
2012|but also Kuiper et al. 2012; Tsang & Milosavljevi¢|[2015; Wise et al. 2012).

Perhaps most importantly, Squire, Moroianu, & Hopkins (2022) showed that
radiation-dust-driven outflows are generically unstable to a class of “resonant drag
instabilities” (RDIs). RDIs occur due to differences in the forces acting on the dust
versus the gas and are inherently unstable across a broad range of wavelengths. How-
ever, the fastest growing modes, “resonant modes,” arise when the natural frequency
of a dust mode matches that of a gas mode. Each pair of resonant modes leads to a
unique instability with a characteristic growth rate, resonance and mode structure.
In subsequent work (Hopkins & Squire 2018alb; Squire & Hopkins 2018a), the
authors showed that systems like radiation-dust-driven outflows are unstable to the
RDIs on all wavelengths — even scales much larger than the dust free-streaming
length or mean free path. Subsequent idealized simulations of these instabilities
(Hopkins & Squire 2018b; Moseley, Squire, & Hopkins 2019} Seligman, Hop-
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kins, & Squire 2019) have shown that they can grow rapidly, reaching significant
non-linear amplitudes on large scales. Furthermore, the simulations demonstrated
time-dependent clustering in both dust and gas, and a separation of dust and gas
that is dependent on grain size. Additionally, the RDIs could drive fluctuations in
the local dust-to-gas ratios which would affect the absorption and re-emission of
radiation at different wavelengths. Specifically, as dust dominates the variability in
the optical-UV bands but has a weaker effect on the IR and X-ray bands, dust-to-gas
fluctuations can result in differences in the observed variability of the AGN emission

across the electromagnetic spectrum.

The insights gained from these simulations are crucial not only for determining the
initiation of an outflow but also for explaining various related phenomena. These
include clumping in the torus, variations in AGN extinction curves, and specific
forms of temporal variability. AGN sources are known to exhibit variability at
essentially all wavelengths and timescales, ranging from hours to billions of years
(Assef et al. 2018; Caplar, Lilly, & Trakhtenbrot2017; Paolillo et al. [2004; Paolillo
et al. 2017; Uttley & McHardy 2004). However, there have been observations
of sources where the X-ray flux varies by approximately 20% to 80% over a few
years, with no apparent variation in the optical component (De Rosa et al. 2007;
Laha et al. 2020; Markowitz, Krumpe, & Nikutta|[2014; Risaliti, Elvis, & Nicastro
2002, 2005; Smith & Vaughan 2007). In some cases, 'changing-look’ AGN have
shown order of magnitude variability on timescales as short as a few days to a couple
hours (e.g., Hon, Webster, & Wolf[2020; LaMassa et al. [2015; Mathur et al. 2018;;
McElroy et al. [2016; Ross et al.[2020; Ruan et al.|2016; Runnoe et al. 2016} Stern
et al. 2018}, Trakhtenbrot et al. 2019; Wang, Xu, & Wei [2018}; Yang et al. [2018).
However, the processes driving such variability and the clumpy nature of the torus

remain unexplained.

In this study, we investigate the behaviour of radiation-dust-driven outflows for
AGN tori, including explicit dust-gas radiation dynamics for the first time. We
introduce our numerical methods and initial conditions in §2.2] followed by an
analysis of our results in §2.4] We analyze the morphology, dynamics, and non-linear
evolution of the dusty gas in the simulations, and in §2.4] we compare our standard
simulations results to simulations with full radiation-dust-magnetohydrodynamics.
Additionally, we investigate the feasibility of launching radiation-driven outflows

and measure the momentum coupling efficiency within the wind in §2.4] In §2.5]
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we examine how the presence of RDIs affects observable AGN properties, such as

time variability. Finally, we provide a summary of our findings in §2.6|

2.2 Methods & Parameters

We consider an initially vertically-stratified mixture of magnetized gas (obeying the
ideal MHD equations) and an observationally-motivated spectrum of dust grains
with varying size, mass, and charge. The dust and gas are coupled to one another
via a combination of electromagnetic and collisional/drag forces. The system is
subject to an external gravitational field, and the dust absorbs and scatters radiation
from an external source. In Figure we show a cartoon illustrating the geometry

of our idealized setup and its relation to an AGN torus.

Numerical Methods

The numerical methods for our simulations are identical to those in Hopkins et
al. (2022), to which we refer for more details (see also Hopkins & Lee 2016;
Hopkins, Squire, & Seligman [2019; Ji, Squire, & Hopkins 2021; Lee, Hopkins,
& Squire 2017; Moseley et al. [2019; Seligman et al. 2019; Squire et al. 2022;
Steinwandel et al. 2021 for additional details and applications of these methods).
Briefly, we run our simulations with the code GIZM (Hopkins 2015), utilizing
the Lagrangian “meshless finite mass method” (MFM) to solve the equations of
ideal magnetohydrodynamics (MHD; Hopkins 2017; Hopkins & Raives 2016;
Hopkins [2016; Su et al. 20177). Dust grains are modelled as “super-particles” (Bai
& Stone 2010b; Carballido, Stone, & Turner 2008; Johansen, Youdin, & Mac
Low 2009; McKinnon et al. 2018 Pan et al. 2011) where each simulated ‘“dust
particle” represents an ensemble of dust grains with a similar grain size (€grain),

Charge (61 grain), and mass (mgrain)-

We simulate a 3D box with a base of length Hg,s = Lyy in the xy plane and periodic
%, $ boundaries, and height Lyox = L, = 20 Lyy in the Z direction with a reflecting
lower (z = 0) and outflow upper (z = +L,) boundary. Dust and gas feel a uniform
external gravitational field g = —g Z. The gas has initial uniform velocity ug =0,
initial magnetic field By = By By in the xz plane (By = sin(@%) X+ cos(@%) Z), obeys
a strictly isothermal equation of state (P = p, c2), and the initial gas density is

stratified with Pg = pg(t = 0) = Ppase €XP (_Z/Hgas) (with ppase ~ Mgy, box/Hgas)-

1A public version of the code is available athttp://www.tapir.caltech.edu/~phopkins/
Site/GIZMO.html


http://www.tapir.caltech.edu/~phopkins/Site/GIZMO.html
http://www.tapir.caltech.edu/~phopkins/Site/GIZMO.html
http://www.tapir.caltech.edu/~phopkins/Site/GIZMO.html
http://www.tapir.caltech.edu/~phopkins/Site/GIZMO.html
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Each dust grain obeys an equation of motion

dvy

E = Qgag, dust T Agrav + Arad 2.1)
A 2
w, Wy xXB T €orain
= - +g8+ (Q)ext Grad
Is L Mgrain €

where v, is the grain velocity; wy = v — U, is the drift velocity for a dust grain
with velocity v4 and gas velocity u, at the same position x; B is the local magnetic
field; agas qust = =W /ts — Wy X B /tr, includes the forces from gas on dust including
drag (in terms of the “stopping time” #,) and Lorentz forces (with gyro/Larmor time
1L); Agray = g is the external gravitational force; and a,q is the force from radiation
in terms of the grain size €gajn, Mass Mgpain = (477/3) p émin egrain
internal grain density ﬁémin), dimensionless absorption+scattering efficiency (Q )ext,

(in terms of the

speed of light ¢, and radiation field Gyag = Fraq — V4 - (€raq [ + Prag) in terms of the
radiation flux/energy density/pressure density F,q, €rad, Praq- The dust is initialized
with the local homogeneous steady-state equilibrium drift and a spatially-uniform
dust-to-gas ratio pg = ,udg pg. For all forces “from gas on dust” agas, dust the gas feels
an equal-and-opposite force (“back-reaction”). The dust gyro time is given in terms
of the grain charge Ggrain = Zgrain € a8 11, = Mgpain €/|qgrain B|, and for the parameter
space of our study the drag is given by Epstein drag (as opposed to Coulomb or
Stokes drag) with

, = ﬂpglrainegrain 1+97r)/ |w |2 -1/
N8 pecy 128 (2 ’

N

(2.2)

We adopt a standard empirical Mathis, Rumpl, & Nordsieck (1977) power-law

grain size spectrum with differential number dNg/degrain o Eg_riii

a factor of 100 in grain size (€™ = 100€™" ). We assume the grain internal
grain grain

density/composition is independent of grain size, and assume the charge-to-mass

-2
rain’

with a range of

ratio scales as |Ggrain|/Mgrain < € consistent with grains charged by a range of
processes relevant in this regime such as collisions, Coulomb, photo-electric, or

electrostatically-limited processes (Draine & Sutin |1987; Tielens 2005).

As in Hopkins et al. (2022), we consider two different treatments of the radiation
fields. Given the range of column densities we will explore, we are interested in the
multiple-scattering regime, or equivalently Rayleigh scattering. In this regime, the
radiation should be in the long-wavelength limit (spectrum peaked at wavelengths

Arad > €grain), S0 we expect and assume the spectrally-averaged (Q )ext o €grain, and
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we approximate the radiation with a single band (spectrally-integrated), so effectively
treat the grains as introducing a grain size-dependent but otherwise “grey’” isotropic
scattering opacity. In our first simplified treatment (our “constant flux” simulations),
we assume the radiation fields obey their homogeneous equilibrium solution, giving
Giaq = Fraqg = Fo = Fy Z. This is a reasonable approximation so long as the radiation
is not “trapped” in highly-inhomogeneous dust clumps. But we also run a subset
of “full radiation-dust-magnetohydrodynamic” (RDMHD) simulations where the
radiation field is explicitly evolved using to the full M1 radiation-hydrodynamics
treatment in GIZMO (Grudi€ et al. [2021; Hopkins & Grudi¢ 2019; Hopkins et al.
2020; Lupi et al. 2018; Lupi, Volonteri, & Silk2017), including terms to O(v?/c?):
Oerad + V - Frag = —Raust Va - Graa/c?, 0;Fraq + ¢2 V - Prag = —Raust Grad, Where the
absorption/scattering coefficients Rg,g are calculated directly from the explicitly-
resolved dust grain populations (consistent exactly with the radiation flux they see

in arad).

Our default simulation parameter survey adopts 10° gas cells and 4 x 10° dust super-
particles. And unless otherwise specified, our analysis uses the “full RDMHD”
simulations. Readers interested in details should see Hopkins et al. (2022). In
that paper, we applied these numerical methods to simulations of radiation-dust-
driven outflows in molecular clouds and HII regions. The key differences are (1)
we consider a very different parameter space (much higher densities and stronger
radiation fields), which lead to qualitatively different instabilities and behaviours,
and (2) we specifically model the multiple-scattering regime, while Hopkins et al.

(2022) focused only on the single-scattering limit.

Parameter Choices

Our simulations are then specified by a set of constants (size and charge of the
largest grains, dust-to-gas ratio, radiation flux, etc.). To motivate these, we consider
a fiducial case of dust around a bright quasar. We expect the most dramatic effects
of radiation on dust at the distances closest to the black hole where grains can
survive, i.e., just outside the dust sublimation radius rgyp ~ (Lgso/4m osB Tstb)l/ 2
where Tg,, ~ 2000K is the dust sublimation temperature and we will consider a
typical quasar with Lgso ~ 10% ergs™! (i.e., Mg ~ —24, a typical ~ L, or modestly
sub-L. QSO at redshifts z ~ 1 — 6; see Shen et al. [2020), so rgp ~ 0.3 pc and this

corresponds to a BH of mass Mgy ~ 108 My, accreting near its Eddington limit.
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Figure 2.1: Cartoon illustrating our simulation setup. We simulate 3D boxes of size
Hgas X Hgas X 20 Hg,s along the £, § and Z directions, respectively, with ~ 10° resolu-
tion elements. We enforce outflow upper and reflecting lower boundary conditions
with periodic sides. The gas and dust are initially stratified such that pg,s o e~ s,

and pq = uggpgas where ,ugg = 0.01 corresponding to a uniform dust-to-gas ratio.
The gas follows an isothermal (y = 1) EOS with sound speed c;, an initial magnetic
field By = |B|(sin9]03)2 + cosG%i) in the £ — Z plane and gravitational acceleration
g = —gZ. The dust grains are modeled as super-particles each representing a pop-
ulation of grains of a given size sampled from a standard MRN spectrum with a
factor = 100 range of sizes. The grains are photo-electrically charged, with the
charge appropriately scaled according to grain size. They experience an upward
acceleration ar,g qust due to absorption of an initial upward radiation flux Fo = +FpZ
corresponding to radiation from an AGN located a sublimation radius rg,}, distance
away, and are coupled to the gas through drag and Lorentz forces. We consider a
range of 10?2 — 10?6 cm™2 in column densities representing different lines-of-sight
angles through the dusty torus.

We then take Hgas ~ Fsub, Fo ~ Loso/(4m rgub), g~G MBH/rszub, typical p! .~

grain
max ) -

1.5¢g cm™ and absorption efficiency for the largest grains (Q)ex(€grain = € grain

0.2 (Draine & Lee|1984), and initial magnetic field strength given by a plasma
Bo = (cs/valz = 0])* = 47 prase (c5/Bo)* ~ 1 with an arbitrary angle 69 = r/4
(though this is essentially a nuisance parameter here). Observational constraints
suggest the dust-to-gas ratios integrated along AGN lines of site range from 0.01-1
times the galactic values (Burtscher et al. 2016; Esparza-Arredondo et al. 2021}
Maiolino et al. 2001). However, these measurements include regions within the
dust sublimation radius and therefore should be interpreted as lower limits. Several
studies suggest that the Broad-Line region (BLR) has super-solar dust-to-gas ratios
(Kishimoto, Honig, & Antonucci 2009; Nenkova et al. 2008c; Sturm et al. [2006).

Therefore, given these uncertainties, we assume a standard (galactic) dust-to-gas
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ratio u% = 0.01. Further, we consider various values of egr‘:;‘n from 0.01 ym
(smaller grains than typical in the diffuse ISM) through 1 um (larger), and also
explore variations in the gas density parameterized via the gas column density
integrated through the box to infinity, Ny gas = mi‘,1 f pg dz = pvase Hoas/m) ~
10?2 — 10?5 cm™2, representative of observed values through different lines-of-sight
of angles through the AGN torus.

The one remaining parameter is the dust charge. We have considered both (a)
cases where the grains are strongly shielded and the gas neutral/cold, so collisional
charging dominates, and (b) cases where some photo-electric (non-ionizing UV) flux
can reach the grains. Given the scalings for grain charge in both regimes (Draine
& Sutin |1987; Tielens 2005), if even a small fraction of the QSO photoelectric
flux reaches the grains, they will generally reach the electrostatic photoelectric
charging limit such that the equilibrium grain charge (Zgain) ~ 5000 (€grain/pm).
For simplicity, we adopt this by default. However, we note that using the collisional
charge expression from Draine & Sutin (1987), which results in a significant
decrease in |Zgpinl, has little effect. This is because we find that in the parameter
space of interest, the magnetic grain-gas interactions (grain charge effects) are sub-
dominant, even with the larger | Zgp,iq|. In Table we provide a table that lists the

specific parameters for each simulation.

2.3 Analytic Expectations & Background

Hopkins & Squire (2018a) analyzed the equations of mass and momentum conser-
vation using a linear stability approach to investigate the behaviour of an unstable
RDI mode in a dust-gas mixture similar to those simulated in our study. They found
that the behaviour of an unstable mode with wave-vector k is characterized by the
dimensionless parameter k - wg(ts), where (t;) = t,({p,), (Ws)) corresponds to the
stopping time at the equilibrium gas density {p,) and equilibrium drift velocity (ws)
of the dust particles. This parameter represents the ratio of the dust stopping length

to the wavelength of the mode, and defines three regimes of the instabilities,

K- wg (t,) < pde (Low-k, long-wavelength)
e < k-wg (ts) < (u)~! (Mid-k, intermediate wavelength) (2.3)
k- ws (t;) 2 (ude)~! (High-k, short-wavelength).

separated by their linear growth rate scaling and mode structure. The different

regimes can be further understood by considering the parameter u%k - wq(z,),
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which can be interpreted as the ratio of the force exerted by the dust on the gas to
the gas pressure forces for a given scale |k| (Moseley et al. 2019). The mid-k and
high-k regimes exhibit similar behaviour and occur when the gas pressure dominates
the dynamics on the scales being considered. Therefore, the resonant mode occurs
when the drift velocity aligns with the propagation direction of the gas mode, as
given by k - wg = +c,. On the other hand, the low-k regime arises when the bulk
force exerted by the dust on the gas becomes stronger than the gas pressure forces,
and the dust dominates the flow. Resonant modes in this regime typically align with

WS-

As shown in Equation[2.3] the dust-to-gas ratio plays an important role in distinguish-
ing the different RDI regimes. However, for most of our simulations, transitioning
into a different regime would require a significant adjustment of % by several
orders of magnitude. Given the specific environmental conditions we aim to model
and the likelihood of accurately representing the intended scenario while having
such drastic variations in %, we choose to use our fiducial value for p% in all
simulations. For a study of the effect of varying 4% on the behaviour of the RDISs,

we refer readers to Moseley et al. (2019).

Rewriting the regimes above in terms of wavelength, we can see that Aqj ~
(p girain €grain) / (ude Pg) ~ @ Hgys/ 192 defines the critical wavelength above which
modes are in the low-k regime, where @ = ( ﬁg’rain €grain) / (Pbase Heas) 1s the dimen-
sionless grain size parameter which characterizes the coupling strength between the
dust and gas. For the parameter set explored here, @ < u%, we find that largest-
wavelength interesting modes (4 ~ Hgas > Acrig) always lie in the*long-wavelength”
regime. Within the linear theory framework, this mode behaves as a “compressible
wave,” with similar dust and gas velocity perturbations that are nearly in phase and
parallel to the wave-vector k. This will therefore drive relatively weak dust-gas
separation with respect to other regimes previously studied in Hopkins et al. (2022).
The linear growth timescale 740y Of the fastest growing modes in this regime scales

approximately as:

L (udg<W§>k2)-1/3
&(k) (ts) ’

where & (k) is the linear growth rate for a mode with wave-number k (Hopkins &

tgrow(k) ~ (24)

Squire|[2018a). Importantly, as shown therein, the fastest growing mode in the linear
long-wavelength regime is the “pressure-free” mode, which is weakly dependent on

the magnetization and thermal physics of the gas. We discuss this further below.
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We define the geometrical optical depth 7g, instead of the “observed” optical depth
7, since the latter depends on the observed wavelength (the same integral replacing
ne:

grain
Assuming a vertically stratified environment and dust grains with a power-law grain

— Qa(€grain, 4) negrain), integrated from the base of the box to infinity.

size spectrum, we can exXpress Tge, strictly in terms of our simulation parameters,

[(e¢]
— 2
Tgeo =/ TTE€ Ngrain dz
0

dg PgHgas

max
Pd egrain

e
=Cu =Cl—|. (2.5)
Om

where ngpiy is the number density of dust grains, @, is the dimensionless maximum

grain size parameter (& evaluated at €gqin = €12 ), and C is a constant of order 20.

grain
Another useful parameter is the “free streaming length” of the dust (relative to the

gas),

Cstream, dust ~ 1074 €grain 10 em™ oc T_el()' (2.6)
H cas Mm N H, gas £

Therefore, for all our simulations, the grains are “well-coupled” to the gas in the
sense that fsream, dust << Hygas, 50 we do not expect them to simply “eject” from the

gas without interacting and sharing momentum.

Parameters & Physics with Weak Effects

We now discuss physical parameters that we tested, but found to have weak to no
effect on the behaviour of the instabilities within this regime including magnetic
field strength, magnetic field direction, AGN luminosity, grain charge, and strength
of gravity.

Charging Physics & Magnetic Field Strength

We ran tests varying the magnetic field strength By, or equivalently the plasma S,
and magnetic field orientation 6p within the box. Similarly, as the grain charge
is unconstrained, we consider different grain charging mechanisms (collisional vs.
photoelectric) and found these parameters to have a negligible effect on the long-term

behaviour of the instabilities. This is due to two reasons. Firstly, this arises naturally
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within AGN-like environments where Lorentz forces are weak relative to the drag
force, i.e., 1/t ~ m/dy” < 1 where ¢ =3 720 olem e/ (4mc (enr)? ppl2) is
the dimensionless grain charge parameter, and dgq = (3/4) (Fo{Q)ext /¢)/(Ppase )
is the dimensionless dust acceleration parameter. Secondly, the dominant modes in
our simulations are in the “long-wavelength regime,” and hence, are only weakly
sensitive to magnetic effects as the magnetic pressure and tension provide only
second-order corrections to what is to leading order a “collisionless’” or “pressure-
free” mode (Hopkins & Squire 2018b). Therefore, we observe that at early stages
of the RDIs’ development, amplified magnetic fields, or higher grain charge-to-mass
ratios merely result in density perturbations propagating at slightly different angles
~ 6Op, but the fluid flow retains its general properties. Further, as the instabilities
reach the non-linear stage of their evolution, this propagation angle decreases till the
fluid is moving roughly parallel to the vertical acceleration, and we see essentially

no effect on the medium.

Thermal State of Gas

We find that the choice of the thermal equation-of-state of the gas y, and therefore
the speed of sound c; do not affect our results. As the grains are accelerated to
super-sonic velocities, ¢, factors out of the relevant equations such as the stopping
time and the growth rates of the modes to leading order in the linear theory for these

particular long-wavelength modes of interest.

Gravity

Further, as shown in Table for this environment, the strength of gravity is much
weaker than the acceleration due to radiation, i.e., §/dg ~ 10‘3(6;‘;;‘;‘n /um), where
g = |g| Hgas/ c% is the dimensionless gravity parameter and

da = (3/4) (Fo(Q)ext /€)/ (Poase €3)
is the dimensionless acceleration parameter. Thus, gravity acts merely to ensure that
the gas that is left behind the wind “falls back,” but does not have a noticeable effect
on the general behaviour of the RDIs. It is easy to verify that for the conditions and

timescales we emulate here, the self-gravity of the gas should also be unimportant.

AGN Luminosity

Naively, the AGN luminosity should have an important effect here. However, in the

dimensionless units in which we will work, i.e., length in units of ~ Hgas ~ Tub,
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time in units of the “acceleration time” defined below, the absolute value of the AGN
luminosity factors out completely. Nonetheless, while the AGN luminosity does not
affect the qualitative behaviour of the RDIs (in the appropriate units), it effectively

defines the characteristic time and spatial scales of the problem. For example,
1/2
46 °
This means if we define the flux at the base of our box as the flux at rgy, (as

the AGN luminosity normalizes the sublimation radius, i.e., rgyp, ~ 0.3pcL

we do), the AGN luminosity factors out (the flux at rgy is, by definition, fixed
(Ivezi¢ & Elitzur(1997)), and we find that the vertical acceleration of the column,
Aot = H%agust — g ~ et = 1% agust, Where agus is the acceleration experienced by
the dust, has the following scaling,

max
grain

1
aeg ~ 0.3 cms_z( ,um)’ 2.7

which is independent of the AGN luminosity, and only depends on the maximum

size of the grains.

It is worth noting that our choice of normalization is not arbitrary. In the context
of dust-driven winds, our focus is on regions where dust is present, i.e., beyond the
sublimation radius. When the radius is much smaller than the sublimation radius
(r < reup), the dust is expected to be sublimated, and the dominant mechanism for
driving the wind would be line-driving rather than dust absorption (Proga, Stone,
& Kallman2000). Conversely, when the radius is much larger than the sublimation
radius (r > rgyp), the radiation flux decreases according to the inverse square law.
In our simulations, we observe that the wind originates from the base of the col-
umn where the radiation flux is strongest, which aligns with our expectations. The
sublimation radius can be derived analytically by assuming thermal equilibrium, al-
lowing allows us to express the sublimation radius as g ~ (Lgso/47 osp TS‘Lb) 172,
Therefore, since the location of the dusty torus is proportional to \/LQE, the flux
at the inner edge of the torus is independent of luminosity. This size-luminosity
relation has been supported by observational studies (Kishimoto et al.|[2011b; Sug-
anuma et al. 2006} Tristram et al. 2009). However, it is important to note that the
theoretical relation strongly depends on the sublimation temperature, which in turn
depends on grain composition which is uncertain. In our simulations, we assume a
silicate grain composition corresponding to a sublimation temperature of 1500 K.
Nevertheless, different grain compositions within the torus can result in sublimation

temperatures ranging from ~ 1300 K to 2000 K. This variation influences the flux
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and acceleration timescales of the winds, resulting in a fractional variation of 0.6
for the sublimation radius, where smaller (larger) radii would correspond to shorter

(longer) timescales for wind launching.

However, the argument above assumes that the flux is stronger than the gravitational
pull of the central source, allowing the initiation of a wind. Therefore, the luminosity

does not affect the behaviour of the wind insofar as this condition is met.

The luminosity does however, normalize the bulk acceleration timescale which

depends on both Hgas ~ reup and aef, as

20H gas
facc =
Aeff
max |\ 1/2 0.01 1/2
~245yrsL;é4( g) ( — ) : (2.8)
pm peE

corresponding to the time when a perfectly coupled dust + gas fluid would have
reached a height z ~ 10 Hgas. As we normalize our parameters to the sublimation
radius rgyp and the bulk acceleration timescale #,.c, our findings are independent of
the AGN luminosity. However, if the dust were held at a fixed radius while varying
the luminosity, the flux at the sublimation radius would change, which could alter
the dynamics of the fluid and thus, affect the behaviour of the RDIs.

Parameters with Strong Effects: The Geometric Optical Depth

Our results are sensitive to the choice of grain size and column density, as they
determine the critical wavelength and thus the dominant mode of the instability.
Specifically, from Equation[2.3] we can see the ratio of the largest scale mode with

A ~ Hgy to critical wavelength can be expressed as

H gas H gas ,udgH gas | Pg ,Udg _ Tgeo
Acrit <Ws> ts /ﬂdg pgirain fgrain &m C
de N 1
H H pHm
~300( )( - )( ) 2.9)
0.01) \10%#* cm—2 €grain

where C ~ 20 is a constant defined earlier.

Again, as Hg,s/Acric > 1 for the typical values of (pg/€"2" ), the dominant modes

grain
are always in the long-wavelength regime. Additionally, we note the regime of the

instabilities strictly depends on the geometrical optical depth, where an environment
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with 7o, 2 20 would be sufficient to satisfy the criteria for the “long-wavelength

RDI ” regime.

Further, we can compare the instability growth time to the wind’s acceleration time.
As ae > cg/tY, where 1V is the stopping time at ¢ = 0, we assume that the dust is
drifting super-sonically and use the expression for the equilibrium drift velocity in
the supersonic limit derived in Hopkins & Squire (2018a) (i.e., (wg) ~ v/ adusttgcs)

with direction W, to obtain

tace _ (ZOHgas)l/Z ((k . WS)4)1/6

Tgrow Adust ,Udg<l‘s>2
A\ 1/6
N a -1/6
~ 47 (Hgs k - Wg)*P? (E) o Tpot . (2.10)

Note that Hgs Kk - Wg ~ 1 and that udg /@m ~ Teeo/C. Hence, the characteristic

. . d
timescales and length scales only depend on 7y, or the ratio u“Ny/ egr‘;‘fn,

yielding
similar behaviours for similar ratios. As face/fgrow o Tg_elo/ 6, lower 7ge, (lower column
density and larger grains) imply shorter growth times, i.e., more e-folding times for
the clumping to amplify. This would result in filaments with stronger clumping and
higher variability. However, we note that this trend is weak ~ rgle/f , SO we observe

similar levels of clumping/variability across the parameter space we explore.

From the relations obtained in Equations and [2.10), it is evident that % plays
a crucial role in shaping the spatial and temporal behaviour of the RDIs. In our
simulations, we have employed a fixed value of x%¢ = 0.01. However, it is important
to recognize that this parameter will vary depending on the AGN environment and
metallicity Z. The connection between p%¢ and Z is derived based on the assumption
that dust formation and destruction timescales exhibit similar dependencies on time
(Dwek 1998)). To first-order, this leads to a constant dust-to-metal mass ratio and
a dust-to-gas ratio that scales with metallicity as u% o Z, which is supported by
observational studies, e.g., Bendo et al. 2010a; Draine et al. [2007; James et al.
2002; Magrini et al. 2011. For x% > 0.01, we anticipate minimal deviations in
RDI behaviour, as the RDIs would still reside within the long wavelength regime.
Although the ratio tacc/tgrow Would would be reduced according to facc/tfgrow ©
(u9€)~1/6_ the impact is not substantial. However, increasing x%¢ would result in a
higher dust opacity, thereby requiring a lower UV luminosity to initiate outflows. In

addition, these outflows would have shorter acceleration times (facc o (192)71/2). In
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environments where ©% < 0.01, a shift in RDI behaviour may occur. Specifically,
in low density columns (Ny < 10%? cm™2) with maximum grain sizes eglrgfn > 1 um,
the RDIs could transition to the mid-wavelength regime due to the linear dependence
of Hgas/ Acric On ude,

However, in order to induce significant changes in RDI behaviour driven by vari-
ations in metallicity or the dust-to-gas ratio, u%¢ would need to undergo a shift of
at least one order of magnitude. Observations suggest that the majority of AGN
environments exhibit solar-to-supersolar metallicities (Hamann et al. 2002; Storchi-
Bergmann et al.|1998). Low-metallicity AGN sources have been observed, however,
they only display marginal deviations below solar metallicity (Groves, Heckman, &
Kauffmann [2006; Maiolino & Ubler|2023; Polimera et al. [2022).

2.4 Results

General Profile of the Outflow and Large scale Morphology

To understand how the RDIs affect the dynamics of the dusty torus, we first consider
the resulting morphology within a relatively small patch within the torus. However,
as we are not modelling the entire region around the AGN, we cannot draw definitive
conclusions about how the RDIs affect the overall morphology of the AGN torus or
its geometry. The results we present in Figure [2.2] show the temporal evolution of
the gas (left) and the dust (right) column densities for a run with Ny ~ 10**cm™
and €grain ~ 1um in the xz plane within z ~ 0—9 Hgyg att ~ (0,0.3,0.5) t5cc. These
plots illustrate the successful launch of a radiation-driven wind with strong gas-dust
coupling and the formation of elongated filaments on large scales. At ¢ ~ 0, the
fluid is vertically stratified as per our initial conditions. The RDIs have growth times
that are short relative to the flow time, with the largest scale modes growing at a
fraction (~ 10~!) of wind acceleration time. While the instabilities are within the
linear regime, the gas and negatively charged dust develop density perturbations in
the form of sinusoidal waves at an inclination angle ~ —9% from the vertical axis.
As the instabilities evolve non-linearly, the inclined filaments begin aligning with

the vertical axis forming elongated structures that continue to accelerate upwards.

The centre of the wind, which we define as the region containing a dominant fraction
of the dust (60% by mass of the dust within the central region with 20% below and
above the region), reaches a height similar to that expected for a perfectly coupled
homogeneous fluid without any RDIs present. However, we find that only ~ 50% of

the gas remains within such heights, with roughly 40% of the gas “lagging” behind
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Figure 2.2: The evolution of the gas (left), and dust (right) column density for
a simulation box with Ny ~ 10**cm™2 and egr’;‘;‘n ~ lum in the xz plane within
2~ 0-9Hgatt ~ (0.0,0.3,0.5) tacc, where 5. corresponds to the acceleration
timescale defined as facc = (20 Hgys/ (aei))'* with (ae) = (uagus rad) — g, when
a perfectly coupled fluid would have reached a height z ~ 10 Hg,s. All simulations
within our set show winds that were successfully launched with high degrees of
clumping on small spatial scales and vertical filaments on large scales. The RDIs
develop within a fraction of wind acceleration time (tgrow ~ 107! tyee) with similar
structures for the gas and dust. The filaments that form are initially inclined with

respect to the Z direction and align along the Z-axis at later times (t ~ 0.5 tycc)-
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the wind. This suggests that while there exists strong micro-scale coupling between
the dust and the gas through drag forces, the overall fluid is not perfectly coupled
resulting in a significant fraction of the dust “leading” in front of the gas.

Additionally, we find that the cumulative mass fraction (CMF) profile of the outflow
strongly depends on the parameters we explore within our simulation set. As
depicted in Figure[2.3] we present the CMF profile of the gas and dust at ¢ ~ f,¢ for
different simulations. To demonstrate the effects of varying column densities, the

top panel shows the results for simulations with maximum grain size egrlgi‘n

~ 0.1um,
and average column density Ny ~ 10%2cm™2, Ny ~ 10#*cm™2 and Ny ~ 10%°cm—2.

Meanwhile, to show the grain size dependence, the bottom panel displays the CMF

2

profile for simulations with an average column density of Ny ~ 10**cm™2 and

maximum grain sizes of egr‘g]?‘n

~ 0.01um, e™*
grain

Although the gas and dust have similar CMF profiles, the fluid is not perfectly

~ 0.lum, and €™
grain

~ lum.

coupled, with the gas “lagging” behind the dust. This lagging effect increases with
increasing grain size and decreasing density as predicted in Equation [2.6] In our

0%6cm™2), the two plots roughly

runs with higher column densities (Ng ~ 10%° — 1
overlap as the fluid becomes closer to a perfectly coupled fluid on large scales. To
measure the impact of imperfect coupling between gas and dust, we analyze the
cumulative mass fractions of the gas compared to the dust at ¢ = t,... By comparing
the height range that encompasses 25-75% of the dust to the corresponding gas mass
within that range, we can quantify this effect. Our findings show that, on average,
the dusty gas can successfully eject around 70-90% of the gas present. This implies
that the torus is not a static or constant structure, but rather subject to substantial
variations over time. If a high luminosity state persists for a sufficient duration to
drive a wind, it is anticipated that the torus would disappear. This aligns with the
receding torus framework as proposed in Hoenig & Beckert|2007; Lawrence|1991}

Simpson [2005]

Effects of Full RDMHD
In Figures [2.2] & [2.4] we compare the morphology of the simulations for our full
RDMHD runﬂ (Figure versus the approximate “homogeneous flux” (Fy =

?In these simulations, we can optionally employ a reduced speed of light (RSOL) (see Hopkins
et al.[2022), ¢ < c. In tests, we find identical results for ¢ ~ (0.1 — 1)c at Ny < 10 cm~2, so we
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Figure 2.3: Cumulative mass fraction (CMF) profile of the gas (black) and the
dust (yellow) for different column densities and maximum grain sizes. The top
panel displays the results for a fixed maximum grain size of emax ~ 0.1ym and

column densities of Ny ~ 1022cm™2 (dotted line), Ny ~ 1024cm 2 (dashed line),

and Ny ~ 10%°cm™2 (solid line) at ¢ ~ f,cc. The bottom panel shows the profiles

for a fixed column density of Ny ~ 10**cm™2 and different maximum grain sizes:
€M™ ~ 0.01um (dotted line), €™?* ~ 0.1um (dashed line), and €™** ~ 1um (solid
gram grain grain

line). At high column densities and small grain sizes, the gas and dust show similar

profiles, but the fluid is not perfectly coupled, with the gas “lagging” behind the

dust. This decoupling becomes more pronounced at lower column densities and

larger grain sizes as Csyeam, dust  Egrain NI_{I.
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constant) simulations (Figure [2.2). Our RDMHD simulations employ a grey band
approach with a photon injection rate of ~ L/c where the optical depth (7r) is
set to crudely represent the IR opacity of the column. Therefore, the values we
present for 7ir should serve as rough estimates rather than precise values as we do
not account for effects like the wavelength dependence of the opacity or photon
degradation. From left to right in Figure[2.4] the simulations correspond to columns
with Ny ~ 1022cm™2,10%* cm™2,10%° cm ™2, respectively, and eg;:;‘n ~ lum at
t ~ 0.5 tyec. We discuss the different regimes shown in this figure in the subsections

below.

Intermediate Optical Depths & The “Acceleration limited”” Regime

For this regime, we consider the left and middle panels in Figure 2.4] with Ny ~
102 c¢m™ and Ny ~ 10** cm™2, which correspond to 7geo ~ 20 (TR ~ 0.2) and
Tgeo ~ 2000 (71r ~ 20), respectively. With reference to Figure @, we can see that
to first order, the large-scale morphology of the RDIs does not show any significant
changes when the simulations are run with our full radiative transfer treatment
versus simply assuming a homogeneous radiation field. We do note the formation
of a thin high density “slab” at the base of the box in the middle panel of Figure
2.4 This ”slab” acts as an opaque wall that gets lifted by the incident photons,
and effectively translates the wind upwards without significant distortions to its
morphology. Nonetheless, this “slab” does not significantly affect the integrated
surface density along the line-of-sight or any of the macro-scale properties of the
column above it, such as the CMF or clumping factor profile. Therefore, we conclude
that using the homogeneous radiation approximation is sufficient within this regime.
We emphasize, as shown in the following section, that the key factor is the radiation
diffusion time compared to the wind launch and instability growth timescales. When
the radiation diffusion time is fast compared to these timescales, the radiation field

is smooth, and the homogeneous radiation approximation is valid.

Extremely Large Optical Depths: The Radiation-Propagation Limited Regime

For this regime, we consider the panel on the right in Figure 2.4] with Ny ~
10%6 cm™2, which corresponds t0 Tgeo ~ 2 X 10° (g ~ 2000). We point out

use ¢ = 0.1¢ here so we can run at our higher fiducial resolution. For Ny > 10% cm~2, however,
finite speed of light effects are important so we use ¢ = ¢ (no RSOL). This imposes a large CPU cost
(shorter timesteps), so the full RDMHD simulations of Ny 2 10%° cm™2 use 10x fewer resolution
elements.
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Figure 2.4: The gas (left) and dust (right) column densities for full RDMHD runs
projected onto the xz plane within z ~ 1 — 9 Hgys at 1 ~ 0.5f,c.. From left to
right, the simulations correspond to runs with egr‘g;‘n ~ lum, and ¢ ~ (0.1,0.1,1) c,

Ny ~ 102cm=2, 10**cm2, 10%°cm ™2 corresponding to Tgeo ~ 20,2000, 2 X 10°
(tir ~ 0.2, 20,2000), respectively. Note that the right-most plot shows less small
scale structure due to a factor of 10 reduction in resolution (owing to the cost of using
¢ = ¢). For the Ny ~ 10*2cm~2 and 10?*cm™2, the optical depth is sufficiently low
such that full treatment of RDMHD shows similar structure formation on small and
large scales to the runs without explicit radiative transfer. For the Ny ~ 10%°cm™2
column, the high optical depth results in photon diffusion time that are longer than
the wind acceleration time expected from a constant flux assumption resulting in a
slower outflow.
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that the plot displays less small scale structure than the panels on the left due to
the reduced resolution of the simulation (as noted above, this owes to using no
“reduced speed of light” here, which imposes a steep computational cost penalty).
For this case, when accounting for full radiative transfer, the fluid is found to be
accelerated to a lower height than expected. This result can be attributed to the
breakdown of the assumption of an infinitesimally small photon diffusion timescale
(constant flux field). As the photons travel through the fluid, they “lag” behind the
wind due to propagation effects, leading to a decrease in the radiative acceleration
and consequently, the fluid being accelerated to a lower height than expected. To
determine when this occurs, we consider the ratio of the photon diffusion time, tqif,
to the dust acceleration time. For simplicity, we ignore the effects of gravity and
assume a homogeneous dust-gas distribution. Therefore, the ratio of the time needed
for a photon to diffuse through a distance H,, (the “width” of the gas “shell”) to the
time required to accelerate the same “shell” to a height of 10 Hg,s has the following

scaling,

2 ,d 1/2
taiff Hy u® pgka g

tace \/20Hgasc (2. ! )
3/2
& ouyal? (“dg | (7 )2
8\/_ O Hgas
3 12 3/2 5
5% 104(Cs/c)(<Qext>)( dg ) ( Tgeo ( Hy )
10-5 1 5% 107 2 x 104 Hgys

where « is the dust opacity, and we assume that c;/c ~ 1073 (Tgas ~ 1000 K),
matching the assumptions used in our simulations. For simplicity, we assume that
the grains all have the median grain size (€gpain ~ 0.16;;2;;) and not a grain size
spectrum. It is important to note that the expression above is sensitive to the value
of Tgeo. When comparing our lowest optical depth simulation (Ny ~ 1022cm™2) to

026 cm™2), there is an increase of a factor of 10% in 7geo, Which

our highest (N ~ 1
in turn results in a factor of 10° in the ratio of the two timescales considered above.
Therefore, in the higher optical depth case, the radiation can no longer propagate
fast enough to reach the material at the top of the box to maintain a constant flux.
Consequently, material at the “top” of the box in the ICs can fall down before
radiation reaches it and the outflow propagation speed is limited not just by naive

total acceleration but also photon transport time, resulting in a wind with a slower



33

outflow velocity. However, despite the morphological change on large scales, this
effect mostly acts to reduce the vertical translation of material in the column at a

given time and has minimal effect on the internal properties of the outflow.

Do Winds Launch?

As shown in Figures[2.2]and [2.3] our plots indicate that the accelerated dust imparts
sufficient momentum onto the gas to successfully launch a wind across our entire
parameter survey. As photons propagate through the box, they could in principle
escape through low density ‘“channels,” and thus, impart lower amounts of their
momentum onto the dust resulting in p©® < pMS = / 7rL/c dt, where p*°@! and
pMS denote the total momentum carried by the fluid and the expected momentum for
the multiple scattering regime, respectively. We show the gas and dust components
of the total momentum (note that we multiply the dust momentum by a factor of
1/u9% = 100 for ease of comparison) in the wind relative to the predicted momentum
pMS in Figure The plots show that prior to the growth time for the instabilities,
t < 0.1 tyec, the radiation is well coupled to the fluid. However, as the instabilities
grow, the line for the expected momentum begins to separate from the imparted
momentum as low density “channels” develop. When the total momentum of the
fluid in the simulation is lower than the expected value, we define this as momentum
“leakage.” This situation indicates a lack of efficient momentum transfer between
the injected radiation and the dusty fluid. Att ~ ty., the plots show factors 1 — 3 of
momentum “leakage” from the box which increases with increasing column density.
We attribute this effect to slower photon diffusion at higher column densities which
results in an overall reduced incident flux on the dust particles. But we still always
see an order-unity fraction of the radiation momentum pMS actually couples, and
thus is always sufficient to launch a wind under AGN-like conditions as simulated

here.

We compare our simulations to the simulations conducted by Venanzi et al. (2020)
and Arakawa et al. (2022) modelling AGN winds driven by radiation pressure on
dust. A key distinction in our approach is that we explicitly account for dust dynam-
ics, which was not taken into consideration in the previous simulations. Consistent
with the findings of Arakawa et al. (2022), we observe that the acceleration of the
gas column remains unaffected by column density in the multiple scattering regime
(Ng ~ 10?2 — 10** cm™2), as indicated by Equation Additionally, we also
demonstrate that increasing the grain size leads to weaker acceleration due to the

reduction in dust absorption cross-section. In contrast, within the highly optically
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thick regime (Ng ~ 10%% cm™2), denser gas columns experience a lower effective
acceleration due to the absorption of UV flux by a thin inner shell, resulting in
reduced momentum transfer from the outer shell. These findings align with the
previous studies mentioned. To further support our observations, we calculate the
tqiff /tacc ratio in Equation which further validates the conclusions. However,
it is important to acknowledge that our simulations may underestimate this effect
since we did not account for photon downgrading, which has the potential to di-
minish the effectiveness of momentum transfer. Further, we find that the conditions
in our simulations, which all result in successful outflows, also satisfy the outflow

launching conditions outlined in the studies above.

However, the conditions required for torus ejection may not apply to all AGNs, and
our simulation represents only one particular scenario. Our results are specific to
the assumptions of a massive black hole emitting at the Eddington limit, resulting
in a high luminosity that ensures the ejection of dusty gas. This choice is made
to ensure that the radiative acceleration is greater than the opposing gravity force
and thus would result in the ejection of the dusty gas. As this condition would
be maintained at larger distances from the AGN, if the AGN torus is successfully
ejected, we expect it to escape the gravitational pull of the BH. Therefore, it is
plausible that the outflow from the torus is part of an evolutionary sequence as
suggested by observations (Banerji et al.|2012; Glikman et al. 2012). However, our
current simulations only focus on a small region, therefore, we cannot provide a

comprehensive analysis on this topic at this stage.

We also study the behaviour of the wind in an environment where gravity dominates
over the radiation-driven acceleration, i.e., where TirL/c < gMgys, Or in our dimen-
sionless units @/g < 1 (though we note we are only modestly in this regime here,
with gravity a factor of ~ 3 stronger than radiation). We show the projected morphol-
ogy of the gas column under these conditions evolved to r ~ (0.4,1.0, 1.3, 1.7) t,cc
in Figure[2.6] As the net vertical acceleration is in the negative Z direction, we define
the acceleration time as fycc = \/20H g5/ |aefr| for this simulation. The simulation is
run with full RDMHD with the following parameters: ¢ ~ 0.1 ¢, Ny ~ 10**cm~2
and e

grain
conditions, however, as shown in the plots, much of the gas (and dust as they are

~ 0.01um. Naively, we would expect a failed wind to result from these

tightly coupled in this simulation), is successfully ejected. The increased strength of
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Figure 2.5: Gas (black) and dust (yellow) total momentum normalized to the product
of the total gas mass within the box at # = 0 and the speed of sound compared to
expected momentum in the wind (blue dotted line) in the homogeneous perfect-
coupling grey opacity limit, p®* ~ [ rrL/cdt for 3 RDMHD runs. Note that
we multiply the dust momentum by a factor of 1/u% = 100 for plotting purposes.
From top to bottom, the total gas column density Ng,s corresponds to 10%2cm™2,
10%*cm™2, and 10%°cm™2, respectively, and maximum grain size of lum. The
plots show factors of 1 — 3 momentum “leakage,” with higher leakage for denser
columns. The top panel shows a turnover in the dust momentum as most energetic

dust particles escape from the box.
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gravity does not cause the wind to halt, but rather compresses the gas and dust to a
more compact “shell.” After the ejecta is compressed into a thin slab, the radiation
continues to accelerate the material, resulting in a thicker slab with prominent sub-
structure at later times. Some gas indeed “falls back” — more than in our fiducial
simulations with & < &; but the same in-homogeneity that allows tens of per cent of

gas to “fall down” in those simulations leads to tens of per cent gas ejected here.

When comparing the wind energetics from our simulations with the observations
of AGN galactic outflows, such as those reported in Fluetsch et al. (2018)), we find
relatively consistent values of ~50% momentum loading within the wind relative to
7irL/c. For our fiducial AGN luminosity of 10%6

rates in the range of 103 — 1037 g m/s? and kinetic rates in the range of 103 — 10%

erg/s, this translates to momentum

erg/s. However, we must emphasize that our simulations are highly idealized and are
based on several assumptions about the setup and thermodynamics of the outflow.
For instance, our simulations do not account for the multi-phase structure of the gas
or the processes that may alter energy dissipation, such as heating and cooling due

to photoelectric and radiative processes such as line emission.

Additionally, the existence of polar dusty outflows in AGN has been suggested by
recent interferometric observations (Alonso-Herrero et al. 2021; Asmus, Hoenig,
& Gandhi 2016; Honig & Kishimoto 2017). However, it is important to note
that our current study is limited to a localized region within the obscuring torus,
and that our simulations are agnostic to the overall geometry of the system. We
explore different lines-of-sight and angles relative to the torus by varying the column
density in our simulations. Specifically, the densest column density (Nyg ~ 10%°
cm™2) corresponds to roughly equatorial lines-of-sight, while a column density of
Ny ~ 10?2 cm~2 represents weakly obscured or more polar sight-lines. In Figure
we demonstrate that at Ny ~ 1022 cm™2, our simulations still exhibit outflows.
However, we would like to emphasize that this is expected because the simulations
are set up such that radiation pressure on dust is stronger than the gravitational pull
of the central source. It is important to acknowledge that our simulations treat all
the physics consistently and assume the same dust composition throughout, without
explicitly considering the properties of polar dust which could vary in composition
and grain size see Garcia-Bernete et al.[2022; Honig & Kishimoto 2017} Isbell et al.
2022, Regrettably, these factors are beyond the scope of our current study. However,
we recognize the significance of investigating these additional factors, and in future

work, we intend to conduct more comprehensive simulations that encompass the
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Figure 2.6: The evolution of the gas column density for an RDMHD simulation

box with ¢ ~ 0.1¢, Ng ~ 10%*cm™ and €™* ~ 0.0lum in the xz plane at
grain

t ~ (0.4,1.0,1.3,1.7) tace, where for this case facc = +20Hgys/|aer|. For this
simulation, we initialize the box such that in the perfect dust-to-gas coupling limit,
the net force from gravity is stronger than the radiation pressure force by a factor
of ~ 3. The plot shows that despite the strength of gravity being stronger than the
radiation-driven acceleration, a non-negligible component of the dust and gas is
still ejected, however, the resulting ejecta is more compressed relative to our default
setup, and a somewhat larger fraction “falls back.”

entire region surrounding AGN and account for the different dust properties.

Gas and Dust Clumping and Coupling in AGN Winds

As discussed above, we find that the dust and gas within the fluid are not always
perfectly coupled. In Figure [2.7, we quantify this by computing the gas-gas, dust-
dust, and dust-gas clumping factors defined in Equation[2.12] as a function of height
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Figure 2.7: Clumping factors for gas-gas ((pg)/(pg)z), dust-dust ((p§>/<pd>2), and
gas-dust ({pg pa)/{pg) {Pa)) at t ~ min(tacc, tesc). From left to right, the maximum
grain size eg;g;‘n corresponds to 0.01um, 0.1um, and 1um, respectively, for an average
column density of 10%2cm™2 (top) and 10%*cm™2 (bottom) within the simulation box.
Gas-gas, dust-dust and gas-dust clumping is significant near the centre of the wind
where most of the mass resides. Further, dust-dust and gas-dust clumping is stronger

for larger grains. For an extended discussion, refer to §2.4]

within the simulation box at t ~ min(tacc, tesc), Where e is the time at which 10%

of the dust/gas has escaped the top of the box.

<pn>V <pm>V
Vo en® w0 dx (o

T o) x| [, om0 5] pav

Cl’l m

(2.12)

As shown in the equation, the clumping factor is analogous to the auto-correlation
(for like species) and the cross-correlation (for different species) function of the
local density field, where factors less than 1 imply an anti-correlation. We report
clumping factors ~ 1 — 10 for the gas-gas and dust-dust clumping factors, and ~ 1
for dust-gas clumping. The gas-gas clumping factors, Cy, are lower at the base of
the wind and increase up to a roughly constant value within the accelerated wind.

As the gas is collisional and pressurized, its clumping is limited by pressure forces,
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especially on small spatial scales inside the wind. We note that for the run with
Ny ~ 10?2 cm™2, eg;g;‘n ~ lum, the gas has high clumping factors at z ~ 10 —
20 Hgzs. This occurs for this parameter space, due to the low gas column density
and high acceleration forces, which make the gas effectively more compressible.
Within this environment, the gas is subjected to intense radiation, resulting in
strong acceleration forces acting upon it. Low density gas, characterized by higher
compressibility, would experience larger relative fluctuations in density. These
fluctuations give rise to localized density variations that exhibit strong correlations
on small scales. As a consequence, the spatial density auto-correlation function

reflects stronger correlations and higher clustering factors.

The dust-dust clumping factors, C4q, show a constant rise as a function of height
to reach maximal values at the top of the box, and the slope of the profile weakly
increases with grain size and weakly decreases with density. However, the run
with Ny ~ 10?2 cm~2, e;g;‘n ~ lum shows a seemingly different behaviour as it
corresponds to ¢ ~ fes. In this case, fe4 is smaller than 7, due to poor fluid coupling
under the specific conditions of the simulation. As a result, the dust distribution
in the simulation shows more mass towards the bottom of the box, with a smaller
amount of dust present at the top. The reason for this discrepancy is that the dust
at the top has mostly escaped, while the majority of the dust remains concentrated
at lower positions due to insufficient time to accelerate to higher positions. As a
consequence, in this simulation, the clumping factors show an upward trend towards
regions with higher dust density and decrease with height where there is less dust

present.

In the general case, if we assume that Cgyq is purely driven by the saturation of the
RDIs, we expect clumping at some height z to be stronger where the RDI growth
time at a given wavelength is shorter. Plugging in equilibrium values of w; and #;

in the super-sonic limit into Equation [2.4] we obtain

1/6
Bpgeiine:
Aeff P érain €grain (leg)S

oc pge /s, (2.13)

th’OW(/L z) ~ (

As all the parameters in the expression above except for the stratified density term are
roughly independent of height, we expect the RDI growth timescale to get shorter

as a function of height. In turn, the degree of dust clumping would increase as a
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Figure 2.8: Gas column density (top) and dust surface density (bottom) within
narrow bins in a zoomed-in region of high density within the AGN wind projected
along the xz plane at t ~ min(taec, tesc) (Where teg is the time at which 10% of the
dust/gas has escaped the top of the box). From left to right, the maximum grain size
eggfn in the simulation box corresponds to 0.01um, 0.1um, and 1um, respectively,
for an average column density of 1022cm~2 at times 0.7, 0.6, and 0.2 t,... Note
that as the absorption efficiency is grain size dependent, the dust surface density
is proportional to the extinction with A; ~ 0.1(%/10"*gcm™2)(um/ egr‘:fn). Larger
grains show stronger clumping and thus more defined filaments.

function of height (clumping is ~ 5 times stronger for a factor ~ 10 increase in
height) as shown in our plots. We note that this effect is suppressed for some of our
simulations which could arise due to the non-linear evolution of the RDI’s and/or

competing processes such as turbulence.

In Figure[2.§| we plot the zoomed-in column density profiles of the gas (top) and dust

(bottom) in several RDMHD simulations. From left to right, the maximum grain size

max
€
grain

density of 1

corresponds to 0.01um, 0.1um, and 1um, respectively, for an average column
0%2cm~2 within the simulation box. The structures formed appear more
diffuse for smaller grain sizes. Usually, we see sharper structures for lower 7geo,
which could be shown by considering how terow depends on 7geo. In Equation |T1_T5|,
we showed that taec/tgrow Tg_elo/ 6, therefore environments with lower 7g, would

result in sharper structure.
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Figure 2.9: The temporal profile of the gas (black) and dust (yellow) velocity
dispersion components (ovx , Oy , 0y,) and outflow velocity v, relative to the box
averaged Alfvén speed (v, ), for a simulation box with Nig ~ 10**cm™2, €™ ~ 1ym.
The RMS random velocity dispersion quickly saturates in all directions for both the
gas and the dust. The RMS dispersion is dominated by the Z-component (~ 10%
variation), i.e., the direction of the outflow, due to slightly different drift speeds for
the gas, different dust sizes and different sub-structures. The £ and § components

are ~ 1 order of magnitude weaker.

As the micro-scale structure of the dust within the torus is not spatially resolved
observationally, we cannot directly compare the structures formed within our sim-
ulations to observations. Nonetheless, the physical variation in column densities
could be inferred from the time variability for AGN sources. We discuss this in
further detail in Subsection
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Evolution of Velocity Fluctuations

To further analyze the evolution of the resultant non-uniform internal structure of the
outflows within our simulations, we explore velocity fluctuations in dust and gas here.
It is important to note that there are multiple RDI modes present simultaneously
within the simulation box, and while the short wavelength modes will have the
shortest growth times (Hopkins & Squire 2018a), the dynamics will be dominated
by the large-scale modes, as well as non-linear effects and in-homogeneity in the

wind (eg. different clumps/ filaments moving differently).

Figures and show the evolution of gas and dust turbulent velocity com-
ponents. Figure [2.9] displays the normalized root mean squared (RMS) random
velocity dispersion for £, §, Z, and 3D components over time. Figure [2.10] illus-
trates the normalized RMS velocity dispersion in the Z direction, o,, and mean
outflow velocity, v, as a function of height. The plot shows the behaviour for our
Ny ~ 10%*cm™2, eg;;‘;‘n ~ 1um run, however, we note that we observe the same
behaviour throughout our parameter space. The dispersions grow exponentially fast
(as expected if they are RDI-driven) at early stages and quickly saturate (within
0.1-0.2 tyec) for all runs within our parameter set. This suggests that in an AGN
tori, such instabilities have already saturated within the time taken to launch a wind,
and later structure formation is mostly driven by radiation-pressure accelerating the

medium in addition to the turbulence within the flow.

Further, at the non-linear stage of their evolution, the gas and dust both reach similar
super-Alfvénic random velocities with the RMS dispersion dominated by the Zz-
component. The £ and y components are ~ 1 order of magnitude weaker due to
the inherent geometry of the problem and the relatively weak Lorentz forces (i.e.,
v ~ v, > vya). As the turbulence is super-Alfvénic, the magnetic field has a weak
influence on the flow dynamics, resulting in isotropic turbulence in the £ and §

directions as the magnetic field does not introduce significant anisotropy.

Analysing the spatial profile, we note ~ 20% and ~ 2% dispersion in the Z and
X — y directions, respectively, relative to the outflow velocity. Towards the base
(z ~ 0=3 Hgys), and top (z ~ 17 —20 Hg,) of the wind, the profile shows anomalous
behaviour due to the presence of a relatively low number of dust particles/gas cells
and boundary effects. Away from the boundaries, the dispersion shows no spatial
dependence. In addition, we present the spatial profile of the outflow velocity,
vz, shown as a dashed line. We observe a consistent trend of increasing outflow

velocity with height, as particles with higher velocities can travel further in a given
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time interval. Further, we note that the outflow attains highly super-sonic velocities.
By assuming an isothermal sound speed and a range of molecular gas temperatures
between T ~ 10° — 10*K, we estimate that corresponds to a maximum outflow

velocity range of approximately 2 — 6 x 10*kms~".

We compared our estimates
with the observed velocities reported in Fiore et al. (2017) for AGNs with similar
luminosities and find them to be consistent with X-ray winds with ultra-fast outflows.
Therefore, while the comparison provides some insights, the velocities we observe
in our simulations may not be directly comparable as they likely originate from
different physical mechanisms and/or locations. However, as AGN outflows can
arise from various physical processes, there are likely multiple mechanisms driving
the observed outflows. Therefore, we caution against drawing definitive conclusions

based solely on this comparison.

2.5 Predicted AGN Variability
Temporal and Spatial Variability in Column Densities along Observed sight-

lines

While it is difficult to resolve the underlying structure of the dust within AGN
tori, AGN spectra and SEDs with high temporal resolution can be obtained which
could probe these small scale fluctuations. The methodology employed here closely
follows that presented in Steinwandel et al. (2021)) to which we refer for details.
In Figure [2.11] we compute the time variability in the sight-line integrated surface
density (2) of the dust and gas integrated for an infinitesimally narrow line-of-sight
down the Z direction i.e., towards the accretion disk which should have an angular
size thatis very small compared to our resolution (hence an effectively infinitesimally
narrow sight-line), and show the variance of the distribution in Figure 2.12] From
top to bottom, the total gas column density Ny in the simulation box corresponds
to 1022cm™2, 10**cm~2, and 10*°cm~2, respectively, and maximum grain size is
0.01um (left), and 0.1um (right). The plots show variability of order a few % for
both the dust and gas over relatively short timescales (a few years in physical units),
and up to ~ 20 — 60% variation on long timescales (decades). The amplitude of
the short-timescale variations is roughly independent of maximum grain size and

decreases for denser columns.

This result is consistent with our findings for the underlying morphological structure
of the wind, where for low column density boxes with large grains, we find that the
RDIs drive the formation of defined dense vertical filaments which would cause

significant variability as they cross the line-of-sight. Further, the variability extends
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Figure 2.10: The spatial profile of the gas and dust random velocity dispersion
(RMS) in the Z direction normalized to the average outflow velocity, (v,) at a given

height z, for a simulation box with Ny ~ 10** cm™2, eg;g;‘n ~ lum att ~ 0.7 tyec.We

also present the average flow velocity, (v,), normalized to the average sound speed
within the box, (c,). The plot illustrates that the fluid (gas + dust) reaches highly
supersonic velocities (approximately 4 x 10% km, s™!) and that the ratio of o, /v,
remains relatively constant as a function of height within the box. We only show the
Z-component of the dispersion in this plot as the X and y components show a similar
behaviour but a magnitude weaker in the ratio of their respective velocity dispersion
to the outflow velocity.
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Figure 2.11: The sight-line integrated surface density ¥ along a random line-of-
sight towards the AGN accretion disk. We normalize X to >0 the initial mean
surface density in the simulation box for convenience. We compare both gas and
dust columns, from top to bottom, the total gas column density Ny in the simulation
box corresponds to 1022cm~2, 10**cm 2, and 10%°cm™~2, respectively, and maximum
grain size is 0.01 um (left), 0.1um (right). Overall, the dust and gas show fluctuations
of similar amplitude, and there is an order of a few Y% variability on short timescales
(a few years), with higher variation (~ 10 — 40%) on long timescales relative to
the acceleration time of the wind. However, at a given time the gas and dust X
fluctuations do not exactly match.
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Figure 2.12: The sight-line-to-sight-line spatial variability of the gas and dust
integrated surface densities across different sight-lines within the box as a function
of time. We specifically plot 1o dispersion in the log of the surface density compared
across 100 random sight-lines to the AGN accretion disk, through the wind, at each
time t. From top to bottom, the total gas column density Ny in the simulation box
corresponds to 1022cm~2, 10%*cm™2, and 10%°cm~2, respectively, and maximum
grain size is 0.01um (left) and 0.1um (right). Both the gas and the dust show
similar degrees of variability, with the dust variability increasing at a higher rate
at later times. We note that below Ny ~ 10*cm™2, larger grains result in a larger
variation due to more prominent vertical filaments across the simulation, however,
the grain size has a minimal effect on the spread of the distribution for higher column
densities.
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Figure 2.13: The normalized probability density function (PDF) of the surface
density for the dust and gas components across 100 random sight-lines at each time,
combining all times after the wind begins to launch (t > 0.1t,.). From top to bottom,
the total gas column density Ny in the simulation box corresponds to 10*2cm™~2 and
10**cm~2, and maximum grain size is 0.01um (left), 0.1um (middle), 1um (right).
The PDFs show distributions that are highly non-gaussian with a narrow peaked
core component and wings with steep drop-offs as a result of enhanced fluctuations.
On average, the dust shows a higher spread in the distribution than the gas as
expected given its collisionless nature. This difference in spread decreases as the
fluid approaches the limit of being perfectly coupled, i.e., smaller grain sizes, and
higher column densities, again as expected for the RDI’s.

beyond the time taken for the instabilities to grow and is likely driven by the
large velocity dispersion of the dust and gas. However, while the magnitude of
the velocity dispersion is similar across all our runs, denser columns form more
randomized clumps which are likely to be averaged over when integrating down the
Z direction and thus result in weaker variation in the sight-line quantities compared
to the 3D quantities (see, e.g., Hopkins et al. 2022).

In principle, fluctuations in the integrated surface density could also exhibit corre-
sponding fluctuations in the line-of-sight grain size distribution, as shown in the case
of AGB-star outflows studied in Steinwandel et al. (2021). Therefore, we analyze the
spatial fluctuations in the grain size distribution in the same manner as X. However,
we find that the fluctuations in the grain size distribution are significantly weaker
than the environments studied in Steinwandel et al. (2021) (perhaps consistent with
our X fluctuations themselves being much weaker), and largely fall within the range

we might expect from shot noise given our limited resolution (the shot noise being
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large for grain size fluctuations since we must consider only a narrow range of grain
sizes, hence a more limited number of dust particles). Therefore we cannot conclu-
sively say whether or not there is a potentially measurable correlation between the

fluctuations in X and the grain size distribution.

In Figure we show the spatial variability of the logarithmic gas and dust
integrated surface densities computed over all possible sight-lines as a function
of time. As one would expect, the variability in surface density increases as the
RDIs develop. For lower column densities, the dust surface density shows higher
variability for larger grain sizes. However, for simulations with column densities
Ny = 10?2cm™2, we observe a weak dependence of the surface density variation
on the grain size, where the dust and gas exhibit similar levels of variation across
different maximum grain sizes. Further, we note a trend of decreasing variation
for increasing column densities. We are currently unaware of any significant ob-
servational constraints related to this particular trend. The lack of constraints can
be attributed to the high column densities (Compton thick) found in these envi-
ronments and the predicted long timescales on which variability occurs, spanning
from decades to hundreds of years. Consequently, studying Compton thick sources
presents significant challenges. The anticipated variability in these sources is un-
likely to be detected within the X-ray band, but it may manifest as a modulation
of UV/IR radiation due to dust. Although this effect has not been dis-proven by
observations, it is crucial to consider other factors, such as detailed cooling and
heating physics, that could drive further variability within this regime. This under-
scores the need for further research to determine the primary sources of variability
in Compton thick environments. Therefore, for column densities of this magnitude,

it is plausible that RDIs may not be the primary driver of variability.

To interpret the trend in the variability, we follow the analysis presented in Moseley
et al. (2019). Assuming pure isothermal MHD turbulence, the variance of the gas

density field will roughly follow a log-normal distribution of the form,
o (In(pg)) = In(1 + (blov/cs])?), (2.14)

where b corresponds to the “compressibility” of the fluid with b ~ 0.2 — 1. We
expect the saturation amplitude of the turbulence within the box to occur when the
eddy turnover timescale is of order the growth timescale of the instability mode, this

results in the following scaling for the long-wavelength regime,
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ay ~ (W) (kes) (1)*F (i) [e5) P (2.15)
Therefore, by combining both relations, we get,

o(10g(pg)) ~ In(1+p; el ). (2.16)

g grain

So in the case where p;4/ 3 egl r/a3m

lower density and larger grain sizes with a strong dependence on the density and a
-4/3 1/3

weak dependence on the grain size. However, when p, "€ '~
grai

> 1, the variability will be higher for columns with

< 1, the variability
n

will be roughly similar at all densities and grain sizes.

In Figure[2.13] we show the normalized PDF of the logarithmic surface density field
for all times after the saturation of the RDIs and all sight-lines. From top to bottom,

2 and

the total gas column density Ng,s in the simulation box corresponds to 10%?cm™
10**cm™2, respectively, and maximum grain size is 0.01um (left), 0.1um (middle),
lum (right). We omit the plots for larger column densities but report that they are
similar to the bottom left plot. As shown in the plots, the profile of the PDFs is
highly non-gaussian with a narrow peaked core component and wings that sharply
drop off, indicative of strongly enhanced fluctuations. The dust PDF is broader than
that of the gas at lower column densities and higher grain sizes, i.e., when the dust
is not well-coupled with the gas. This difference is negligible for more obscured
lines-of-sight (Ny = 10** cm™2), as the fluid is strongly coupled across the range of

grain sizes we consider.

Power Spectral Analysis

In Figure[2.14] we present the temporal power spectrum, for individual lines-of-sight
(as Figure and averaged over all lines-of-sight, of the integrated gas and dust
surface density in black and yellow thick lines, respectively. We show this for a

simulation with Ny ~ 10**cm™ and egr‘:?n

~ 0.01ym. We omit the spectra for
the remainder of our simulation set as they show a similar profile. The spectra for
dust and gas show similar profiles, with twice the amount of power present in the
dust spectrum relative to the gas (consistent with our previous analysis). The plot
indicates that most of the power is on long timescales, with a spectral index a,, ~ -2,
defined as dP/dv o« v®v. This spectral index is very close to canonical red noise
which is consistent with AGN observations probing comparable timescales(Caplar et

al.[2017; MacLeod et al.2012), and could arise from an array of physical processes.
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For instance, if we assume that on small scales, the density fluctuations take the form
of a Gaussian random field, as the surface density is an integral over that field, it is
natural that the resulting power spectrum would take this form. However, it is worth
noting that observations of optical power spectral densities have indicated a range
of slopes, with values often steeper than the canonical -2 value at high frequencies
(Simm et al.|[2016; Smith et al. 2018)).

Further, we note a break at the low-frequency end of the power spectrum, which
corresponds to the acceleration timescale of the fluid within the simulation box.
Similar breaks have been observed in AGN power spectra, which were found to be
correlated with intrinsic properties of AGNs such as their mass (Burke et al.[2021).
However, these breaks were observed to occur on different timescales compared to
the breaks in our simulations. The high-frequency plateau in our PSD, however,
is likely an artefact due to our limited time resolution and simulation duration.
Overall, we acknowledge the complexity and variability of AGN power spectra and
caution readers about the limitations of our simulations in capturing the full range

of observed power spectrum behaviours.

In Figure 2.15] we show the spatial power spectrum of the logarithm of the 3-
dimensional density field for a column with Ny ~ 10**cm~2 and egrlgi‘n ~ 0.01um,
and similar to above, note that it is roughly consistent with the spectra for our
other simulations. The plot shows similar profiles for the dust and the gas, which
is indicative that on the relatively large scales that we are probing, the dust and
gas fluctuations are order-of-magnitude comparable. Further, the power increases
exponentially with a spectral index a; ~ 3, defined as dP/dk o k% until a few
factors of the resolution limit is hit, after which power on smaller length scales
would not be resolvable. Thus the power decay on relatively short-length scales
should be regarded as a numerical effect, as we expect it to continue to rise for

smaller length scales.

Relation to AGN Observations

The RDIs and other instabilities provide a natural explanation for the clumpy nature

of the dusty torus, which together with the turbulent dynamics of the fluid, results in
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Figure 2.14: Temporal power spectrum of the gas and dust sight-line integrated
surface densities along individual sight-lines as Figure 2.11] Thick lines show
the average over all sight-lines. This is for one RDMHD simulation with initial
Nu ~ 10**cm=2 and egg;‘n ~ 0.01pum, but others are qualitatively similar. Both
the dust and gas show similar profiles, with the dust carrying roughly twice the
amount of power as the gas. The spectra show power with an approximate red-noise
spectrum, dP/dv o v=2 over most of the resolvable time range. We expect that the
power on long timescales is mostly driven by global processes such as the vertical
acceleration of the fluid and that the power on shorter timescales is driven by the

density fluctuations in the wind.
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Figure 2.15: Spatial power spectrum of the three-dimensional dust and gas log
density fields (10g(0gas/< Pgas >)), (10g€(Pdust/ < Pdust >)). We show this for one

simulation with Ng ~ 10%* cm™2 and eg;z;‘n ~ 0.0lum at t ~ ty, but others are

qualitatively similar. The plot shows that similar power for the gas and dust that
increases on small scales roughly according to dP/dk o k* until the resolution limit
is approached (kpax corresponds to the simulation resolution limit), after which
due to numerical effects, power on smaller length scales decreases as modes are
unresolved.

variability in the observed luminosity. While the variation we deduce is relatively
small, it is non-negligible. We resolve ~ 10 — 30% variation on scales of a few
years which would be observable on human timescales. For Compton thick sources,
such variability in the gas column would be detectable and significantly change the
hardness of the observed X-rays and reduce luminosity by factors of ~ 2. However,
the typical behaviour in our simulations would not give rise to variability similar to
more extreme changing-look AGN which presumably is due to other physics (e.g.,

accretion disk state changes).

We compare our results to optical variability studies by MaclLeod et al. (2010),
Stone et al. (2022), and Suberlak, Ivezi¢, & MacLeod (2021). These studies report

similar PSD slopes of -2, consistent absolute magnitude variability amplitudes, and
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characteristic break timescales on the order of years. While our simulations predict
variability that extends to longer timescales and longer break timescales, determining
such timescales would require longer observational baselines. Additionally, we
take note of the X-ray variability observations by Gonzalez-Martin & Vaughan
(2012), which also exhibit consistency with red noise characteristics. However, we
acknowledge that X-ray variability is likely dominated by processes occurring in the
accretion disk and operates on much shorter timescales. Therefore, while there is a
similarity in the power spectrum slopes, it may not be the most suitable comparison
for our simulations. While our model matches the reported PSDs in shape and
magnitude, caution is advised in overgeneralizing the agreement. Red noise spectra
can stem from widespread Gaussian processes, suggesting that other mechanisms

are likely contributing to the observed variability.

For our model, we expect the primary source of obscuration at optical/UV wave-
lengths to be the dust component, while at shorter wavelengths such as X-rays, we
anticipate that gas will dominate the obscuration. A unique feature of our model is
that it predicts a correlation between the variability at different wavelengths, with
RDIs driving simultaneous variability at varying magnitudes depending on the ob-
servation wavelength. Therefore, the extinction at a given wavelength, A,, would
be proportional to the dust surface density, dZq.s, and related by the extinction
coeflicient, K, i.e., 04, ~ K, -0Z4us- Based on previous estimates by Draine 2003,
we expect values of K, to be around 5-10 in the optical band and 0.5-5 in the IR
band. However, our simulations do not include the region interior to the sublimation
radius often associated with AGN X-ray variability (Merloni et al. 2014 Middei
et al. 2017). As this region is dust-free, any variability attributed to that region
cannot be driven by the RDIs.

For our simulations, we predict several distinctive features that differentiate them
from other models. One such feature is the relative variation between the dust and
gas components. We observe fluctuations in the line-of-sight integrated dust-to-
gas ratio, where the dust component varies independently of the gas component
and sometimes in opposite directions. Observationally, this would manifest as
instances where the UV spectrum becomes highly reddened due to increased dust
obscuration while the X-ray spectrum remains relatively constant, or vice versa.
Additionally, variations in the dust-to-gas ratio would introduce variability in the
observed extinction curve. Similar variability has been reported by Dahmer-Hahn

et al. (2023) which reports variability on decade timescales in the near-infrared
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(NIR) that does not correlate with the observed variability in X-ray gas reported by
Sanfrutos et al. (2016)) in regions corresponding to the dusty torus. Furthermore,
there have been observations of sources where the X-ray flux varies by approximately
20% to 80% over a few years, with no apparent variation in the optical component
(De Rosa et al. 2007; Laha et al. [2020; Markowitz et al. 2014; Risaliti et al. 2002,
2005). Another feature predicted by our RDI simulations is the presence of high-
velocity outflows that surpass the Keplerian velocity of the region. Observations
by Choi et al. (2022) in the AGN torus region have reported broad absorption lines
corresponding to torus-like distances from the AGN source, indicating the presence
of such high-velocity outflows that align with the predictions from our RDI model.
However, if other mechanisms drive similar changes in the dust-to-gas ratio or
high-velocity outflows, the observed variations may become degenerate, making it

challenging to attribute the variability solely to the RDI mechanism.

In addition to that, we caution that our findings are sensitive to both the physical size
of the line-of-sight/spatial resolution and the temporal resolution of our simulations.
When considering observations, the thickness of the line-of-sight is limited by the
size of the emitting region, i.e., the angular size of the AGN disk. Therefore to
validate our choice of an infinitesimally narrow line-of-sight for our calculations,
we consider the size of the AGN disk relative to the size of the torus. An AGN of
luminosity 10*%erg/s with a disk emitting black-body radiation peaking in the near-
UV regime with an effective temperature of ~ 10*K will have a radius, Ry of order
Ry ~ \/W ~ 3 X 10_2pc, where osp is the Stefan-Boltzmann constant.
Therefore for torus of radius ~ 1.1pc, an infinitesimally narrow line-of-sight would
be a reasonable approximation to an observationally limited line-of-sight. However,
there have been cases where the continuum emission region has been resolved in
the UV/IR waveband (Leighly et al. 2019).

Regarding the timescales of the variability predicted by our analysis, we note that the
shortest timescales we can resolve are limited by the frequency at which we output
our snapshots (~ years), therefore we are not resolving variability on all human
observable timescales and would expect that there would still be variability due to
the RDIs on shorter timescales than those reported in this work. In addition, we
expect that the variability that arises due to the RDIs would be much faster than that
predicted by an occultation model.
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2.6 Conclusions

In this work, we present simulations of radiation-dust-driven outflows explicitly ac-
counting for dust dynamics and dust-gas radiation-magnetic field interactions, with
initial conditions resembling AGN tori. We model the dust using a realistic grain size
spectrum and grain charge under the influence of a radiation field and accounting
for drag and Lorentz forces. The dust interacts with gas through collisional (drag)
and electromagnetic (Lorentz, Coulomb) forces, which couple the two fluids and
absorbs radiation which accelerates grains, determining whether they, in turn, can
accelerate gas. While within this environment, the dust and gas are closely coupled
in the sense that the “free streaming length” of dust grains is very small, explicit
treatment of dust dynamics reveals that the fluid is unstable on all length scales to a

broad spectrum of fast-growing instabilities. We summarize our key findings below.

1 RDIs: The RDIs develop rapidly on scales up to the box size, forming vertical
filamentary structures that reach saturation quickly relative to global timescales.
We find that the behaviour of the RDIs is sensitive to the geometrical optical
depth 74, with environments with higher optical depths resulting in a more

tightly coupled dust-gas fluid (€sream,dust/Hgas Tg_elo as shown in Equation 2.6)),

and longer RDI growth times (tgrow/tacc o Tgle/(? as shown in Equation [2.10).

Other parameters such as AGN luminosity, gravity, grain charging mechanism,
and the gaseous equation of state show weaker effects on the dynamics or

morphology of the RDIs.

ii Clustering: The RDIs drive strong dust-dust and gas-gas clustering of similar
magnitude (order of magnitude fluctuations) on small scales for all conditions
explored within our parameter set. Thus, the RDIs provide yet another (of many)

natural mechanism for explaining the clumpy nature of AGN tori.

iii Outflows: Our results show that both the dust and gas are accelerated to highly
super-sonic velocities resulting in a wind which can successfully eject 70 —90%
of the gas present. In addition, the RDIs drive super-Alfvénic velocity dispersion
of order ~ 10% of the outflow velocity. Further, while the morphological
structure of the RDIs generates low opacity channels through which photons
can in principle escape, we find that this “leakage” is modest, usually resulting
in less than a factor of ~ 3 loss of photon momentum relative to the ideal case.
In every case, the remaining momentum (for quasar-like conditions modelled

here) is more than sufficient to drive a wind.
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iv Integrated Surface Density Variation: The resulting morphology and tur-
bulence give rise to both short (< years) and long timescale (10-100 years)
variability in the column density of gas and surface density/opacity of dust in-
tegrated along mock observed lines-of-sight to the quasar accretion disk. These
fluctuations have RMS amplitude along a given sight-line of order ~ 10 — 20%
over year to decade timescales with a red noise power spectrum, consistent with
a wide array of AGN observations. We note that both the dust and gas show
variability on similar timescales that roughly follow similar trends statistically,
but do not match 1-to-1 at any given time — they fluctuate relative to one
another, providing a natural explanation for systems where dust extinction is
observed to vary in the optical/NIR independent of the gas-dominated x-ray
obscuration and vice versa (De Rosa et al. 2007; Laha et al. 2020; Markowitz
et al. 2014; Risaliti et al. 2002, 2005; Smith & Vaughan [2007). Our model
suggests that the variability in the optical/NIR bands will be correlated in time
and proportional to the variability in dust surface density. The X-ray variability,
which is associated with the gas surface density variation caused by RDIs, is not
expected to be strongly correlated with the optical/NIR variability.
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¥ . (4) Grain charge parameter: ¢, for the largest grains.

grain
(5) Grain size parameter: @, for the largest grains. (6) Gravity parameter: g. (7)

Overview of the initial conditions for all simulations, organized by
Dashed lines separate simulations using the uniform flux
Emax

approximation from those using the RDMHD model. The columns represent the

following parameters: (1) Simulation name. (2) Gas column density: Ng,s.
Dust acceleration parameter: dq. (8) Initial plasma Sy. (9) Whether the run included

live radiative transfer (RDMHD). (10) Total number of gas elements. (11) Reduced

speed of light (RSOL).

gas column density.
Maximum grain size:

Table 2.1:
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Chapter 3

DUST-EVACUATED ZONES NEAR MASSIVE STARS:
CONSEQUENCES OF DUST DYNAMICS ON STAR-FORMING
REGIONS

Soliman, N. H., Hopkins, P. F., Grudi¢, M. Y., 2024, Dust-evacuated Zones near
Massive Stars: Consequences of Dust Dynamics on Star-forming Regions The
Astrophysical Journal, 974, 136. DOI: 10.3847/1538-4357/ad6ddd. | NHS partic-
ipated in the conception of the project, carried out the simulations, and analyzed
the results.

Stars form in dense cores composed of both gas and dust within molecular
clouds. However, despite the crucial role that dust plays in the star formation
process, its dynamics is frequently overlooked, with the common assumption
being a constant, spatially uniform dust-to-gas ratio and grain size spectrum.
In this study, we introduce a set of radiation-dust-magnetohydrodynamic simu-
lations of star forming molecular clouds from the STARFORGE project. These
simulations expand upon the earlier radiation MHD models, which included
cooling, individual star formation, and feedback. Notably, they explicitly ad-
dress the dynamics of dust grains, considering radiation, drag, and Lorentz
forces acting on a diverse size spectrum of live dust grains. We find that
once stars exceed a certain mass threshold (~ 2M), their emitted radiation
can evacuate dust grains from their vicinity, giving rise to a dust-suppressed
zone of size ~ 100 AU. This removal of dust, which interacts with gas through
cooling, chemistry, drag, and radiative transfer, alters the gas properties in
the region. Commencing during the early accretion stages and preceding the
Main-sequence phase, this process results in a mass-dependent depletion in the
accreted dust-to-gas (ADG) mass ratio within both the circumstellar disc and
the star. We predict massive stars (> 10M;) would exhibit ADG ratios that are
approximately one order of magnitude lower than that of their parent clouds.
Consequently, stars, their discs, and circumstellar environments would display
notable deviations in the abundances of elements commonly associated with

dust grains, such as carbon and oxygen.


http://dx.doi.org/10.3847/1538-4357/ad6ddd
http://dx.doi.org/10.3847/1538-4357/ad6ddd
https://arxiv.org/abs/2406.09602
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3.1 Introduction

Star formation and stellar evolution are complex processes influenced by a multitude
of physical mechanisms and environmental factors within Giant Molecular Clouds
(GMCs) (Girichidis et al. [2020; McKee & Ostriker 2007). The presence of
magnetized, supersonic, and turbulent flows within these clouds drives strong density
fluctuations, giving rise to regions with varying densities and spatial dimensions
(Larson 1981; Mac Low & Klessen 2004). As these density fluctuations develop,
some reach a critical point where their gravitational force begins to dominate,
initiating protostellar collapse. The collapse of these gas and dust over-densities
gives birth to protostars, which accrete nearby material and evolve into mature stars.
During this process, they dynamically interact with the surrounding cloud through
feedback mechanisms such as radiation, jets, radiatively-driven stellar winds, and

supernova explosions (Krause et al. [2020).

Dust, an essential component of GMCs, heavily influences all of these processes.
These particles, known as “grains,” are created as a byproduct of stellar evolution,
within the atmospheres of evolved stars and in supernova remnants. Dust grains re-
process stellar radiation, absorbing and scattering far-ultraviolet (FUV), optical and
infrared (IR) photons, re-emitting them in the IR and submillimeter wavelengths
(Draine & Lee|1984; Li & Draine 2001; Mathis [1990; Tielens [2005). Fur-
thermore, they scatter background radiation and emit a thermal continuum in the
IR. In addition to its radiative interactions, dust governs the thermodynamics and
chemistry of gas within the ISM, exerting a substantial influence on the intricate
processes triggering star formation (Dorschner 2003} Draine 2003; Minissale et al.
2016; Salpeter |1977; Spitzer Jr [2008; Watanabe & Kouchi [2008; Weingartner
& Draine 2001a; Weingartner & Draine 2001b; Whittet, Millar, & Williams
1993). Moreover, dust acts as a reservoir, confining heavy elements within a solid
phase, which can subsequently become integrated into stars and planets, thereby
significantly influencing their overall compositions (Dorschner 2003; Minissale et
al. 2016; Salpeter [1977; Spitzer Jr 2008; Watanabe & Kouchi 2008; Whittet
et al. [1993). Dust regulates the temperature of the gas through photoelectric heat-
ing, collisional heating and cooling, and efficient radiative cooling (Draine 2003
Weingartner & Draine 2001a; Weingartner & Draine 2001b). Moreover, dust
serves as a reservoir for metals, which deplete onto the dust grains. These metals
can later become integrated into forming stars and planets, influencing their over-

all compositions. Once luminous sources form within the GMC, the presence of dust
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can also initiate radiatively driven outflows in the surrounding regions (Hofner
& Olofsson 2018; King & Pounds [2015; Murray, Quataert, & Thompson 2005).

In addition, the dynamic interplay between dust and gas is pivotal in shaping the
evolution of star-forming regions. Turbulence within the cloud can generate varia-
tions in the dust density on scales comparable to the turbulent eddy turnover scale,
leading to substantial fluctuations in the dust-to-gas (DTG) ratio within prestellar
cores (Abergel et al. 2002; Boogert et al. 2013; Flagey et al. 2009} Thoraval, Boisse,
& Duvert|1997,/1999). As demonstrated by Hopkins (2014), this phenomenon has
significant implications within large GMCs, where dust dynamics alone could po-
tentially lead to stellar populations that exhibit notable variations in abundances of
elements commonly found in dust grains, including CNO, Si, Mg, and Fe (Hopkins
& Conroy [2017)).

Despite its well-recognized importance, most simulations that model star-formation
often assume a perfect coupling between the dust and the surrounding gas. This
treatment involves considering both components as moving together, with dust
essentially acting as an “additional opacity” to the gas. However, the dynamics of
dust is far more complex. Dust particles, ranging from a few angstroms to several
micrometres in size, are inherently aerodynamic and often charged. When dust
grains are accelerated by forces like radiation pressure, they drift through the gas,
and the imparted momentum couples to the surrounding gas through electromagnetic
and drag forces, redistributing momentum in the environment. The efficiency of
this coupling relies on both the characteristics of the grains and the surrounding
environment. For typical densities of GMCs, where ny ~ 102 cm™, the collisional
interactions between dust and gas are relatively infrequent, resulting in a relatively
weak coupling of the dust dynamics with that of the gas. This decoupling between
grain and gas populations has notably been observed, particularly in the case of
larger dust grains (Altobelli, Griin, & Landgraf 2006, 2007; Frisch & Slavin
2003; Kriiger et al. [2001; Meisel, Janches, & Mathews 2002; Poppe et al. [2010).
To improve our understanding of dust dynamics within this environment, this study
serves as an initial investigation that relaxes some assumptions regarding the perfect

coupling of gas and dust dynamics.

In this work, we present the first radiation-dust-magnetohydrodynamic (RDMHD)
simulations of star-forming molecular clouds that explicitly account for dust dynam-
ics. We utilize simulations from the STAR FORmation in Gaseous Environments

(STARFORGE) project, which provide a comprehensive representation of individual
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star formation. This encompasses the stages of proto-stellar collapse, subsequent
accretion and stellar feedback, main-sequence evolution, and stellar dynamics, with
a thorough consideration of the relevant physical processes (as described in Grudié
et al. (2022)). Within the context of this paper, our focus is directed towards inves-
tigating the impacts of explicit dust-gas radiation dynamics on the properties of the

stellar populations that emerge within the cloud.

The paper is structured as follows: In Section [3.2] a concise outline of the code is
presented (for a detailed description of the numerical methods and implementations,
refer to Grudic et al. (2021)) along with a description of the initial conditions (ICs)
of the simulations. We discuss the results obtained from our fiducial simulation runs
in Section [3.3]and compare them to runs with simplified dust physics. Finally, we
discuss the implications of our findings in Section [3.4] and present our conclusions
in Section

3.2 Simulations

STARFORGE Physics

We run a set of RDMHD STARFORGE simulations to study star formation in GMCs,
using the GIZMO code (Hopkins 2015). These simulations adopt the complete
physics setup from the “full” STARFORGE model, as described in Grudi¢ et al.
(2022)). For solving the equations of ideal magnetohydrodynamics (MHD), we rely
on the GIZMO Meshless Finite Mass MHD solver, detailed in Hopkins & Raives
(2016) and Hopkins (2016). In this study, we extend the standard STARFORGE
physics by explicitly modeling the dynamics of the dust particles, where the details
of the implementation are outlined in Section

We utilize the GIZMO meshless frequency-integrated M1 solver (Grudi¢ et al. 2021}
Hopkins & Grudi¢ 2019; Hopkins et al. 2020; Lupi et al. 2018; Lupi, Volonteri, &
Silk[2017) to evolve the time-dependent, frequency-integrated radiative transfer (RT)
equation adopting a reduced speed of light ¢ = 30 kms~!. Adopting a reduced speed
of light is a common practice in star formation simulations, as it allows for larger
time-steps while ensuring the reduced speed still exceeds other relevant speeds
in the problem, thereby maintaining the accuracy of radiative transfer processes
without compromising computational efficiency (Geen et al. 2015)). The radiation
is discretised into five distinct frequency bands, which cover a range extending from
the Lyman continuum to the far infrared (FIR). As radiation interacts with matter, it

triggers processes such as photoionisation, photodissociation, photoelectric heating,
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and dust absorption. Additionally, the matter undergoes radiative cooling and
heating, accounting for metal lines, molecular lines, fine structure lines, as well as
continuum and dust collisional processes, as outlined in Hopkins et al. (2023)). An
especially noteworthy feature of our radiative transfer approach is the direct coupling
of each radiation band to the dust particles. A more comprehensive description of
this integration is presented in Section [3.2] The radiation field is initialised with
an external heating source at the boundaries, representing the interstellar radiation
field (ISRF). As local sources (stars) emerge, they also contribute to the radiation
field.

Individual stars in the simulations are represented by sink particles. These sink
particles arise from gas cells that meet the criteria for runaway gravitational collapse
and follow the protostellar evolution model introduced by McKee & Offner (2010).
Sink particles can then accrete bound gas and dust elements, where dust accretion
adheres to the same critera as gas accretion. Each sink particle separately tracks the
quantities of both dust and gas it has accumulated since its initial sink formation. To
ensure realistic accretion irrespective of resolution, the sink particles first accrete
particles onto an unresolved disk reservoir, the material in which is then smoothly

accreted onto the sink particle.

The sink particles undergo growth through accretion while progressing along the
main sequence. Their luminosity and radius follow the relationships outlined in
Tout et al. (1996), and they emit a black-body spectrum with an effective tem-
perature of T = 5780, K (L* / Ri)l/ 4. Beyond radiation, sinks interact with their
surrounding medium via protostellar jets, stellar winds, and the potential occurrence
of supernovae. To calculate gravitational forces, we employ an adaptive gravita-
tional softening approach, which spans a range extending down to approximately
~ 2% 107> AU for the gas cells. Additionally, a fixed softening of 6 AU is utilized for
the dust and sink particles. For a more comprehensive description of the modelled
physics and numerical techniques, readers are encouraged to refer to Grudi€ et al.
(2021}, 2022).

Dust Physics

A detailed description of the numerical methods used for dust modelling in our simu-
lations, albeit focussing on more idealised scenarios, can be found in soliman2022dust;
Hopkins & Lee (2016), Lee, Hopkins, & Squire (2017), and Moseley, Squire, &
Hopkins (2019). Following a Monte Carlo sampling approach, we depict dust grains
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in our simulation as “super-particles” (Bai & Stone 2010b; Carballido, Stone, &
Turner 2008; Johansen, Youdin, & Mac Low 2009; McKinnon et al. [2018; Pan
etal.2011)). Each simulated “dust particle” encapsulates an ensemble of dust grains
characterized by similar attributes such as grain size (€grain), Mass (Mgrin), and
charge (Ggrain) determined through live collisional, photoelectric, and cosmic ray
charging (Draine & Sutin|1987; Tielens 2005).

The motion of each dust grain is governed by the following equation:

dVd
T = agas,dust + agraV + Qrad (31)
Wy W X ﬁ n egrain
= - +g+ <Q>ext Grad,
Is L Mgrain €

where v, represents the velocity of the grain; ag, qust = —Ws/ts — Wy X B /[t takes
into account the forces exerted by the gas on the dust, including drag (quantified
by the "stopping time" t;) and Lorentz forces (characterised by the gyro/Larmor
time t7 = MgrainC/|Ggrain, B|); Ws = V4 — 1, corresponds to the drift velocity of a
dust grain relative to the gas velocity u, at the same position x; B denotes the local
magnetic field; agr,y = g is the gravitational force due to a local gravitational field;
and a,,q is the force due to an incident radiation field G;.q = Frag — V4 - (€rad I+ Praq)
in terms of the radiation flux/energy density/pressure density Fi.q, €raq, Praq for a
grain of size €grain and mass Mgrain = (47/3) ﬁérain e;’rain,
grain mass density, and dimensionless absorption+scattering efficiency (Q)ext; ¢ is
the speed of light.

where p! . is the internal
grain

Our radiation treatment closely follows the methodology described in soliman2022dust;
Hopkins et al. (2022)), which employed a gray-band opacity assumption. In our cur-
rent study, we build upon this approach by introducing a five-band opacity treatment
for each radiation band evolved by the RT solver. We determine an effective opacity,
expressed as (Q)ext(€grain, Aeff) = Min (27 €grain/Aesr, 1), Where Adegr = VAminAmax
representing the geometric mean of the wavelength boundaries for the respective
radiation bands. For the purposes of calculating the different coefficients within

each narrow band, we assume that the opacities are locally gray.

The radiation pressure force on the dust is determined through the M1 radiative
transfer method described above, encompassing terms up to O(v?/c?): Oreraq +
V - Frad = —Rqust Va - Grad/cza 0iFraq + 2V . Prad = —Rdust Grad- SPGCiﬁcall}’, it
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involves equations that govern the temporal evolution of quantities related to the
radiation field, where the absorption and scattering coefficients, denoted as Ry,

are calculated locally from the dust grain distribution.

However, resolving the photon mean free path in global simulations is not always
feasible (Hopkins & Grudi¢|2019; Krumholz 2018)). To address this limitation, we
apply a correction factor as outlined by Grudi¢ et al. (2021) to estimate radiation
flux. Photons absorbed by the dust are reprocessed and re-emitted as IR radiation.
This re-emitted IR radiation, along with incident IR radiation, undergoes multiple

scattering in the medium.

To examine the effects of this implementation, we conduct a series of numerical
experiments, systematically introducing and removing the correction factors for
each radiation band. Our analysis reveals that while these adjustments can influence
the results quantitatively, their effects generally remain within the interquartile range

observed in this study.

For all forces originating from the interaction between gas and dust, denoted @ gy dust»
an equal and opposite force acts on the gas (referred to as “back-reaction”). For
the physical conditions under consideration, the drag experienced by the dust is

modeled using the Epstein drag formulation, expressed as:

o= [Ty Parin emin ( Omy |wi?\ 72
TN 8 pgcs 128 (2 ’

N

(3.2)

where 7 is the adiabatic index, p, is the gas density, and c; is the local sound speed.
Additionally, Coulomb drag is considered, though it typically constitutes a minor

correction.

Furthermore, the thermochemistry of the medium is influenced by the presence
of dust through both indirect effects, arising from extinction by grains, and direct
effects, through dust heating and cooling terms (refer to Grudi¢ et al. 2022 for
comprehensive details). These effects depend on the DTG ratio and/or mean grain
size. Instead of assuming fixed values, we estimate these parameters by interpolating
the local distribution of dust grains to the gas cells, ensuring a self-consistent
consideration of the thermodynamics involved. We examine the implications of our
explicit dust treatment on the thermodynamics of star-forming regions and delve
into the specific influence of varying dust properties, such as grain size, in more
detail in Soliman, Hopkins, & Grudi¢ (2024b).
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The simulations at hand do not resolve the detailed physics of the generation and
collimation of protostellar jets. Instead, jets are introduced by spawning high
velocity gas cells within a narrow cone (see Grudic€ et al. (2022) for implementation
details). The cone’s radius encompasses a few gas cells within the sink radius, and
is thus poorly resolved. This may lead to a resolution dependent overestimation
of dust ejection by jet particles. To mitigate such spurious effects, we temporarily
disable the direct interaction between dust particles and newly spawned cells. This
involves interpolating the gas properties from non-jet cells only to dust for a specific
duration, allowing the jets to escape the poorly resolved sink radius. Nonetheless,
the jet elements can still indirectly affect dust evacuation through their coupling
with neighboring gas elements that the dust interacts with. Although this approach
might result in missing some physical dust ejections, the narrow opening angle of

the jet suggests that any underestimation should be relatively small.

We experimented with the duration of the decoupling, and find that results converge
as long as the decoupling persists until the jets can escape the sink radius or become
resolved. We emphasize that we adopt this approach as a precautionary measure
to avoid overestimating the extent of dust evacuation. Allowing the interaction to
proceed would only lead to further dust ejection near sink particles. Consequently,
this approach does not qualitatively affect our findings; instead, it strengthens our

conclusions.

Initial conditions

For our fiducial simulations, we consider an initially uniform-density turbulent
molecular cloud with a mass of Mo = 2 X 10°Mg, and a radius of R = 3pc,
corresponding to a surface density of ~ 70 Mg /pc?, and a hydrogen number density

of ng ~ 700cm™3.

The cloud is enveloped within a 30pc periodic box with an
ambient medium with density ~ 103 times lower than that of the cloud. The
initial velocity distribution follows Gaussian random field with with an initial virial
parameter i = S02R /(3G Mgoud) = 2, where G is the gravitational constant. The

initial magnetic field configuration is uniform, and set to establish a mass-to-flux

-1
ratio equivalent to 4.2 times the critical value (27TG1/ 2) within the cloud (Nakano
& Nakamura [1978)).

The cloud is initialized with an initially spatially uniform DTG ratio pg = ude pg,
where 92 = 0.01 reflects the galactic value. For typical gas cells, the mass resolution

in our simulations is Amg,s ~ 107*M, while for the grain super-particles, we refine
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it to Amgus ~ 2.5 X 107Mg, (4% higher resolution for the dust). Furthermore, cells
associated with protostellar jets and stellar winds have a higher mass resolution of
10~*My. In addition, we extend our sample to include a larger cloud configuration
with Mgoud = 2 X 10*My, and radius R = 10pc corresponding to a surface density
of ~ 70My/pc?, and a hydrogen number density of ny ~ 200cm™. The cloud is
also enveloped within a 10x larger box filled with diffuse material. For the larger

cloud, we use a coarser mass resolution, scaled down by a factor of 10.

The dust component is initialized with a net zero drift velocity relative to the
surrounding gas. The grain sizes follow an empirical Mathis, Rumpl, & Nordsieck
(MRN) power-law distribution with a differential number density dNy/degrain
€3> (Mathis, Rumpl, & Nordsieck 1977). The distribution spans a dynamic range

grain ]
of €M = 100e™" | with €™®* = 0.1um for our fiducial simulations. We adopt the
grain grain grain
classic MRN mixture of carbonaceous (~ 40%) and silicate (~ 60%) composition,
assuming a uniform internal density and composition across different grain sizes.
This corresponds to grains with a sublimation temperature of approximately 1500
K and an internal density of 5/ .~ 2.25g/cm®. We do not model grain growth
grain
or destruction; consequently, we adhere to a fixed size distribution, maintaining

constant sizes for particles throughout the simulation.

We provide a summary of the initial conditions for all simulations discussed in this
work in Table 3.1l

3.3 Results

Cloud Morphology

In Figure 3.1} we present the 2D integrated surface density of gas, denoted as g
displayed on the left and dust, denoted as Xq,5 shown on the right. These visualiza-
tions are from our m2e3_0.1_hires simulation, which employs our comprehensive
physics model to simulate a cloud with an initial mass of M joug ~ 2% 10°M,, evolved
for a duration of # ~ 3.5 Myrs. Sink particles, representing stars in the system, are
portrayed as circles with their sizes proportional to their respective masses. The
initially spherically uniform cloud undergoes a process of gravitational collapse and
fragmentation. This leads to the emergence of a stellar cluster near the central region
with a small number of sinks dispersed at greater distances from the cluster’s center.
When we compare the dust and gas distributions on parsec scales, we observe that
the distribution of the dust aligns with that of the gas. This indicates that, on large

scales, the dynamics of dust and gas are effectively well-coupled.
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Table 3.1: The initial conditions for the simulations used in this study. The columns
include: (1) Simulation name. (2) Cloud mass M ouq. (3) Cloud Radius Rjguq-

. (8) Mass resolution Amg,s. (6) Notes indicating the

max
€

(4) Maximum grain size

grain

main variations from the fiducial run.
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Figure 3.1: The 2D integrated surface density of gas X, (left) and dust X — dust
(right) at ¢ ~ 3.5 Myrs for the m2e3_0.1_hires simulation, corresponding to a cloud
with Mojoud ~ 2% 10°Mg, Amgys ~ 1073M, resolution, and egg;‘n = 0.1um. This run
employs our full physics package and accounts for explicit dust dynamics, including
physical phenomena such as dust drag, dust back-reaction, Lorentz forces acting
on dust grains, and the explicit computation of dust opacity from grain particles.
Note that the dust surface density is scaled by 1/u% for ease of comparison. Sink
particles, representing stars, are depicted as circles, with their radius reflecting their
mass. We note that both the gas and the dust exhibit similar large-scale structural
features. For structural differences at smaller scales, refer to Figure @

While dust and gas exhibit coherence on cloud-size scales, stars primarily grow by
accreting the local mixture of dust and gas, a process that determines various final
stellar properties. Consequently, variations in the local DTG ratio can influence
the properties of the final stellar population. Due to the simulation’s limited spatial
resolution for sink accretion (~ 10 AU), the fate of dust, whether it gets accreted by
a star or is ejected, remains ambiguous. To address this uncertainty, we calculate a
more robust measure: the accreted dust-to-gas (ADG) ratio. This is the ratio of the

mass of accreted dust to the mass of accreted gas, i.e., it represents the DTG ratio
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Figure 3.2: The rolling median of the accreted dust-to-gas (ADG) mass ratio p92
calculated for sink particles formed within a cloud of initial mass M jouq = 2X 10*Mo.
The results are computed within logarithmic mass bins and normalised to the initial
mean dust-to-gas (DTG) ratio of the cloud (ugg). The darkly shaded and lightly
shaded regions correspond to the interquartile and interdecile ranges, respectively.
The plot compares the full physics simulation (m2e4_0.1) to simulations with limited
dust physics including: (1) no Lorentz forces act on the grains (m2e4_0.1_noLor),
(2) no radiation pressure forces act on grains (m2e4_0.1_norad), and (3) only aero-
dynamic drag forces act on grains without back-reaction on the gas (m2e4_0.1_pass).
Subsolar mass stars exhibit a scattered ADG ratio centered around the average value
of ~ (,ugg). The fiducial run reveals a clear trend of reduced ADG ratios at higher
sink masses influenced by radiation forces on dust, which diminishes when radiative
pressure forces are disabled.
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of the material that composes the star. It is defined as:

adg M. accreted,dust M. accreted,dust
8 = ~ (3.3)
M, accreted,gas My
N,
Z Lt Amdust,i

i=1
Ngas Ny
Zi:l Amgas,i + Zizlum Amdust,i

~
~

b

where Mjccreted.dust 1S the total mass of the Nq,g accreted dust elements each of mass
Amause ~ pdgAmgas /4, and Mcereted, gas 18 the total mass of the Ng,s accreted gas
elements. We acknowledge that this measure has the potential for overestimation,
considering the possibility of dust expulsion if accretion were tracked at smaller

spatial scales.

Reduced Dust Accretion in Massive Stars

In Figure[3.2] we present the moving median ADG ratio for individual sink particles,
calculated within logarithmic stellar mass bins, for a stellar population. We present
the sinks formed with our larger cloud with a mass of M joug = 2 X 10*M,, to ensure a
robust statistical dataset. To discern the contributions of various physical processes
to the results, we compare the ADG ratios in our fiducial full-physics run with
runs involving limited physics. Specifically, we experiment with runs, including a
“passive” grain run where grains experience only aerodynamic drag forces, without
Lorentz or radiation pressure forces and without exerting any back-reaction forces.
We also examine a run in which grains experience both drag and Lorentz forces and,
in turn, induce back-reaction forces on the gas. However, in this specific run, the
dust particles neither explicitly experience radiation forces nor is the dust opacity
explicitly computed directly from the dust distribution. Instead, the opacity of the
gas is calculated by assuming a constant DTG ratio. We also consider a scenario
where we include all dust physics except Lorentz forces, i.e., the case of neutral
dust grains. Finally, we contrast these scenarios with a comprehensive full-physics
fiducial run, which encompasses all the aforementioned physical effects, along with

explicit coupling of radiation to the dust grains.

As shown in the figure, we note a larger dispersions in the ADG ratio among sub-
solar mass sinks for all simulation runs, with an average value converging to ~ 1.
This dispersion is primarily ascribed to the inherent limitations in resolution, set at
around ~ 1072 Mg, which results in low-mass sinks accreting a relatively limited

number of gas and dust elements, and hence exhibiting greater stochastic noise.

For sinks of higher masses (> 2 — 8M), a trend emerges: the ADG ratio decreases
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with increasing stellar mass. This phenomenon has implications for stellar proper-
ties and the abundance levels of elements commonly found in dust, including CNO,
Si, Mg, and Fe, which we anticipate to be significantly reduced. These levels can
plummet to nearly an order of magnitude lower than the original solid-phase abun-
dances observed within the cloud. Strikingly, this trend becomes negligible when
the dust opacity is not directly computed from the dust distribution, and the grains
are not subject to radiation pressure forces. Furthermore, this pattern is virtually in-
discernible when the grains are treated as passive entities within the system. We also
find that the run without Lorentz forces acting on the grains shows a large statistical
overlap with our fiducial physics run within the interquartile range. This implies
that Lorentz forces acting on grains do not significantly impact this phenomenon.
Hence, we infer that this phenomenon is likely driven by radiation pressure which
expels dust grains away from the vicinity of the sink particle. Massive stars, emit-
ting intense radiation, exert substantial radiation pressure on the surrounding dust
and gas, thereby significantly affecting their dynamics. This effect is expected to
dominate the dynamics when radiation pressure surpasses gravitational forces, a

condition expected to be met at specific stellar luminosities and/or masses.

In addition to the aforementioned tests, we conducted simulations to assess the
impact of various stellar feedback mechanisms, including protostellar jets, stellar
winds, and supernova feedback, by systematically enabling and disabling each in
turn. We also explored the influence of magnetic fields through radiative hydro-
dynamical simulations, distinct from our tests involving neutral grains. We found
that the identified trend remains robust across different choices of these model

parameters.

Dust Evacuation
Toy Model

We can gain a simple understanding into whether a star would accrete a dust grain by
examining the local dust dynamics through a set of simple approximations. Consider
a scenario involving an inflowing shell of gas and dust influenced by a combination of
drag and radiation from the star pushing the shell outward. The grains should reach a
terminal velocity, where they drift relative to the gas at a velocity wy. For simplicity,
let us assume sub-sonic drift with vipaow ~ €cs Where € characterises the efficiency
of gravitational in-fall with respect to the sound speed, and that the system is in the

Rayleigh limit, characterised by (Q)ext  €grain, allowing for a closed-form analytic
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solution. Larger grains with (Q)ex; ~ 1, unlike smaller grains where (Q)ext ¢ €grain,
would behave similarly to the smaller grains, but would introduce an inverse relation
with grain size in Equation[3.4] Note that in this case, assuming isotropic scattering
off dust grains, the radiation pressure coefficient Q, is similar to the extinction
coefficient Qp; ~ (Q)exi. The amount of dust accreted by a star would then depend
on the ratio of the terminal drift velocity of dust grains away from the star to their
velocity through the in-falling gas vingow. This relationship can be approximated as

follows:

Ws Qradls N (Q)extFx N (O )ext Urad
Vinflow ~ €Cs  4mcepgc?  €Uthermal

(Q)ext L

h drcrlepgcs
0.1 (Q)ext ) (L) (0.01pc z 1\ {10°cm™) (20K
102 /J\Le r € ny T )’

where F, = L, /r? is the incident flux for a star of luminosity L, on a grain at some

(3.4)

radial distance r situated within a region of number density ny. Assuming that
L, x ME'S, we determine that this ratio reaches unity when M, ~ 2Mg given the

parameters we consider above.

We emphasize to the readers that this model is intentionally simplistic, designed to
offer qualitative physical insight into the relevant parameters for this process. The
model does not incorporate detailed models of accretion, density profiles of dust
and/or gas, an accurate description of the object’s luminosity, or turbulence in the
accretion flow, among other factors, all of which are expected to vary spatially and
temporally as the star evolves. An additional point worth highlighting is that the
ratio does not need to exceed 1 for the ADG ratio to be lower than the DTG ratio
of the cloud; even modest values of outward dust drift relative to gas inflow would

lead to reduced dust accretion.

We present a test of this hypothesis in Figure [3.3] where we use the full expression
for #; from Equation [3.2] to account for the subsonic and supersonic limits. On the
left, we show the mean dust drift velocity, calculated as the mean radial velocity of
dust relative to a nearby sink subtracted from the mean radial velocity of the gas
computed for a discretized 3D grid. This is denoted as (Vaust) — (Vgas) = W, and the

value is then normalized to the local sound speed at the position of the shell. We
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analyze the relationship between these parameters and the value of L, /nyr? within

the grid element.

As expected from the simple relationship described in Equation [3.4] plotted in the
dashed black line, the dust drift velocity is proportional to L, /nyr?, maintaining
this proportionality until w,/cs ~ 1. Beyond this point, as the flow transitions to
the supersonic regime, the correlation transitions to a square root relationship with
L, /nur*. We extend this assessment by examining the relationship between mean
dust drift velocity and the mass of the central sink particle. Similarly, w positively
correlates with the star’s mass, or in other words, with the time-integrated accretion

rate, which, in turn, is associated with the integrated luminosity of the sink.

A Case Study

In Figure [3.4] we present a case study of this phenomenon, focusing on a region
around a selected sink particle. We chose this particular candidate after examining
several others, as it demonstrates the median behaviour with minimal noise. We also
carefully chose specific timesteps to minimise the impact of noise on the data and to
clarify the dust evacuation process. Each line in the plot corresponds to a snapshot
in time and is colour-coded accordingly. All values are computed as the mean values
within narrow radial shells centered around the star. The top four plots represent the
state of the system during the initial creation of the dust-evacuated region, while the

lower section corresponds to the subsequent dispersal of the dust-evacuated region.

At early times, there is only a minimal reduction in the DTG near the sink particle.
For instance, at 107 pc from the sink, the DTG ratio is only half of the average
initial value within the cloud. As we move farther from the sink, we observe an
accumulation of dust, leading to a DTG ratio of approximately u42/ ,ugg ~ 2, which
gradually approaches the mean value as we reach a distance of about 0.1 parsecs

from the sink.

As the sink continues to accrete matter and increase in mass, we observe corre-
sponding changes in the gas environment. The gas number density increases from
its peak value of 10’cm™ to 10°cm™3, and the gas temperature transitions from an
initial value of T ~ 20K to T ~ 100K. As material accretes onto the sink, the dust is
entrained alongside the gas, and the peak in the DTG ratio shifts closer to the sink.
Additionally, we observe that the peak DTG ratio increases. This effect is primarily
attributed to the gas density dropping more rapidly than the dust density in that

specific region. We propose that this effect is driven by radiation pressure forces
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Figure 3.3: Dust Evacuation Toy Model. Left: The mean dust drift velocity
(Ws) = (Vaust) — (Vgas) normalized to the sound speed ¢ around sink particles with
final M, > 2Mg across time. Each data point corresponds to mean values measured
within a discretized 3D grid centered around the sinks. We plot (vaust) — (Vgas)>
against the luminosity of the sink particle in its proximity, divided by its gas number
density and the square of its radial distance from the sink, L, /nyr?. The gray line
represents the theoretical prediction from Equation[3.4] incorporating both subsonic

((wy) o L*/nHrz) and supersonic regimes ((ws> oc \/L*/nHrz). The dust drift

exhibits a positive correlation with L,/ nyr?, as theoretically predicted. There is
scatter away from the theoretical prediction due to the model’s simplicity and the
influence of other forces and turbulence on the dynamics. Right: The mean drift
velocity against the mass of the sink particle. The dashed gray line represents the
best fit line. Note that the discreteness in stellar mass corresponds to the simulation
resolution. The dust drift positively correlates with the sink’s mass and mean
accretion rate, in agreement with predictions.
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that induce a net outward motion of the dust, in contrast to the net inflow of gas. This
process gives rise to the formation of a dust-evacuated region surrounding the star.
As a consequence, a dust shell, approximately 102 pc in thickness, emerges, where
(,ugg>/ <,ugg> ~ 5. In the immediate vicinity of the star, this effect is accompanied

by values dropping as low as (u%)/ ,ugg ~ 1072 in the central region.

In the four bottom plots, we present the same parameters during a phase charac-
terised by a decline in the accretion rate, as indicated by the sink mass-time plot.
We observe a reduction in the gas number density and temperature over time, con-
sistent with expectations during a reduced accretion phase. Additionally, we note a
gradual increase in the DTG ratio within the innermost regions, attributable to the
diminishing gas density near the central region. The reduced gas number density
also leads to weaker drag forces experienced by the dust grains, resulting in the
outward shift of the peak DTG ratio and the reduction of its maximum value as the

dust shell disperses.

While we demonstrated that both dust and gas exhibit similar features on large scales,
we will now discuss the differences that arise on smaller scales. In Figure 3.5 we
transition from the overview of the gas surface density of the entire cloud in our
m?2e3_0.1_hires run (6pc X 6pc X 6pc) to a reduced volume. Specifically, the middle
panel focuses on a smaller volume with dimensions of (0.01pc x 0.01pc x 0.005pc),
presenting the integrated 2D surface density of the gas through a slice in that
region. Individual dust particles, color-coded to denote their respective grain sizes,
are overlaid on the gas distribution. The right panel zooms in on an even more
compact space with dimensions of (0.005pc x 0.005pc x 0.0025pc), showcasing
the mean DTG ratio within the volume. Both zoomed-in plots are centered around
a specifically chosen sink particle. It is worth noting that the selection of this
particular sink particle and snapshot is intentional, as they effectively illustrate the

dust evacuation and dust pile-up phenomena.

The plot highlights a key observation: on sub-parsec scales, particularly in the
proximity of stars, the spatial distribution of dust particles deviates from that of the
gas. Further as indicated by the plots in Figure [3.4, we observe a dust-suppressed
zone near the sink particle followed by dust-rich region, indicative of the presence
of a dust pile-up or a dust “shell” enveloping these stellar objects. Specifically, the
DTG ratio peaks around the dust-depleted region and roughly reverts to the mean

beyond the area shown in the plot.
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Figure 3.4: The temporal evolution of environmental properties detailing the cre-
ation and subsequent dispersion of a dust-evacuated region around a reference sink
particle. We only show specific timesteps that most clearly highlight the evolution of
this process. Each line in the plot corresponds to a given timestep and is color-coded
accordingly. The upper four plots, depict the formation of a dust-evacuated region
during a high accretion state, while the lower four, show its dispersal during reduced
accretion. The properties are evaluated within narrow radial shells. Top Left: The
mean dust-to-gas (DTG) (u%(r)) ratio normalized to the initial mean value of the
cloud (,ugg ). Top Right: The mean number density of the gas ny(r). Bottom Left:
The mean gas temperature 7'(r). Bottom Right: The sink particle’s mass evolution.
During high accretion, gas infall raises central densities, increasing radiation-driven
heating. Dust is initially advected inward with the gas but is subsequently repelled
by radiation pressure, forming a ~ 1072 pc dust shell with a peak DTG ratio of
~ S(ugg). As accretion declines, gas density and temperature drop, while dust
drifts inward and the DTG peak shifts outward. These plots illustrate how radiation
pressure redistributes dust, carving out a dust-free cavity encircled by a dust-rich
shell.
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Figure 3.5: The 2D integrated gas surface density of the m2e3_0.1_hires simulation.
Left: The gas surface density of the cloud, with white circles representing sink
particles, sized according to their mass. Middle: The gas surface density centered
around a specific sink particle, with individual dust particles color-coded by grain
size. Right: The dust-to-gas mass ratio (DTG) normalized to the mean DTG of
the cloud within a 0.01 pc region centered around the sink particle. This figure
illustrates the presence of a dust-evacuated zone around a sink particle, featuring a
dust pile-up or “shell” surrounding the sink.

Effects of Cloud Mass

We consider how this phenomenon is affected by cloud properties. In Figure[3.6, we
compare the ADG ratio in two distinct clouds, both simulated with our full physics
setup. Both clouds are simulated with a common resolution of Amg,s ~ 102M,,
with one having a mass of 2 X 10°M,, and the other 2 x 10*M, The results obtained
reveal a consistent trend in the ADG ratio, which remains unaffected by variations in
cloud mass. Across this mass range, the influence of radiation pressure, inherently
a localised phenomenon, exerts comparable effects across diverse cloud masses.
Nevertheless, although this phenomenon primarily impacts the ADG ratio of a
specific star, its influence could extend to larger radii. As more massive stars form,
their high luminosities could also lead to a reduction in dust content for neighbouring

stars.

While the primary emphasis of this work centers on reduced ADG ratios for high-
mass stars, our simulations also unveil a subset of low-mass stars that are rich in
dust content. Specifically, within the subset of solar and subsolar mass stars, we
observe instances of heightened ADG ratios. However, we refrain from attributing

this phenomenon to a single cause. Instead, we postulate that it likely stems from
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Figure 3.6: The rolling median of the accreted dust-to-gas (ADG) ratio u?d2
normalized to the initial mean DTG ratio of the cloud (,ugg) for clouds with

Mioud ~ 2 X 103Mg and Mgjouq ~ 2 X 10*M. We show both clouds simulated at a
resolution of Amg,s ~ 1072My. Darkly shaded and lightly shaded regions indicate
the interquartile and interdecile percentile ranges, respectively. The relatively con-
sistent trend suggests that, within the mass range investigated here, the cloud mass
does not affect the trend.

the intricate interplay between turbulent motions and radiation pressure emanating
from neighboring stars, leading to the redistribution of dust. Hence, stars emerging
from regions with dust over-densities are prone to experiencing increased levels of

dust accretion.

Effects of Simulation Resolution

In Figure [3.7] we present a comparative analysis of the ADG ratios within stellar
populations formed in a cloud with a mass of M jouq ~ 2 X 10°M,, utilising simula-
tions at different resolutions Angys ~ 107> and Amgys ~ 1072Mg). As anticipated,
our observations indicate that increasing the simulation resolution decreases the
scatter in the distribution. In addition, for the higher resolution cloud, the ADG
ratio tends to converge to ,ugg for relatively low-mass stars (those with masses less

than a few solar masses). This aligns with the expectation that stars with lower
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Figure 3.7: The normalized rolling median of the accreted dust-to-gas ratio (u%2)
in simulations with different resolutions. Shading indicates interquartile and inter-
decile ranges. Dark blue line shows a 2x 103M,, cloud at resolutions of Am gas ~ 1073
while the pink line shows the same cloud at lower resolution Amg,s ~ 102M,.

Higher resolution reduces scatter, and aligns u2% closer to (,ugg> before declining
at higher sink masses.

luminosities lack the necessary conditions to evacuate dust, and therefore would
have ADG ratios that mirror the average DTG ratio within the cloud. These im-
provements can be attributed to the enhanced sampling capabilities, allowing for a

more precise resolution of accretion and sink formation.

However, as shown in the plot, our findings are sensitive to resolution. This observa-
tion is unsurprising given the inherent challenges in accurately modelling accretion
around luminous stars (Krumholz & Thompson Krumbholz et al.
Rosen et al. 2016). Achieving an accurate depiction of relative dust-to-gas accretion
onto a star, accounting for associated radiation effects, requires significantly higher

resolutions than currently feasible with our simulations.

To illustrate, considering a 1 solar mass star that would have accreted approximately
~ 0.01M of dust mass, assuming ,udg ~ 1072, at the 1072 resolution (bearing in

mind that the dust is up-sampled by a ratio of 4 times the gas resolution), this roughly



80

corresponds accretion of ~ 400 dust particles. While this number of particles is
sufficient to resolve the phenomenon, noise may still depend on resolution, poten-
tially limiting our ability to capture more complex dynamics that occur on smaller
scales. Consequently, we do not necessarily anticipate convergent results at our low
resolutions, particularly at low sink masses. However, this approach still provides
valuable insights when comparing simulations conducted at the same resolution.
We hope that our results motivate detailed zoom-in simulations of dusty accretion
around protostellar objects and onto massive stars, to provide a more detailed study

of the dust evacuation phenomenon.

To evaluate the effects of resolution on our findings, we conducted a series of
idealized tests of singular Shu (1977) collapse scenarios at resolutions of 1072,
1073, and 10~*M,. These tests track the problem hydrodynamically, allowing sink
particle formation with subsequent accretion and radiation. To simplify our analysis,
we exclude the effects of magnetic fields and protostellar jets and stellar winds. We
find that the observed phenomena qualitatively persist across different resolutions;
however, convergence is not achieved. In particular, neither the spatial extent of the
dust evacuation zone nor the precise magnitude of the stellar ADG ratio converge

with increasing resolution.

Considering the complexities of radiation-limited accretion, it remains uncertain
whether the system, as modeled in our simulations, should converge within our res-
olution range. Higher resolution simulations capture finer-scale structures, unveiling
more intricate dynamics around the sink which thereby altering the magnitude and
scale of dust evacuation. Additionally, the mechanisms of dust and gas accretion,
whether via spherical collapse or disk accretion, and their dynamics are resolution-

dependent and influenced by the specific physics in our simulations.

Effects of Altered Grain Size Distributions

An additional variable to consider is the size of the dust grains. At extremely small
grain sizes, the grains should closely trace the dynamics of the gas, whereas at larger
grain sizes, the grains will be entirely decoupled from gas dynamics. In Figure [3.§]
we explore the impact of various plausible grain sizes within the cloud environment,
incorporating grains with maximum sizes of €™ ~ 10um and €™ ~ lum,

grain grain

alongside our baseline assumption of egr‘;‘;‘n ~ 0.1ym. This is conducted while

ensuring a fixed total dust mass within the simulation and maintaining a dynamic

range of ~ 100 in grain sizes. We show the results for our higher resolution
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Figure 3.8: The rolling median of the accreted dust-to-gas (ADG) ratio (/Jadg) for
sink particles formed within a cloud of initial mass M¢oug = 2 X 1O3M@ (top),
Meioud = 2 X 10°M, (bottom) with different initial grain-size distributions (emax =
0.1um, eg;:fn = lpm, and eg;:fn = 10um). The darkly shaded and lightly shaded
regions represent the interquartile and interdecile percentile ranges, respectively.
The m2e4_10 run exhibits notable scatter and a low count of formed sink particles.
To account for this, we scatter the ADG ratio for each sink particle. Refer to Section
[3.3] for a discussion on potential drivers of this scatter. Changes in the grain size
do not drive significant deviations from the reduced % trend for high mass stars,
but larger grain sizes lead to fewer high-mass stars due to reduced star formation
efficiency.
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Mgoud ~ 2 X 10°M,, simulations, in addition to a Mg ~ 2 X 10*Mg cloud at
lower resolution. While in principle, grain size could influence our results, our
findings for these more reasonable sizes are consistent with Equation [3.4] which
demonstrates no grain-size dependence. It is worth noting that the grain size does
have an impact on the total number of sink particles that form, with larger grains
leading to a reduced overall sink count. This effect and related changes will be
studied in detail in Soliman et al. (2024b)).

However, we begin to see some deviations from the reported trend for our largest
grain simulations. Note that we present individual ;2% values for each sink particle
in the simulation with Mjoug ~ 2% 10*Mg and eg;:;‘n = 10um, opting against plotting
the median due to a limited number of sink particles and a substantial dispersion
in their ©®%. The dispersion is likely influenced by several factors, including the
relatively lower resolution. However, we posit that the increased grain size inherently
contributes to a higher level of scatter. Recall that these simulation assume a
fixed a grain size spectrum, where individual grain particles maintain a fixed size
throughout the simulation. Consequently, as grain size increases, the individual
grain count decreases, while each grain becomes more massive. This suggests
that whether a particle undergoes accretion or expulsion has a more pronounced
impact on the overall dust mass accreted by a sink, especially when compared to its
smaller size/mass grain counterpart. Further, Equation assumes that (Q)ex; 1S
proportional to 27 €grain/ A, Where A denotes the radiation wavelength. However, for
grains larger than 277 /A, (Q)ex approaches 1. As aresult, wy oc eg‘rlain, introducing an
inverse dependence on grain size into Equation [3.4] Considering the case of clouds
with €M%

grain
and larger grains fall into this regime for even shorter wavelengths. This wavelength

= 10um, all grains fall within this regime for radiation with 4 < 600um,

range corresponds to the optical/UV range, where stars—especially more massive
and hotter ones—typically emit peak radiation. Therefore, we would expect to see
increases in 1% for such massive grains, although such large grains are not expected
to be abundant in most GMCs.

In reality, dust grains undergo processes such as coagulation, accretion, sputtering,
photodestruction, and shattering which result in both changes in the grain size
distribution and the overall dust mass. These mechanisms, currently not captured in
our simulations, could impact the interpretation of our results. For instance, if dust
sublimation proceeds efficiently and the elements comprising the grains become

well-mixed in the gas phase near the stars, they may be incorporated into the stars,
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Figure 3.9: Bivariate distribution of the local 3D gas density (p,) and dust density
(pa), weighted by dust mass, illustrating the probability distribution around a grain
at the resolution scale of approximately 1072 pc. From left to right, we show the
distribution for a run with eg;g;‘n = 0.1, 1, 10 um, respectively, for our Mcouq ~
2 x 10°M,, at Amgys ~ 1073Mg. We show the 1 — o (green), 2 — o (navy), 3 — o
(orange), 4—o (plum) contours. The diagonal dotted lines represent perfect dust-gas
coupling (pg = ,udgpg), while the horizontal line denotes uniform dust density. The
distribution becomes progressively broader indicative of weaker coupling for larger
grain sizes. Specifically, we find that the Pearson correlation coefficient is R = 0.994
for €™ = 0.1um, R =0.990 for €™®* = 1um, and R = 0.967 for €™* = 10um.

grain grain grain

potentially erasing the effects of dust evacuation on stellar abundances. However,
the dust-evacuated zones around the stars would still persist or undergo further
evacuation. We acknowledge these limitations and plan to address them in future

work.

In Figure[3.9] we present the bivariate distribution showing the correlation between
the local 3D gas density (p,) and the dust density (o). This distribution is weighted
by the dust mass and computed at a spatial resolution of approximately 102 pc for the
different grain size runs (e"**

grain
For the smallest grains, the distribution exhibits a relatively narrow distribution,

= 0.1, 1, 10, um) at a time of approximately 2 74yy.

primarily centered around the theoretically predicted perfect coupling line p; =
ude pg. However, as the grain size increases, the distribution broadens, signifying a
decreased level of coupling between the gas and dust components. Nevertheless, on
average, the fluid remains sufficiently well-coupled to prevent large fluctuations in
the DTG ratio.
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3.4 Discussion

Implications

Our findings, which reveal a diminished accretion of dust onto massive stars under
the influence of radiation pressure, bear notable implications for the stellar abun-
dances of CNO, Mg, Fe, and Si, elements known to preferentially deplete onto dust
grains. This phenomenon was previously suggested in the literature as a potential
explanation for the anomalous abundance ratios observed in nearby stars (Cochran
& Ostriker [1977; Gustafsson [2018alb; Mathews [1967; Melendez et al. 2009). A
distinctive feature of this model is its localized effect, with the evacuation zone
extending up to ~ 1073 pc or a few hundred AUs. Consequently, this preferential
accretion mechanism may contribute to elucidating the anomalous abundance ra-
tios observed in specific nearby stars and the variations in abundance ratios among
stellar pairs (e.g., Biazzo et al. 2015; Maia, Meléndez, & Ramirez 2014; Nissen
et al.2017; Oh et al. 2018 Ramirez et al. 2015} Saffe et al.2017; Teske, Khanal, &
Ramirez 2016a.b)).

Further, the observed decrease in dust content has significant implications for the
gas dynamics and thermochemistry near the star. Lower dust content, associated
with diminished opacities and cooling rates, would accelerate the expansion rate of
HII regions (Ali 2021). It would likely result in a larger ionized volume, owing to

the reduced UV absorption by dust.

Moreover, protoplanetary disks would also potentially affected by this phenomenon.
The DTG ratio plays a crucial role in determining the efficiency of dust radial drift,
influencing the structural evolution of the disk (Toci et al. 2021]). Moreover, as dust
constitutes the fundamental building block of planets, diminished dust content is

likely to influence the types of planets that can form and their compositions.

Caveats

The current study has inherent limitations that warrant careful consideration. A
major constraint is the absence of a model for dust evolution; our approach relies on
assuming a constant grain size distribution and a constant total dust mass throughout
the simulation. Consequently, should the grain size distribution undergo significant
changes, specific conclusions within our study may require reevaluation. In partic-
ular, if dust grains experience substantial destruction, whether through sublimation,
shattering and/or sputtering, evacuated regions would likely persist or even inten-

sify. However, if the elements released from the grains transition to the gas phase
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and continue to accrete onto stars, spatial variations in dust distribution might not

necessarily indicate corresponding variations in stellar abundances.

Furthermore, our fiducial grain size distribution incorporates nanometer-sized grains.
The existence of such small grains in these conditions is disputed, given the potential
for coagulation or destruction due to the conditions in molecular clouds. Addition-
ally, itis uncertain whether such grains can be modeled aerodynamically and whether
they would adhere to the charge and mass scalings we assume.Specifically, the sim-
ilarity in size of these small grains to the large background molecules they interact
with makes it unclear if a simple Epstein drag model can accurately capture their
dynamics, as it does not account for effects such as deformation and non-spherical
geometries. Additionally, at these scales, effects such as charge quantization be-
come significant. However, it is important to note that the results presented here
predominantly depend on the grains holding the most mass, which, under an MRN
spectrum, are the largest grains. Nevertheless, these considerations prompt us to
explore different ranges of grain size in Section to assess how varying grain

properties might influence our results.

An additional constraint in our study is the resolution limit, which is discussed in
more detail in Section[3.3] To ensure a statistically robust sample size for identifying
the phenomenon of dust evacuation, we conducted global star formation simulations.
However, the most interesting behavior occurs at the resolution limit of our study.
Achieving detailed predictions for the implications of dust dynamics on stellar
metallicities, protostellar envelope properties, and planet formation requires more
intricate small-scale physics. Addressing these complexities realistically demands

a substantial increase in resolution, which we plan to explore in future work.

3.5 Conclusions

This study introduces a set of RDMHD simulations of star forming GMCs as part of
the STARFORGE project. These simulations encompass a detailed representation of
individual star formation, accretion, and feedback mechanisms, while also explicitly
considering the influence of the dynamics of dust grains. Our investigation focuses
on the implications of these dynamics, specifically radiation-dust interactions, on

the emergent properties of stellar populations.

Through our analysis, we find that when stars surpass a critical mass threshold
(~ 2My), their luminosity exerts sufficient radiation pressure on neighbouring dust

grains, ultimately resulting in their expulsion from the star’s accretion radius. This
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drives the formation of a dust-evacuated region of size ~ 100 AU. Consequently, this
process results in a mass-dependent adjustment in the ADG mass ratio incorporated
into these stars via the accretion process. Furthermore, we investigate the potential
implications of varying cloud mass, grain sizes, and other physical parameters such
as decoupling the grains from magnetic fields and deactivating stellar winds and
jets. However, our findings indicated that these variations had negligible effects

within the parameter space of our study.

In summary, our findings shed light on the interplay between radiation, dust dynam-
ics, and star formation, offering valuable insights into the complex processes that

shape stars, their environments, and compositions within molecular clouds.
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Chapter 4

ARE STARS REALLY INGESTING THEIR PLANETS?
EXAMINING AN ALTERNATIVE EXPLANATION

Soliman, N. H., Hopkins, P. F., 2025, Are Stars Really Ingesting Their Planets?
Examining an Alternative Explanation The Astrophysical Journal, 979, 98. DOI:
10.3847/1538-4357/adald5. | NHS participated in the conception of the project,
analyzed the results from simulations in previous paper.

Abstract

Numerous stars exhibit surprisingly large variations in their refractory element
abundances, often interpreted as signatures of planetary ingestion events. In
this study, we propose that differences in the dust-to-gas ratio near stars dur-
ing their formation can produce similar observational signals. We investigate
this hypothesis using a suite of radiation-dust-magnetohydrodynamic STAR-
FORGE simulations of star formation. Our results show that the distribution
of refractory abundance variations (A[X/H]) has extended tails, with about
10-30% of all stars displaying variations around ~0.1 dex. These variations
are comparable to the accretion of 2 — 5SMg of planetary material into the con-
vective zones of Sun-like stars. The width of the distributions increases with
the incorporation of more detailed dust physics, such as radiation pressure and
back-reaction forces, as well as with larger dust grain sizes and finer resolutions.
Furthermore, our simulations reveal no correlation between A[X/H] and stel-
lar separations, suggesting that dust-to-gas fluctuations likely occur on scales
smaller than those of wide binaries. These findings highlight the importance
of considering dust dynamics as a potential source of the observed chemical
enrichment in stars.


http://dx.doi.org/10.3847/1538-4357/ada1d5
https://arxiv.org/abs/2408.15326
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4.1 Introduction

Recent high-precision spectroscopic studies challenge the assumption of chemical
homogeneity in co-natal stellar populations, revealing substantial variations in re-
fractory element abundances among stars in open clusters and wide binaries (e.g.
Desidera et al. 2006; Desidera et al. 2004; Hawkins et al. |2020; Liu et al. 2016,
2019, [2024; Nagar, Spina, & Karakas 2019; Spina et al. 2018, 2021)). Notably,
10% to 30% of stars exhibit strong (> 207) variations (Liu et al. 2024; Spina et al.
2021)), and around 20% of wide binaries show significant (>0.08 dex) iron abun-
dance differences (Hawkins et al. 2020). Deviations of > 0.05 dex are also noted
in individual binary systems (e.g. Biazzo et al.2015; Church, Mustill, & Liu 2020
Galarza et al. [2021}; Liu et al. 2018 Mack et al. 2014; Maia et al. 2019; Meléndez
etal.2017; Oh et al.[2018; Ramirez et al.[2015/ 2011, [2019; Saffe et al. 2016; Teske,
Khanal, & Ramirez 20164, [2015; Tucci Maia, Meléndez, & Ramirez|2014).

These anomalies occur among stars with similar atmospheric parameters, suggesting
they cannot be explained by atomic diffusion or analysis systematics alone (Dotter
et al. 2017). This has led to alternative explanations, such as planetary engulfment,
which requires at least a few Earth masses of material for enrichment (Church
et al. 2020; Liu et al. 2024; Pinsonneault, DePoy, & Coffee 2001). Planetary
engulfment is most effective once the star develops a thin, stable convective envelope,
as the addition of a planetary mass at this stage can significantly enrich the stellar
atmosphere (Laughlin & Adams [1997). In contrast, earlier ingestion, such as in
pre-main sequence low-mass stars, which are nearly fully convective, would likely
result in dilution of planetary material within the star’s thick outer layers (Spina
et al. 2018). However, Saffe et al. (2024) reported a A[Fe/H] ~ 0.08 between
components of a giant-giant binary, suggesting that significant deviations can occur
even in stars with thick convective layers. This implies either several Jupiter masses
of refractory material are needed or an alternative mechanism, which Saffe et al.

(2024) identifies as more probable.

The planet ingestion hypothesis, though plausible, is not the only explanation for
such chemical signatures. Another possible explanation involves “primordial” fluc-
tuations in refractory-rich dust grains in the material accreted by the star during its
early formation. Variations in the dust-to-gas ratio in the material accreted by the
star could lead to chemical inhomogeneity compared to stars formed in regions with
different ratios. Thus, the primary distinction is whether compositional deviations

were imprinted onto the star early through dust grain accretion or later through
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planetary material ingestion. Both scenarios produce similar observational signals:
variations in surface abundances of refractory elements, correlated with conden-
sation temperatures. The similarity in trend with condensation temperature stems
from the common process of elements depleting onto solids as they condense out of
the gas phase (Gaidos [2015; Yin [2005).

The primordial fluctuation mechanism differs from planetary ingestion in that it
can cause both reductions and enhancements in surface abundances. Observations
often cannot determine if the differences arise due to enhancements or reductions.
However, the correlation between surface element deviations and condensation
temperature can help distinguish the cause, where a positive correlation usually
indicates enhancement, while a negative slope suggests reduction. Negative slopes
have been reported (Adibekyan et al. 2016; Gonzalez, Carlson, & Tobin 2010;
Ramirez, Melendez, & Asplund 2014), but they might also result from material
locked in terrestrial planets that was not accreted by the star (Melendez et al. 2009;
Ramirez et al. 2010)), and not necessarily primordial dust-gas fluctuations. However,
this process would still necessitate the presence of massive planets to account for

the observed trends.

Previous studies have explored the role of preferential dust or gas accretion in
driving chemical variations in stars. For instance, Spina et al. (2021) examined
this mechanism but found it unlikely to be significant. However, their analysis was
confined to dust accretion from the protostellar disk and did not consider the entire
mass accretion period. Gaidos (2015) discussed a more relaxed general version by
considering the substantial fluctuations in dust-to-gas ratios that could arise in star-
forming regions and concluded that these fluctuations could be a viable mechanism

for driving chemical deviations.

It is well established that significant fluctuations in the dust-to-gas ratio occur on the
scale of protostellar cores, both theoretically and observationally. Dust, behaving as
charged aerodynamic particles, can decouple from gas dynamics, causing density
fluctuations independent of the gas. These fluctuations are further intensified by
external turbulence and instabilities (Hopkins 2014} Hopkins et al. 2022; Moseley,
Squire, & Hopkins 2019; Squire & Hopkins 2018a). Observations have docu-
mented variations of ~ 2 —5 orders of magnitude over scales from ~ 1 pc to ~ 0.001
pc (Abergel et al. 2002; Alatalo et al. 2011; Boogert et al. 2013} Flagey et al. 2009;
Miville-Deschénes et al. |2002; Nyland et al. 2013; Pellegrini et al. 2013}, Pineda
et al. 2010; Thoraval, Boisse, & Duvert|1997,/1999). Numerical simulations con-
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firm these findings, showing pronounced fluctuations in the dust-to-gas ratio under
various conditions of star formation (Bai & Stone 2010alb; Bai & Stone [2010c,
2013 Bracco et al. [1999; Carballido, Stone, & Turner 2008; Cuzzi et al. 2001}
Elperin, Kleeorin, & Rogachevskii 1996; Johansen & Youdin 2007; Pan et al.
2011; Pan & Padoan|2013; Youdin[2011; Youdin & Lithwick 2007)).

Understanding the pathways that cause chemical variations is crucial for several
reasons. First, it helps determine if these variations are due to planetary engulf-
ment events, which could reveal how planetary systems evolve and the frequency of
such dynamical changes, impacting our understanding of planetary orbit stability.
Second, it is essential for evaluating the chemical homogeneity of stellar associa-
tions and the effectiveness of “chemical tagging.” Significant abundance variations
within stellar groups could undermine chemical tagging as a tool for tracing a star’s
progenitor cloud (Ness et al. 2018)), making it important to assess the limits of this
method.

To investigate whether fluctuations in the dust-to-gas ratio can lead to significant
variations in refractory element abundances, we analyze a set of radiation-dust-
magnetohydrodynamic (RDMHD) simulations of star-forming molecular clouds
that explicitly incorporate dust dynamics (as described in Soliman, Hopkins, &
Grudié [2024a)b). The simulations utilize the STAR FORmation in Gaseous En-
vironments (STARFORGE) framework (Grudi¢ et al. 2021), which offers compre-
hensive modeling of individual star formation—from protostellar collapse through
subsequent accretion and stellar feedback to main-sequence evolution and stellar
dynamics (Grudic¢ et al. 2022).

This letter is structured as follows: Sectiond.2]provides an overview of the code and
details the initial conditions (ICs) used in our simulations. In Section[d.3] we present
the results from our primary simulations and explore their implications, contrasting
them with simulations that utilize simplified dust physics and varying grain sizes.

Finally, Section 4.5 summarizes our conclusions.

4.2 Simulations

STARFORGE Physics

We analyze a set of STARFORGE simulations presented and detailed in Soliman
et al. (2024a,b), employing the GIZMO code (Hopkins 2015) to simulate star-
forming Giant Molecular Clouds (GMCs). These simulations utilize the GIZMO
Lagrangian Meshless Finite Mass MHD solver (Hopkins & Raives 2016; Hopkins
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2016) for solving the ideal magnetohydrodynamics equations, alongside the mesh-
less frequency-integrated M1 solver for time-dependent radiative transfer equations
(hopkins.grudic:2018.rp; Grudic et al. 2021; Hopkins et al. 2020; Lupi et al. 2018;
Lupi, Volonteri, & Silk 2017). These simulations have been extensively compared
to observational data, including properties of GMCs, statistics of the Initial Mass
Function (IMF) (Grudi¢ et al. 2023} Guszejnov et al. 2021}, 2022; Hopkins et al.
2024; Millstone et al. 2023)), and studies of stellar dynamics such as multiplicity
(Guszejnov et al. 2023)).

The simulations include sink particles representing individual stars, evolving through
accretion and interacting with the medium via protostellar jets, winds, radiation, and,
if criteria are met, supernovae (Grudi€ et al. 2022). Radiation is discretized into
five wavelength bands (1 < 912A, 912 < 1 < 15504, 1550 < 1 < 36004,
3600 < A < 3um and A > 3um), coupled directly with the dust spatial distribution,
while gas and dust undergoes cooling and heating as detailed in Hopkins et al.
(2023)).

Dust Physics

Dust grains are modeled as “super-particles,” similar to methods used in circum-
stellar disk simulations in ATHENA/ATHENA++ (Bai & Stone 2010c; Sun &
Bai 2023). Each super-particle represents a population of grains with identical at-
tributes such as size, mass, and charge, determined self-consistently by computing
collisional, photoelectric, and cosmic ray charging rates (Draine & Sutin 1987
Tielens |2005). To track differences in dust accretion for each star represented by a
sink particle in the simulation, we explicitly track the mass of dust and gas accreted
by each sink particle throughout its accretion history. Dust dynamics, including
drag, Lorentz, gravity, and radiation pressure forces, are explicitly modeled. Indi-
vidual grain trajectories are integrated, and local dust properties are interpolated to

neighboring gas cells.

Dust super-particles are distributed uniformly across logarithmic grain size intervals,

ensuring that the entire population of individual grains they represent collectively

adheres to the Mathis, Rumpl, and Nordsieck (MRN) size distribution (Mathis,

Rumpl, & Nordsieck [1977), di”d_ « €33, Dust grains are assumed to have a
rain grain

sublimation temperature of ~ 1500 K and an internal density of ~ 2.25 g cm™>, con-

sistent with the standard MRN composition of silicate (~ 60%) and carbonaceous

(~ 40%) grains. Each grain retains its size and composition throughout the simu-
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lations, with no processes simulated that would create, destroy, or alter individual
grain sizes. However, the local mean grain size could fluctuate as grains of different
sizes, with varying dynamics, move in and out of regions. In a simulation with a
specified gas element resolution, the mass resolution of the dust elements is given
by Amgust = ,udgAmgals /4, where the dust-to-gas mass ratio is % = 0.01. This

approach up-samples the dust component by a factor of four relative to the gas.

Initial conditions
As is standard for star formation simulations, the simulations are initialized as a
uniform-density turbulent molecular cloud within a periodic box, surrounded by a

diffuse warm ambient medium. We study two cloud configurations:

1. A smaller cloud with Mg = 2 X 10°Mg, and radius R = 3 pc, with a mass

resolution of Amgys ~ 10> M.

2. A larger cloud with Mgoug = 2 X 10*My and radius R = 10 pc, with a

resolution of Amg,s ~ IO_ZM@.

The initial velocity distribution follows a Gaussian random field, with an initial virial
parameter @y, = 50%2R /(3G Moud) = 2, where G is the gravitational constant. The
initial magnetic field B is uniform and has a mass-to-flux ratio that is 4.2 times the
critical value for gravitational collapse, given by M joud/ (tBR?) ~ (277G1/ 2)_1

within the cloud.

Dust super-particles have a mass resolution four times higher than the gas (Moseley
et al. 2019). Due to the Lagrangian nature of our simulations, spatial resolution is
adaptive, whereas mass resolution is more rigorously defined. Typically, in dense
star-forming regions, resolutions are approximately 10 AU for Amg,s ~ 10-°Mg
and 100 AU for Amgys ~ 107>Mo.

The initial dust distribution is characterized by a statistically uniform DTG mass
ratio pqust = ,udg Pgas» Where paust and pgys are the dust and gas densities, respectively.
We consider maximum grain sizes of 0.1um, 1um, and 10um, spanning a dynamic

range where the maximum grain size is 100 times larger than the minimum size.

4.3 Results
To analyze the refractory element metallicity of stars in our simulations, we focus

on stars with masses between 0.3 and 10 Mg, within two cloud mass ranges:
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M ~ 2 x 10> Mg and M ~ 2 x 10* M. This ensures a well-sampled population

for robust statistical analysis with ~ 125 stars in the small cloud and ~ 800 stars in
the larger cloud. The ratio of the mass of accreted dust to the mass of accreted gas,

denoted by iy is computed as:

Ng
Zl-zllm Amgusti M qust
Hacc = —§ =
gas
Zi:l Amgas,i + Amdust,i My

, 4.1)

where Amgyg; and Amg,s; represent the masses of individual dust and gas compo-
nents, respectively. Here, Nguse and Ng,s represent the total numbers of accreted
dust and gas components, while My g5 and My a5 denote the total mass of dust and

gas accreted onto the star, relative to its total mass M,.

For each bin of stellar mass, the deviation of the i, from the median p,.. value for
stars of similar mass is calculated. This deviation is expressed in logarithmic terms
as logyg (Hace/ (Hace)), Where (iacc) represents the median accreted dust-to-gas ratio
for stars within the same mass range. To relate this to metallicity variations, we
assume homogeneous mixing of the total dust mass accreted by the star throughout
its entire mass. Thus, the stellar metallicity of refractory element X, defined as
[X/H] = log,, (MML:) can be expressed as the sum of contributions from both dust

and gas accretion:

MX,* _ M*,dust (MX,dust) + M*,gas MX,gas

My B My M st M, Mgas
| Mx Hacc
= (Mgas) fmﬁ + (1 = pace) (1 = fm) | » 4.2)

where Mx qust = fmMx and Mx o5 = (1 — fin) Mx represent the masses of element
X in the dust and gas phases, respectively. The parameter f,, ~ 0.3 is the typical
fraction of refractory elements that are bound to dust grains, as suggested by obser-
vational estimates (Jenkins 2009). Here, Myys, Mg, , and Mx are the total masses

of dust, gas, and element X in the cloud.

Given that the average accreted dust-to-gas ratio ((,cc) should align with the overall

dust-to-gas ratio 49 in the cloud, and recognizing that (i,..) < 1, we express the
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deviation in the abundance of X from the median metallicity as:

/’t acce

A[X/H] = loglo [fm dg +(1- ,Uacc)(l_fm)] (4.3)

- 10g10 lfm </:lacc> (1 - <#acc>)(1 - fm)]

fmﬂacC (1 _fm) .

~ logg

We validate these assumptions in our simulations, finding that the approximations
hold to first order.

Fiducial Findings

We now analyze the deviations from the median in the accreted dust-to-gas ratio
(tacc) and the corresponding metallicity deviations (A[X/H]) for our small cloud
with mass Mg ~ 2x 10°M,, at Amgys ~ 1073Mg, resolution and our large cloud with
mass M ~ 2 x 10*M,, and resolution Amgys ~ 1072M,, shown in Figure

In panels a and b, we show the probability density function (PDF) for the passive-
grain run, our simplest dust-physics run where dust only experiences drag forces.
However, it is important to note that numerical fluctuations can influence the ob-
served distributions. Specifically, the discretization of both gas and dust induces
inherent Poisson fluctuations in the pu,.. and A[X/H] values. These fluctuations
are expected to scale as VNgus, where Ny is the number of accreted dust parti-
cles. While we found that the observed distributions are broader than expected from
finite counting statistics alone, correlated fluctuations between neighboring cells
may contribute to this broadening by reducing the effective sampling resolution. To
conservatively account for these correlations and avoid underestimating numerical
variations, we fit the core of the distribution to Poisson and log-normal models. We
adjust the standard deviation to ~ 6V Ny, yielding a fitted value of 6 ~ 8. This fit
reduces the effective resolution by a factor of 64, providing a conservative estimate

for numerical fluctuations due to finite sampling errors.

Given that the passive-grain model is expected to exhibit the smallest degree of
physically driven fluctuations between our different physics runs, we use it as a
baseline for our analysis. In both clouds in panels a and b, the passive-grain distri-
butions align closely with the predicted Poisson and log-normal models, capturing
most of the data within these expected statistical bounds. However, the shoulders of

the distributions deviate from these numerical models.
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Figure 4.1: Probability density functions of deviations in the accreted dust-to-gas
ratio ((aec) and refractory element abundances (A[X/H]). These deviations are
calculated relative to the median values for stars of similar mass. The panels,
from left to right, show the following: Panels a & b: Comparison of observed
distributions in the passive grain run (dust particles only experience drag forces) and
fitted Poisson and log-normal models. Deviations suggest that observed variations
are not solely due to numerical effects. Panels ¢ & d: Comparison between three
simulations: (1) passive grain run, (2) run without grain-radiation interactions
(includes drag, Lorentz, and back-reaction forces without radiation pressure), and
(3) full-physics run (including drag, Lorentz, radiation pressure forces, and back-
reaction on the gas). Increasing deviations with more detailed dust physics show that
dust-gas fluctuations, which influence stellar accretion, become more pronounced as
additional forces on dust grains are included, indicating that the variations observed
in the full-physics simulation are physically driven. Panels e & f: Resolution tests
for the fiducial physics runs at gas mass resolutions Amg,s ~ 1073 and Amgys ~ 1072
show that the distribution widths remain stable even with a ten-fold increase in
resolution. Panels g & h: Distributions from our fiducial physics run across
different stellar mass ranges do not follow the expected 1/v Mgy, scaling, which
would occur if the width were purely driven by sampling effects.
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Figure 4.2: Probability density functions (PDFs) of deviations in accreted dust-
to-gas ratio (u,ec) and refractory element surface abundance, A[X/H], from the
median for stars formed in simulations with different grain size distributions: €grain ~
0.001-0.1 um, €grain ~ 0.01 =1 um, and €gajn ~ 0.1-10 um. Results are shown for
cloud masses My ~ 2 % 10° Mg (top) and M ~ 2 X 10* My, (bottom). Increasing
grain size corresponds with greater deviations from the median, consistent with
expectations, as larger grains are less coupled to gas dynamics and thus drive more
pronounced dust-gas fluctuations.
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Figure 4.3: The cumulative distribution function of surface abundance variations
in refractory elements A[X/H] and the equivalent mass needed to produce the
same variation, corresponding to accretion of M. for a 1 Mg star. Results from
simulations with cloud sizes M ~ 2 X 10°Mg, (top panel) and My ~ 2 x 10*Mg
(bottom panel) show that 10-30% of stars exhibit at least a 0.1 dex variation in
A[X/H], equivalent to accreting 2-5 Mg planets, consistent with (Liu et al. 2024;
Spina et al. 2021). Comparing stars in the 0.7 to 2 Mg range with those in the
0.1 to 10 Mg, typically covered in the broader analysis, reveals minor differences in
simulations with smaller clouds at finer resolution. However, larger clouds at coarser
resolution show deviations below 20%, mainly due to variations in low-mass stars.
Additionally, simulations with a maximum grain size of egr‘g?n = 1 um yield results
similar to those with the fiducial eg;:;‘n = 0.1 um, with deviations occurring at rates
below 10%. In contrast, simulations with eg;;‘;‘n = 10 um exhibit greater variation
due to the reduced coupling of larger grains with the gas dynamics.Overall, we find
that dust dynamics naturally produce observationally equivalent signal to planet

ingestion.
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Figure 4.4: The 2D histogram depicts the bivariate distributions of the accreted dust-
to-gas (u,ec) ratio, the equivalent surface abundance variations in refractory elements
A[X/H], and stellar separation (r) for all pairs of stars (bound and unbound) after
orbital relaxation in the final snapshot in the simulations. On the left, we present
the distribution for a cloud of size My ~ 2 x 10°M,, and on the right, for a cloud
of size My ~ 2 x 10*Mg. A median line illustrates the deviation as a function of
separation bins. The data reveal fluctuations spanning up to 1 dex. The absence of
a pronounced trend with separation implies that the underlying physics governing
these variations operates on scales where stellar separation exerts minimal influence.

In panels ¢ and d, we compare the distribution from the passive-grain simulation
to both the fiducial physics simulation, where dust grains experience radiative,
magnetic, and drag forces and exert a back-reaction on the gas, and to a setup
without radiation pressure on grains. As expected, the passive-grain simulation
shows the narrowest distribution core with minimal variability, while the broader
distributions seen in the fiducial and no-grain-radiation cases indicate that physical
processes, rather than numerical artifacts, drive these fluctuations. The fiducial
simulation, in particular, reveals a distribution with a narrow peak and broad tails,

showing dust-to-gas ratio variations of approximately 0.5-0.7 dex at the 10% level.

To further validate our results, we performed further numerical tests, presented in
§4.3] which demonstrate the robustness of our results and confirm their consistency

across varying resolutions.

Numerical Robustness and Resolution Effects
To assess the robustness of our results, we investigate the effect of resolution refine-

ment on the distribution of dust-to-gas ratios, as shown in panels e and f of Figure
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M.1l Specifically, we consider our fiducial physics simulations at resolutions of
Amgys ~ 10M,, and Amgys ~ 102M,,. If the observed fluctuations were primarily
numerical artifacts, we would expect the distribution widths to increase by a factor
of V10 at the coarser resolution. Contrary to this expectation, we observe that both
high-resolution and low-resolution simulations exhibit similar core distributions,
with extended tails that persist even under tenfold resolution refinement. This sup-
ports the interpretation that the observed distribution features arise from intrinsic

physical dynamics, rather than being solely due to numerical limitations.

We further validate this by analyzing the 25-75th percentile (core) and the 5-95th per-
centile (tails) intervals for each resolution. The 25-75th percentile remains roughly
constant for the different resolutions, while the 5-95th percentile width increases by
approximately 0.3-0.4 dex with resolution refinement for the smaller mass cloud, and
decreases negligibly (~ 0.1 dex) for the larger mass cloud. These findings suggest,
consistent with previous results, that the larger fluctuations are not a consequence
of poor resolution but are instead intrinsic to the physical processes governing dust
clumping and dust-gas separation. Specifically, mechanisms such as resonant drag
instabilities play a key role in driving substantial dust-gas separation and clumping
across a wide range of scales (e.g., Hopkins et al. [2022). In contrast, the smaller
fluctuations likely stem from an interplay between these physical processes and

residual numerical effects.

Given that we are likely not resolving all small-scale structures and clumping, it is
expected that the tails of the distribution will expand as more dust-rich structures
are captured. Numerical convergence might not be fully achieved in our simulations
due to the complexity of the physics involved. However, the smallest relevant scales
~ 0.1 pc, related to sonic turbulence in dense star-forming regions (Arzoumanian
et al. 2011 Arzoumanian et al. [2018; Federrath 2016b; Roman-Duval et al. [2011),

are within our resolution limits.

In panel g and h of Figure @.1] we present the distributions of dust-to-gas ratios for
stars of varying masses: Mgy, ~ 0.3 — 0.5Mg, Myar ~ 0.5 — 1 Mg, and Mg,y ~
1 —3Mgy. We observe that, in all mass ranges, the distributions are broader than
the expected log-normal or Poisson distributions, even with 6 ~ 8. Numerically,
different stellar masses test resolution effects. If the variations were primarily due to
numerical sampling, we would expect the distribution widths to scale with 1 /v Mg,
as higher mass stars are better sampled. However, in our high-resolution small cloud

simulations, the widths do not follow this scaling. For our large cloud simulations
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with coarser resolution, we note that while the core of the distribution roughly
follows the numerical scaling, the extended tails do not. This suggests that while the
core in the larger cloud could be dominated by sampling, the strong deviations in
the tails are likely influenced by physical processes beyond just numerical resolution

effects.

Our qualitative findings remain consistent: fluctuations in dust accretion relative to
gas accretion lead to corresponding variations in refractory element metallicities.
However, the quantitative characteristics of these fluctuations are sensitive to specific

parameters, which will be analyzed in detail in the following sections.

Impact of Grain Size Variation

In addition, we investigate how different grain size distributions influence the dis-
tribution spread. For infinitesimally small grains, we expect near-perfect dynamic
coupling with the gas, leading to a narrow Poisson distribution centered around
A[X/H] = 0, with the width determined solely by the resolution. However, as
grains increase in size, their coupling to the gas dynamics versus gas accretion

weakens, which could lead to larger variations in g, ratios.

In Figure 4.2 we present the probability density function and cumulative distribu-

tion, respectively, for clouds with dust grain sizes ranging from €™** = 0.1um to
grain

Ema?(

grain

with ~ 0.2 dex more variation in A[X/H] when e;;gi‘n

= 10um. As anticipated, the distribution broadens with larger grain sizes,
increases to 10um. For grain
sizes of 0.1um and 1um, the runs overlap and show no broadening trend, possibly
due to resolution limits or similar dust-to-gas fluctuations at these sizes. A more

pronounced difference is observed at 10um. However, we note that egr‘g]?‘n

~ 10um
is at the upper limit for dust grain sizes in molecular clouds, and such large grains
may not be representative of most molecular clouds. Nonetheless, grains larger than
1 um have been reported in previous studies (Lefevre et al.|2014; Pagani et al. 2010;
Steinacker et al. [2015))

This broadening highlights that the physical properties of dust grains drive dis-
tribution changes, providing further evidence for a physical underpinning of the
distribution’s broadening, likely driven by dust dynamics. However, larger grain
sizes correlate with fewer stars formed in the simulation, as discussed in Soliman

et al. (2024b), leading to less sampling of the tails for larger grains.
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Comparisons with observations

To compare our statistics with observations, Figure 4.3| shows the cumulative dis-
tribution of A[X/H] for the stellar populations. We also compared our results with
predicted planetary mass accretion if fluctuations were due to planetary ingestion,
calculated as Mo v w198 o fo, Mgni for a 1 Mg ~ 1My star, assuming a con-
vective zone fraction of f., ~ 0.01. We found that in our fiducial simulations
~10-30% of stars exhibit ~ 0.1 dex variation in A[X/H]. Under our assumptions,
this variation translates to an accretion of ~ 2 — SMg of planetary material within
the convective zone. These results align with previous observational studies. Spina
et al. (2021) found that 20-35% of stars exhibit variations ranging from -0.2 to 0.1
dex, while Liu et al. (2024) observed similar variations up to 0.2 dex in about 10%
of stars. Additionally, Hawkins et al. (2020) reported that approximately 20% of
wide binaries show variations greater than 0.08 dex.

Dependence on stellar seperation

In Figure 4.4 we show the variation in the . ratio between each pair of stars in
the simulation after orbits have relaxed and the equivalent A[X/H] as a function of
stellar separation » down to scales of ~ 0.1 parsec. Interestingly, the data indicates
a weak or negligible trend between i, ratio variations and stellar separation. This
suggests that the processes influencing these variations operate on relatively small
spatial scales. Consequently, the physical mechanisms driving dust-gas separation
and subsequent abundance variations that we are resolving within our simulations

are not significantly affected by the distances between stars within the same cluster.

However, we note that our simulations cannot resolve the formation of tight binary
systems such as binaries that result from core fragmentation, or dust-gas fluctuations
that occur on protoplanetary disk scales. Therefore, the analysis presented here is not
directly applicable to understanding metallicity variations within such tightly-bound

systems.

4.4 Discussion

Our findings align closely with previous studies (e.g., Hopkins et al.|2022; Moseley
et al. 2019), which similarly report significant dust-to-gas fluctuations driven by
dust-gas interactions in comparable environments. In molecular clouds, neutral gas
is weakly coupled to electromagnetic fields, whereas charged dust grains are influ-
enced by Lorentz forces that can induce dust-gas separation. Additionally, radiation

pressure from massive stars can accelerate dust grains to velocities exceeding those
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of the surrounding gas, further enhancing decoupling. Turbulent motions within
molecular clouds add to these fluctuations, particularly when dust grains are not
fully coupled to gas dynamics (Hopkins|2014). Dust grains also exert back-reaction
forces on the gas, which can trigger resonant drag instabilities (RDIs), leading to
localized dust clustering and amplified fluctuations (Hopkins & Squire [2018alb).
Collectively, these processes—including drag, Lorentz forces, radiation pressure,
turbulence, and back-reaction—contribute to the formation of a heterogeneous dust

distribution within molecular clouds.

The similarity in dust distributions observed between the full-physics runs and
the no-radiation-pressure runs is also expected. As Soliman et al. (2024a) noted,
radiation pressure primarily reduces the p,.. ratio for stars with Mg,k > 2 Mg, due
to the stronger radiation fields emitted by massive stars. However, this reduction
has minimal impact on the overall dust content of the stellar population. Since our
analysis focuses on the distribution spread among stars of similar mass, rather than
systematic differences across stellar masses, we subtract mass-dependent trends to

isolate the intrinsic spread in the dust-to-gas ratio.

Importantly, the fluctuations observed in the passive-grain runs are not solely numer-
ical artifacts. Previous studies have demonstrated that even passive-grain models
can generate dust-to-gas ratio fluctuations driven entirely by drag interactions (Hop-
kins & Lee2016; Padoan et al.2006). However, distinguishing between numerical
and physical fluctuations remains a challenge because their signatures often overlap.
This overlap highlights the importance of carefully interpreting numerical results to

ensure that observed trends accurately reflect underlying physical processes.

This complex interplay of physical processes raises the question of whether the
observed variations in refractory element abundances can be attributed primarily
to dust-induced fluctuations, planetary ingestion, or a combination of both mecha-
nisms. In reality, it is likely that both dust-induced fluctuations and planet ingestion
contribute to the observed variations in refractory element abundances. Because
both mechanisms can produce similar observational signatures, disentangling their
individual contributions is difficult. Our simulations, which display a narrow core
with extended tails in the distribution, suggest that most stars exhibit only minor
deviations from the median g, ratio. While planet ingestion is not modeled in
our simulations, the outliers in the distribution tails, characterized by low statistical
frequency but significant deviations—may resemble the observational signatures

of discrete events like planet ingestion. This overlap complicates efforts to distin-
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guish between abundance variations driven by dust fluctuations and those caused by

planetary engulfment.

Nevertheless, there are distinctive features that could help differentiate deviations
caused by dust-gas fluctuations from those resulting from planetary engulfment.
For example, dust-driven fluctuations can lead to negative deviations, a pattern that
planetary ingestion cannot produce. Even if planetary material were not accreted
by the star due to planet formation, this process would occur during the phase when
the star still has a protoplanetary disk. At this stage, the star’s convective layer is
much larger, causing the resulting mass deficit to be distributed throughout the star,
which dilutes any observable variation. Additionally, dust-induced variations may
still occur in stars with thick convective zones, providing a potential signature that
would be inconsistent with planet ingestion alone. These distinguishing charac-
teristics could offer valuable clues for disentangling these two processes in future

observational studies.

Caveats

This study represents an initial exploration and plausibility study of the impact of
dust-gas dynamics on stellar refractory element abundance variations. While our
findings align broadly with observed phenomena, several caveats and avenues for

improvement should be considered:

 Simplified stellar models: Our analysis employs a highly simplified stellar
model, assuming uniform mixing of accreted dust throughout the star’s mass
without detailed simulation of internal stellar structures. To estimate the mass
of planetary material in the convective layer, we assume that the convective
layer constitutes 1% of the stellar mass for Sun-like stars. Although mixing
rates and convective layer thickness vary and evolve over time, this approach
provides a first-order approximation linking preferential dust accretion to

surface abundance variations.

» Simplified dust chemistry and evolution: We do not account for complex
dust chemistry, variations in dust-to-metal ratios, species depletion. Our
model assumes a constant metal fraction of f;, ~ 0.3 on grains, though
this can vary roughly from 0.2 to 0.5 (Jenkins 2009). Nevertheless, we
conservatively estimate on the lower bound due to the depletion of metals onto

polycyclic aromatic hydrocarbons (PAHs) and nanometer-sized grains. These
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components, owing to their elevated number abundance and large surface
area-to-mass ratio, are well-coupled to gas dynamics and thus likely do not
contribute to dust-gas segregation effects. Additionally, although our current
simulations do not incorporate processes like dust growth, coagulation, and
shattering, which play an important role in setting the dust-to-metal ratio and
setting the grain size distribution (Hirashita & Aoyama 2019; Hirashita &

Kuo2011}; Relano et al.2020), we aim to explore their effects in future studies.

* Resolution Scale: Our simulations do not resolve fluctuations occurring on
small scales, such as fluctuations within a single core or disk, and those
within accretion disks around individual stars. These unresolved scales could
affect trends among binary stars, particularly among short-period binaries
formed from common disk fragmentation. Additionally, our simulations do
not resolve the formation of planetesimals or planets, which could sequester

dust mass from the disk and prevent it from being accreted by the star.

Future efforts will focus on refining these models and addressing these limitations

to provide a more comprehensive understanding of the processes involved.

4.5 Conclusions

In this study, we explored fluctuations in dust-to-gas ratios near stars as a source
of surface abundance variations of refractory elements (A[X/H]) in stellar clusters
using detailed star formation simulations. These simulations varied cloud masses,
resolutions, and initial grain size distributions, incorporating comprehensive dust-

gas dynamics. Our key findings include:

* Our simulations predict that ~ 10 — 30% of stars show A[X/H] ~ 0.1 dex
variation, equivalent to the accretion of a 2 — SMg planetary object into the

convective layer of Sun-like stars.

* The A[X/H] distribution features a narrow central peak with extended tails,
which would give rise to two distinct populations: stars with standard abun-

dance patterns and those with enhanced abundance patterns.

* Resolution comparisons show the extended tails of these distributions are
robust and significantly different from log-normal or Poisson distributions,

suggesting the abundance variations are not purely statistical.
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» Simulations with full dust physics yield broader distributions compared to
those with limited dust physics, underscoring the critical role of dust dynamics
in shaping the A[X/H] distribution.

* Larger grain sizes correlate with broader distributions, emphasizing the impact

of dust grain properties on abundance variations.

* No significant correlation is found between abundance deviations and stellar

separations down to 0.01 pc.

However, future investigation is needed to refine our understanding of stellar chem-
ical enrichment mechanisms, as our approach involved simplified stellar evolution

models, dust chemistry, and resolution limitations.

We note that our model does not dispute the occurrence of planetary engulfment
but suggests that similar fluctuations in refractory surface element abundances can
arise from variations in dust-to-gas ratios during star formation. Distinct from
engulfment, this alternative mechanism predicts that abundance variations would
persist throughout a star’s lifetime, including earlier stages with thicker convective
zones, and could drive both reductions and enhancements in refractory surface

abundances.

In summary, our study highlights the importance of considering dust-gas fluctua-
tions as a source of chemical enrichment of stars. Further research is required to
quantify the relative contributions of different enrichment processes and to refine

our understanding of chemical homogeneity within stellar associations.
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Chapter 5

THERMODYNAMICS OF GIANT MOLECULAR CLOUDS: THE
EFFECTS OF DUST GRAIN SIZE

Soliman, N. H., Hopkins, P. F., Grudié¢, M. Y., 2024, Thermodynamics of Giant
Molecular Clouds: The Effects of Dust Grain Size The Astrophysical Journal,
975, 284. DOI: 10.3847/1538-4357/ad8087. INHS participated in the conception
of the project, analyzed the results from simulations in previous paper.

Abstract

The dust grain size distribution (GSD) likely varies significantly across star-
forming environments in the Universe, but its impact on star formation remains
unclear. This ambiguity arises because the GSD interacts non-linearly with
processes like heating, cooling, radiation, and chemistry, which have compet-
ing effects and varying environmental dependencies. Processes such as grain
coagulation, expected to be efficient in dense star-forming regions, reduce the
abundance of small grains and increase that of larger grains. Motivated by
this, we investigate the effects of similar GSD variations on the thermochemistry
and evolution of giant molecular clouds (GMCs) using magnetohydrodynamic
simulations spanning a range of cloud masses and grain sizes, which explicitly
incorporate the dynamics of dust grains within the full-physics framework of
the STARFORGE project. We find that grain size variations significantly alter
GMC thermochemistry: with the leading-order effect is that larger grains,
under fixed dust mass, GSD dynamic range, and dust-to-gas ratio, result in
lower dust opacities. This reduced opacity permits ISRF and internal radi-
ation photons to penetrate more deeply. This leads to rapid gas heating and
inhibited star formation. Star formation efficiency is highly sensitive to grain
size, with an order of magnitude reduction when grain size dynamic range
increases from 1073-0.1 um to 0.1-10 um. Additionally, warmer gas suppresses
low-mass star formation, and decreased opacities result in a greater proportion

of gas in diffuse ionized structures.
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5.1 Introduction

Dust plays a pivotal role in the processes involved in star formation and evolution of
giant molecular clouds (GMCs). Dust absorbs stellar radiation in the far-ultraviolet
(FUV) and re-emitting it in the infrared (IR) (Draine & Lee 1984} Li & Draine
2001; Mathis|1990; Tielens|2005)). Additionally, dust significantly impacts the ther-
modynamics of GMCs (Draine 2003; Mathis, Mezger, & Panagia/1983). As GMCs
undergo collapse, developing high-density regions, dust becomes closely coupled
to the gas through frequent collisions. These collisions facilitate the exchange of
energy between dust and gas, resulting in the heating or cooling of dust grains and
the opposite effect, cooling or heating, on the gas. Photoelectric heating, resulting
from the absorption of radiation from the interstellar radiation field (ISRF) and
neighboring stars, can also contribute to the heating of gas within the interstellar
medium (ISM) (Goldreich & Kwan 1974; Leung|1975). Additionally, dust grains
act as efficient coolants, releasing energy through thermal emission and achieving a

state of thermal equilibrium.

A critical property influencing the rates of the aforementioned processes is the size of
dust grains, a parameter that is reasonably well-constrained within the diffuse ISM.
Canonical ISM grain models typically describe grains with an empirical Mathis-
Rumpl-Nordsieck (MRN) spectrum with sizes up to 0.1um (Mathis, Rumpl, &
Nordsieck |1977). However, the regulation of the GSD involves various processes,
including those inducing grain growth such as grain-grain coagulation (Chokshi,
Tielens, & Hollenbach 1993)) and accretion (Spitzer Jr 2008]), as well as grain
destruction through thermal and non-thermal sputtering (Borkowski & Dwek|1995;
Tielens et al. [1994). Environmental conditions, including temperature, density,
and turbulence, influence the rate of each dust grain process. Particularly, grain
coagulation, the process that limits maximum grain size, is inefficient in the diffuse
ISM but proceeds efficiently in the cool dense ISM (Yan, Lazarian, & Draine[2004).

This suggests that areas with increased density harbor larger grain sizes.

Therefore, it seems improbable that a single ISM grain size distribution (GSD)
describes all star-forming environments across all galaxies throughout the history
of the Universe. Indeed, observations of dense star-forming environments support
this notion, revealing an abundance of larger dust grains (Cardelli & Clayton|1988;;
De Marchi & Panagia 2014} Johnson|1964; Savage & Mathis/1979)). Furthermore,
the “coreshine” effect, observed in the Mid-Infrared (MIR) and Near-Infrared (NIR)

within dark clouds, can be ascribed to the presence of micron-sized grains that scatter
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background radiation (Lefevre et al.|2014} Pagani et al. 2010). However, as reported
by Steinacker et al. (2015]), the GSD is not uniform across all clouds. Variations exist,
with some clouds exhibiting sub-micron maximum grain sizes, while others have a
potentially larger grain size cut-off, highlighting the diversity in grain populations.
This diversity in the GSD extends to different galaxies as well (Calzetti, Kinney, &
Storchi-Bergmann [1994; Hopkins 2004; Kriek & Conroy 2013} Pei|1992; Salim,
Boquien, & Lee|2018). Furthermore, recent simulations by Hopkins et al. (2022)
demonstrated that dust dynamics alone can induce deviations from the typical MRN
GSD within individual clouds or star-forming regions. Variations in the GSD are
not confined to dense star-forming regions but are also observed across different
sightlines within the diffuse Galactic ISM (Schlafly et al. 2016; Wang et al. 2017;
Ysard et al. [2015). Additionally, simulations by Hirashita & Chen (2023) and
Hirashita & Yan (2009) suggest that factors such as temperature, metallicity, and
turbulence influence the maximum grain size, with sizes ranging from sub-micron

to micron levels in star-forming environments.

The wide range of extinction curves and inferred GSDs across various spatial scales
and environments underscores the importance of considering a range of grain sizes
when studying physical processes within these regions. Dust grain properties pro-
foundly affect the thermodynamics and evolution of molecular clouds, with grain

size being a critical parameter.

At a fixed dust-to-gas ratio, smaller grains within a cloud could enhance dust shield-
ing, potentially creating more favorable conditions for star formation. This correla-
tion has been established and reported in simulations and observations by Garcia-
Burillo et al. (2012)), Gong et al. (2016), Krumholz & McKee (2008)), and Lada,
Lombardi, & Alves (2010). This heightened opacity would also increase the pho-
toelectric heating rates, accompanied by higher collisional cooling rates due to the

increased overall dust surface area.

However, it is important to note that the rates of photoelectric heating are contingent
upon the incident FUV radiation, which diminishes with smaller grain sizes due to
reduced photon penetration in the higher optical depth regime. Nevertheless, the
potential increase in star formation could elevate the overall FUV radiation budget
within the cloud. Additionally, changes in the dust cross section would impact
other relevant processes, such as molecule formation rates. These interconnected
processes are non-linear, making it uncertain a priori where the net effect would

ultimately settle.
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Therefore, to enhance our understanding of the intricate balance among photon pen-
etration, heating rate, and the influence of grain size on these complex interactions,
comprehensive investigations through rigorous simulations and theoretical models
are imperative. This study introduces simulations of star formation that integrate
detailed ISM physics, explicit dust dynamics, stellar formation, and feedback. The
primary focus is to investigate the influence of grain properties, specifically grain
size, on the thermodynamic characteristics of the clouds and how this parameter

shapes the efficiency of star formation.

The paper is structured as follows: In Section[5.2] we provide a concise description
of the code and a description of the initial conditions for the runs. In Section[5.3]
we discuss the theoretical predictions of altering the GSD and compare them to the

results obtained from our simulations. Finally, we conclude in Section @

5.2 Simulations

STARFORGE simulation setup

We utilize the GIZMO code (Hopkins|2015) for conducting 3-dimensional radiation-
dust-magnetohydrodnynamics (RDMHD) STARFORGE (Grudi¢ et al. [2022)) simu-
lations of star formation in giant molecular clouds, following the physics setup
detailed in Soliman, Hopkins, & Grudi¢ (2024a), which encompasses our complete
STARFORGE+dust physics modules. We offer a concise overview here; however,
readers are encouraged to consult the aforementioned references as well as Grudic¢

et al. (2021) for a more comprehensive description.

We utilise the GIZMO Meshless Finite Mass magnetohydrodynamics (MHD) solver
(Hopkins & Raives 2016; Hopkins 2016) for ideal MHD equations and the mesh-
less frequency-integrated M1 solver for the time-dependent radiative transfer (RT)
equations (Grudic et al. 2021; Hopkins & Grudi¢|2019; Hopkins et al. 2020; Lupi
et al. 2018} Lupi, Volonteri, & Silk[2017). The radiation is discretized into five fre-
quency bands (1 < 9124, 912 < A < 15504, 1550 < A < 36004, 3600 < A < 3um
and A > 3um), inducing processes such as photoionisation, photodissociation, pho-
toelectric heating, and dust absorption, directly coupled with the dust distribution.
Radiative cooling and heating terms also encompass metal lines, molecular lines,
fine structure lines, and dust collisional processes, as detailed in Hopkins et al.
(2023). The rates for the dust radiative cooling and photoeletric heating, as well
as other processes mentioned prior, derive from interpolating the local dust particle

distribution and local dust properties for each gas cell.
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We assume an standard interstellar radiation field (ISRF) strength, based on solar
neighborhood conditions (Draine 2010). Sink particles, which represent individual
stars, are another source of radiation in the simulations. These particles form
from gas cells that meet the criteria for runaway gravitational collapse, and follow
the protostellar evolution model outlined by McKee & Offner (2010). As they
grow through accretion, their luminosity and radius follow the Tout et al. (1996)
relations, and they emit a black-body spectrum with an effective temperature T.¢ =
5780K (L./R2)"*
potentially supernovae (Grudi¢ et al. 2022).

. They are also sources of protostellar jets, stellar winds, and

Dust physics

The dust physics we employ in our simulations mirrors the setup detailed in Soliman
et al. (2024a), where it is presented in greater detail. Furthermore, comprehensive
studies of the modules and methods can be found in Hopkins & Lee (2016)), Hopkins
et al. (2022)), Lee, Hopkins, & Squire (2017), Moseley, Squire, & Hopkins (2019),
and Soliman & Hopkins (2023).

In our simulations, dust grains are modeled as “super-particles” using a Monte
Carlo sampling technique (Bai & Stone|2010b; Carballido, Stone, & Turner 2008};
Johansen, Youdin, & Mac Low 2009; McKinnon et al. 2018]; Pan et al.[2011)). Each
dust “particle” represents N > 1 dust grains with identical attributes, including
grain Size €grajn, MASS Mgrain, Charge ggrain, and composition. The grain charge is
determined for each particle for each timestep self-consistently by computing the
collisional, photoelectric, and cosmic ray charging rates (Draine & Sutin 1987}
Tielens 2003). The grain sizes are statistically sampled to ensure that the ensemble
of all particles adheres to an MRN size distribution with the desired dust-to-gas ratio,
while also ensuring uniform particle distribution across logarithmic intervals in grain
size. In particular, it is important to emphasise that the grain size for the individual
particles, and thus the cloud average GSD does not evolve during the simulations;
in other words, we do not model grain growth/coagulation or sputtering/destruction.
However, the GSD within a particular volume can evolve over time as grains of
varying sizes move in and out. Additionally, we do not include dust sublimation in
our models, as this process typically becomes significant at temperatures exceeding
1500K. While this may overestimate dust opacity and dust cooling in warmer regions,
it would minimally impacts the cooler, star-forming areas. Including sublimation

would likely reinforce our conclusions by increasing the heating rates of warm gas.
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We follow dust dynamics by accounting for drag, Lorentz, gravity, and radiation
pressure forces. To ensure self-consistency, we interpolate local dust properties,
such as the dust-to-gas (DTG) ratio and GSD, to their corresponding gas neighbors.
Using this information, we compute local rates of various processes that dust is

involved in, including:

* Radiative transfer: Given our use of a simple MRN GSD and discretized
radiation bins with constant dust opacity within each bin, we adopt a simplified
model for dust absorption and scattering cross-sections. The dimensionless

absorption+scattering efficiency is given by
<Q(€grain, Aeff) Jext = Min (27T€grain//leff’ 1) s (5.1)

where the effective wavelength is the geometric mean of the minimum and

maximum wavelengths in the relevant range, deg = VAminAdmax-

* Collisional heating and cooling: The dust collisional cooling rate per unit
volume, Acon, is modelled as follows (Hollenbach & McKee (1979, [1989;
Meijerink & Spaans 2005):

dg
Acon =1.2 % 10732 ((I)IW) (T = Taus)T"? (5.2)
100A 1
(1 - 0.86_75/T) — ergs cm’ s_l, (5.3)
Egrain

where T and Ty, are the temperatures of the gas and dust, respectively,

measured in Kelvin.

Photoelectric heating: The heating rate per unit volume due to the photo-
electric effect on dust grains, I',e, is given by (Bakes & Tielens|1994; Wolfire
et al. [1995a; Wolfire et al. [2003):

nlpe = 1.3 X 10_24neG0 ergs cm™3 s, 5.4)

where 7 is the hydrogen number density in cm™ and Gy is the FUV radiation
field in Habing units. The heating efficiency, €, is defined as:
4.9% 107
€ =
1+4 %1073 (GoT"?/2n,)
3.7x 1072 (1/10%)"”
+ )
1+2x1074(GoT"?/2n,)

(5.5)
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where n, is the electron number density. Note that polycyclic aromatic hydro-
carbons (PAHs) are not included in our simulations, so their contribution to
the photoelectric heating effect is excluded. The reasoning behind this choice

and its implications are elaborated upon in Section[5.3]

* Molecular Hydrogen Formation on Dust Surfaces: The formation rate of
molecular hydrogen on dust, 71, qust, 1S given by (Gry et al. 2002} Habart et al.
2004; Hollenbach & McKee|1979; Jura|1974; Wakelam et al. 2017):

i, dust = @i, (T) Zu%Ennyy, (5.6)

Z is the metallicity as a fraction of solar, and nyy is the HI number density.

The rate coeflicient, ay,, is computed as:

~1870.5
_ 9.0x107*°T e sl 5.7)
1 +0.04T12 +0.002T + 8 x 10672

aH,

By incorporating these processes, we can effectively capture the influence of a live

dust population on the thermochemical behavior and dynamics of the cloud.

Initial conditions

Our simulation setup involves a uniform-density turbulent molecular cloud sur-
rounded by a diffuse warm ambient medium confined within a periodic box, whose
dimensions are 10 times greater than the cloud’s radius. The ambient medium
has a density approximately 103 times lower than that of the cloud. The initial
velocity distribution follows a Gaussian random field, characterized by an initial
virial parameter @ = 502R/(3GMcjouq) = 2. The initial magnetic field is uni-
form, establishing a mass-to-flux ratio 4.2 times the critical value within the cloud
(Mouschovias & Spitzer|1976).

Our study includes two clouds of different masses. The first cloud has a mass of
Moud = 2 % 10°Mg, and a radius of R = 3pc, with a mass resolution of Am ~ 1073,
Additionally, we include a larger cloud configuration with M = 2x10*M, and radius
R = 10pc, with a resolution of Am ~ 1072. To precisely capture the dynamics of
dust, we employ a mass resolution for dust super-particles that is four times higher
than that of the gas (Moseley et al. [2019). Furthermore, cells associated with
protostellar jets and stellar winds have a mass resolution ten times higher than that
of the typical gas cells.
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The initial dust distribution samples follows a statistically uniform DTG ratio pg =
,udgpg with ¢ = 0.01 corresponding to galactic values. The grains have an
internal density of p érain ~ 2.25g/cm?, which falls between the typical densities
of carbonaceous and silicate dust grains. Each particle is initialized with velocity
corresponding to its nearest gas cell. Recall that the distribution of grain sizes
samples from the empirical power law model proposed by Mathis et al. (1977),
characterized by a differential number density represented as dng/degrain Eg_r?;ifl .
Ideally, the evolution of the GSD would be modeled self-consistently, but this
requires simulating micro-physical processes across parsec-sized regions, which

is currently unfeasible. Therefore, we consider three GSDs with maximum grain

sizes of €M = 0.1 ym, €™* = 1 um, and €™* = 10 um, each with a minimum
grain grain grain
grain size of eg"r‘;‘;n = 0.01 eg‘rg‘n. This approach approximates the shift towards

larger grains in cool dense regions where coagulation is efficient and shattering is
minimal (Birnstiel, Ormel, & Dullemond 2011} Hirashita & Chen|2023)). Note that

our eMa
grain

the potential extremes of grain size effects and is not meant to represent typical

= 10um grain simulation is a hypothetical scenario designed to explore

molecular clouds. The eM2*
grain

what can be expected in real clouds.

= lum grain simulation is likely at the upper limit of

5.3 Results

Theoretical expectations

Introducing variations in the GSD within the cloud can significantly affect its ther-
mochemical properties. In the following section, we consider the expected changes
resulting from these variations. Specifically, we examine how changes in the GSD

would influence the optical depth 7;.

For simplicity, we assume that the GSD remains constant along a line-of-sight
through the cloud, and that the initial mean density within the cloud is spatially
uniform. Recall that we model the distribution of dust particles according to an
MRN size distribution, where dng/degrain = noegrz'ii
f Meraindna/ dégrain = pY = /Jdgpg. With these assumptions, we can express the

, with ng normalized to ensure

optical depth 7, as:

max
grain

0= 2Rcloud77n0/
m

grain

EgrziiQabs(Egrain’ A) dfgrain, (5.8)

where Qs (€grain, ) is defined as follows
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Figure 5.1: Morphological evolution of a 2 x 10°Mg molecular cloud at t ~ 3
Myrs in simulations with varying grain sizes eggfn. The top two rows show 2D
integrated gas Xy, and dust gy surface densities, with stellar particles represented
as circles, where their size corresponds to their stellar mass. Clouds with larger
grain sizes exhibit more diffuse gas structures. However, this effect is less pro-
nounced in the case of dust distribution. The third, fourth and fifth rows illustrate
the projected gas mass-weighted mean temperature, mean radiation energy density
of Far-UV/photoelectric band radiation (912A <A< ISSOA) in arbitrary units, and
mean ionization fraction in the clouds. Clouds with larger grains exhibit increased
temperatures, higher radiation energy densities, and consequently, elevated ioniza-
tion fractions.
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1 A < 2M€gra;
Qabs(fgrain, ) = s 5.9
2m€grain/A A > 2M€grain.

Therefore, given these assumptions and considering emax = 1006;;1[1, the expression

for 7, simplifies to

-1
A min
15,URcloud( graln) o < Ggrain
7l A max
377'IURcloud//l T > egrain
=154/ 7 5.10
1 5 27"'//lIURcloud ( )
mm . /1
_ gram min A max
2 ]g“r;(n max Egrain = 2r E Ggrain’
gram

where i = u%p,/ ﬁérain.

While certain wavelengths of interest will fall within the intermediate regime
(€ g;;‘:n < f—ﬂ < ;‘;gfn) we primarily focus on the geometric (1 < 27€grain) and
Rayleigh (4 > 2mé€gp,in) regimes as they provide the most intuitive understanding.

The intermediate regime mainly serves to interpolate between these two.

As highlighted in the expression above, modifying the GSD yields two distinct
effects on dust opacity. Firstly, it dictates whether the majority of grains are situated
in the geometric or Rayleigh regimes. Second, each of these regimes demonstrates

a unique dependence on grain size: the Rayleigh regime maintains 7, independently

-1
of grain size, while in the geometric limit 7 oc (emax) . It is important to note

raimn
that in this investigation, we explore variations in gfain size while keeping the total
dust mass constant. Consequently, increasing the grain size effectively reduces the
total grain surface area, to which the geometric opacity is particularly sensitive.
This explains why the Rayleigh opacity, being a bulk effect, does not exhibit any

dependence on the grain size.

To identify the dominant opacity regime within the GMC, we examine the critical
value of 1/2n where the transition between the geometric and Rayleigh regimes
occurs in relation to grain size. Examining wavebands pertinent to star formation
processes, specifically the FUV, Near Ultraviolet (NUV), Optical/NIR, and FIR

bands tracked in our model, we note that these transitions occur at approximately



116

€grain ~ 10_2,um, 0.05um, 0.1um, 10_2,um, and 0.5um, respectively. Consequently,
as €M increases from 0.1um to 10um (the distributions considered in this paper),
grain
a higher proportion of grains shift towards the geometric opacity regime. This shift
is particularly pronounced at shorter wavelengths, such as in the UV band, where
the opacity exhibits an inverse relationship with the maximum grain size. The
FUV band opacity is particularly important for the thermodynamics of the GMC,
as FUV photons play an important role in regulating the gas temperature through

photoelectric dust heating.

Opacity-induced effects can drive highly nonlinear changes in cloud evolution.
However, to first order, if the grain shielding dominates the clouds thermodynamics,
larger grain sizes would enhance FUV radiation penetration, leading to warmer gas.
This transition can significantly impact star formation rates and the properties of
the stellar population. Warmer conditions, characterized by larger sonic scales and
reduced density perturbations, would likely inhibit small-scale structure formation,
giving rise to a smoother cloud morphology. Additionally, this would increase the

Jeans mass, suggesting reduced low-mass star formation.

However, larger grain sizes also imply reduced photoelectric heating efficiencies.
This reduction might, however, be counteracted by the the larger FUV flux, due

to more photons penetrating, in addition to slower dust collisional cooling rates

_\—1/2
observed with larger grains (Agop (em‘“ ) ). Ultimately, the interplay of these

grain
effects will dictate whether the gas experiences a net warming or cooling effect.

Simulation results

Effects on cloud morphology

In this study, we conducted simulations of GMCs with initial conditions detailed in
Section [5.2] We systematically varied the maximum grain size while maintaining
a fixed DTG ratio at the start of each simulation. Building upon the theoretical
framework outlined in the previous section, this section presents the results obtained

from our simulations.

In Figure [5.1] we present the morphology of molecular clouds, each with an initial
mass of approximately 2 x 10°My, and a resolution of Am ~ 107>My, evolved for
~3 Myrs. From left to right, the columns represent clouds with different maximum

grain sizes: €™

— max
arain = 0.1um, €

X = lum, and €™*
grain

grain

= 10um, respectively. The top
two rows provide a visual representation of the 2D integrated gas X, and dust Xqyg

surface densities, with stellar particles shown as circles, scaled according to their
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Figure 5.2: The temperature-density phase space diagrams showing the evolution
of a cloud with a mass of Mo ~ 2 X 10°Mg at dynamical times ¢ ~ 1, 2.5,
and 3 dynamical times. Different colors indicate the total gas mass within each
state. At fgyy ~ 1, all clouds exhibit comparable states, with smaller grain clouds
that extend to cooler and denser gas components. By ¢ ~ 2.5t4y,, star formation
concludes, and larger grains exhibit higher average temperatures. At ¢ ~ 3fgyn,
gas with ng < 10*cm™ is predominantly hot (T ~ 10°K), with denser gas being

cooler. The €™ = 1um component lacks a dense counterpart, remaining mostly

grain
hot with an average temperature of 7 ~ 10°K. Note that the clustering at low density
density is an artifact of the diffuse ambient medium within the simulation box.
Additionally, since all material is confined within a finite box, this prevents the
gas from becoming more diffuse. Likewise, although to a lesser extent as less gas
resides at low temperatures, the clustering at low temperatures is attributed to our
temperature floor set at 2.73 K.
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masses. The subsequent rows describe the thermodynamic and radiative properties
of the cloud. The third row shows the average temperature of the gas, while the
fourth row shows the average radiation energy density associated with FUV radiation
in the range 912A < A < 1550A in arbitrary units. The fifth row displays the gas

mass-weighted ionization fraction of the gas.

The clouds with larger grain sizes exhibit higher FUV radiation energy densities
relative to their smaller grains counterparts. This is due to reduced FUV opacity,
as demonstrated in Equation[5.10] allowing radiation to propagate more extensively
throughout the cloud. Consequently, this leads to elevated temperatures driven by

the photoelectric effect on dust grains.

In line with our predictions outlined in Section [5.3] the increase in temperature is
accompanied by a reduction in small-scale structures and weaker density fluctua-

tions. This effect is particularly evident in the diffuse gas structures formed in our

max
€

grain = 10um simulation. In contrast, a similar smoothing effect is not observed in

the dust structure. This discrepancy is to be expected, as the dust’s thermal velocity
dispersion is lower than that of the gas, making it less affected by higher temper-
atures. However, the dust structures would still experiences some broadening due
to its coupling with the gas dynamics. However, despite the consistent difference
in FUV radiation energy density across the different grain size runs in the early
stages, a significant temperature increase is observed only when the most massive
stars form and emit substantial amounts of radiation. Specifically, a ~ 4M sink
particle coincides with the high radiation energy density and temperature peaks.
The radiative feedback from this star warms the gas in the cloud, facilitating the

smoothing of the gas structure within < 0.1 Myr.

Furthermore, there is a distinct contrast in the ionisation fraction among different

grain size runs. In the simulation with €™*
grain

= 0.1um, the majority of the cloud
remains predominantly molecular. However, increasing the grain size by a factor
of 10 confines molecular regions to the dense central core, while the majority of
the cloud is in a predominantly ionized state. A further increase by a factor of 10
results in an almost fully ionized cloud. This marked difference is expected given
the heightened radiation energy density and elevated temperatures in clouds with
larger grains. In addition, the rate of molecular hydrogen formation decreases as the

total surface area-to-mass ratio of the grains decreases.

To further explore the thermodynamic evolution of the three clouds, Figure [5.2]

illustrates the temperature-density phase-space diagram at different dynamical times
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Figure 5.3: Morphological features of a 0.5 pc thick cross-section through a molec-
ular cloud with a mass of 2 X 103Mg, at t ~ 3 Myrs, simulated with varying grain
sizes egrlgi‘n. From top to bottom: 2D integrated gas Xg,s and dust Xy surface den-
sities, normalized mean grain size, and normalized mean dust-to-gas (DTG) ratio
198, Note that we present 1/ (19T gqus) for ease of comparison. The cloud with
eg;;‘;‘n = 0.1um shows negligible fluctuations in grain size spatial distribution and
DTG ratios, with dust closely following the gas distribution. Conversely, clouds
with larger grains exhibit fluctuations in grain size spatial distribution and DTG
ratios. In the case of eggfn = 10um, this results in order of magnitude fluctuations
in the DTG ratio, particularly in regions dominated by large grains.
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tayn- The three panels represent time intervals of 74y, ~ 1, 2.5, and 3, respectively,

with the colour map corresponding to the total gas mass within a given state.

At the initial stage (fqyn ~ 1), all three clouds exhibit similar distributions. However,
the clouds with smaller grain sizes contain more gas in cool (7" < 20 K) and dense
structures (number densities of ny 2 10%cm™3), although this represents only a
small fraction of the total gas. As a result, these regions have a higher number of
cores prone to gravitational collapse, leading to an earlier onset of star formation.

3

We point out that the gas component at T ~ 10* K and ny ~ 1, cm™> corresponds to

the hot gas bath that surrounds the molecular cloud as per our initial conditions.

By t4yn ~ 2.5, star formation has proceeded to completion in all three clouds.
However, clouds with larger grain sizes contain warmer gas due to weaker shielding
from these larger grains. This shift to warmer gas occurs only after most stars have
formed, enhancing the radiation field and leading to a rapid transition to a warm,
quenched cloud. Prior to this, the three clouds with different grain sizes have similar
temperatures and appear comparable. The temporal evolution of stellar mass and

temperature is shown in Figure[5.4] which we discuss in the following subsection.

3

Moving to tgy, ~ 3, most gas with ngy <~ 10*,cm™ is predominantly warm

(T ~ 10° K), while denser gas remains fairly cool. Notably, the component with

max
€

* = 1,um lacks a dense counterpart and is mostly warm, with an average
grain

temperature of 7 ~ 10° K. This component is ionized, corresponding to the warm

ionized medium (WIM) with no cold neutral medium (CNM) component.

In Figure we present the morphology of a 0.5 pc thick slice through our 2x10°M,
cloud at ¢ ~ 3 Myrs evolved with different GSDs. The top two rows present 2D
integrated surface densities of gas Xg,s and dust Zq,, while the third row displays
the average grain size across the slice normalized to egr‘;‘fn in the cloud. The fourth

row shows the mean DTG ratio with respect to the cloud’s mean value.

In the eé“r;‘;‘n = 0.1um cloud, the gas and dust are well-coupled, evident in their
closely aligned spatial distributions. This implies that the grain sizes within the
simulation predominantly have stopping times ¢, much shorter than the timescale of
gas dynamics. As a result, there are no discernible variations observed in the DTG

ratio, and there is a uniform distribution of grains across all sizes.

In the egr‘:;‘n = lum cloud, larger grains are less effectively coupled to the gas, there-

fore they do not trace the gas dynamics as well as their smaller grain counterparts.

This discrepancy introduces fluctuations in the spatial distribution of grain sizes,
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Figure 5.4: Evolution of star-forming Giant Molecular Clouds (GMCs) over time,
represented in units of the dynamical time of the cloud. Left panel: Total stellar mass
formed. Middle panel: Average photon energy density within 0.1 parsec spherical
regions around the formed stars. Right panel: Average gas temperatures outside the
0.1 parsec regions. The shaded areas represent a range of one standard deviation.
The simulations compare GMCs with an initial cloud mass of Mjoug ~ 2 X 10°M,

and different grain-sizes with maximum grain-sizes of €™** = 0.1 ym (blue), 1 ym
grain

(yellow), and 10 um (red). Larger grains lead to lower star formation efficiency,
with roughly a tenfold increase in total stellar mass observed for the 0.1 ym grains,
exhibiting a ~10% star formation efficiency compared to the 10 gm runs with ~ 1%.
Smaller grains provide stronger dust shielding, resulting in a cooler gas that is more
prone to gravitational collapse and star formation.

with larger grains lagging behind the gas flow. This effect is particularly pronounced
in regions of low density where large grains would encounter even lengthier stop-
ping times as f; o« €grin/pg. Given that larger grains contribute substantially to
the overall dust mass under an MRN GSD, this poor dust coupling for large grains
can drive large-scale fluctuations in DTG ratios. The most striking results emerge
in the eénrgfn = 10um cloud, where even more pronounced fluctuations in GSD are
observed. This leads to order of magnitude variations in the DTG ratio, particularly

in regions with predominantly large grains.

Effects on initial mass function

We quantify the impact of larger dust grains on star formation in Figure [5.4] which
illustrates the evolution of star-forming GMCs over time, represented in units of the
cloud’s dynamical time. The right panel shows the total stellar mass formed, the
middle panel displays the mean FUV band radiation energy density within 0.1 parsec
spherical regions around the formed stars, and the left panel shows the average gas

temperatures outside these regions.

The eg;z;‘n = 0.1pxm simulation exhibits an earlier onset of star formation compared
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tO Gmax

otain = lum and €™®* = 10um simulations. However, the difference in the

rain
timing of star formatioi onset is minimal. Initially, the gas is only radiated by the
relatively faint ISRF. This diminishes the importance of factors that dependent on
grain size such as shielding effects. Additionally, variations in the GSD result in
relatively negligible differences in the net dust-mediated cooling and heating rates,
leading to minimal impact on the overall thermal state of the gas during the early
stages, before a strong radiation field is established. As a result, the gas sustains
comparable average temperatures across various grain sizes. This remains the case
until enough sinks form, particularly massive sinks, and begin to contribute to the
radiation field. At approximately 1.8 dynamical times, all clouds exhibit similar
average temperatures and attain the same stellar mass. However, smaller grains
offer higher dust opacity, which reduces the propagation of UV flux from the stars
to the surrounding gas. As a result, the clouds with smaller grains maintain a cooler

temperature for a longer duration.

As assumed by our opacity toy model, the UV radiation energy density scales
inversely with the square of the grain size. This enhanced dust shielding enables the
cloud to sustain ongoing star formation until the gas eventually heats up, and stellar
feedback leads to the evacuation of the cloud and halts further star formation. A
significant contrast in the star formation efficiency is evident when comparing clouds
with the largest grains to those with the smallest grains. Specifically, the cloud with
10 pum grains converts only 1% of its mass into stars, whereas the cloud with 0.1 ym
grains exhibits roughly a tenfold higher star formation efficiency, converting 10%

of its mass into stars.

In Figure [5.5] we present the mass function of sink particles that form in clouds
with Mjoua ~ 2 X 10°Mg (top) and Mjoug ~ 2 X 10*My (bottom). The results for
different grain sizes are compared to the initial mass function from Kroupa (2001).
The shaded region represents the Poisson error. We find that clouds with larger
grains yield stellar populations with a narrower mass range. Specifically, as the
grain size increases by a factor of 10, the range of sink masses decreases by a factor
of 2. The higher minimum sink mass can be attributed to the higher expected jeans
mass, while the high-mass trucation is likely due to the reduced number of sinks
forming in the large grain runs, resulting in limited sampling at the higher mass end.
While our simulations indicate a higher mean sink mass in setups with larger grains,
the reduced sink count, especially at the high mass end due to sampling, and sparse

statistical data highlight the necessity for a more comprehensive statistical analysis



123

Mcloud =2 X 103M®

100 4

1071 4

1072 4

1/ >~ Niink dNsink/dlog( Mink)

10_3—: === Kroupa 2001
] = i, =0.1um
— egm,gfn = lpum
€grain = 10pm
1074

Mcloud =2x 104M@
10° 4

1/ 3" Nsink dNsink/dlog( Miink)

107t 10° 10!
Msink[MG]

Figure 5.5: The mass distribution of sink particle masses per logarithmic mass
interval, normalized to the total number of sinks compared to a Kroupa (2001)
inital mass function. The shaded region shows the Poisson sampling error. Top:
Distribution for our Mg ~ 2 X 103M@ cloud at Am ~ 10‘3M@ resolution .
Bottom: Distribution for our Mgjouq ~ 2 X 10*Mg at Am ~ 107>M. Larger grains,
particularly in the clouds with larger masses, lead to a more restricted range of stellar
masses. Nonetheless, we do not observe any significant changes in the distribution
driven by variations in grain size.
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to attain a precise understanding of the distribution. Presently, our simulations
tentatively suggest that grain size has minimal impact on the mass function, within

statistical error margins.

Another trend in Figure [5.5is the reduction in low-mass sink particles (Mginx <
1, Mp) for clouds with larger grains. In the smaller cloud, the fraction of low-mass
sinks decreases from ~ 0.8 to about ~ 0.6, and in the larger cloud, it drops from ~
0.6 to around ~0.2 as the grain size increases from 0.1 ym to 10 yum. This decline
is attributed to the elevated temperature, which leads to a larger Jeans mass, thus
inhibiting smaller cores from meeting the criteria for collapse in warmer environ-
ments. This sequence of events underscores the intricate interplay among grain
size, radiation, temperature, and structural characteristics in shaping the dynamic

evolution of molecular clouds.

Caveats

Several caveats should be considered when interpreting our findings. Firstly, our
study does not encompass the full spectrum of factors that may affect dust opac-
ities within star-forming regions. Specifically, variations in the DTG ratio due to
non-power law characteristics in the GSD and grain chemistry are not explored.
Additionally, we use a highly simplistic toy model for the dust opacities. This is
intentional as it is designed to capture the leading-order physics while simplifying
the complex interplay of non-linear effects. Recall that we assume a constant Q ey
across the 912-1550 A waveband and model Q < €gpain/ Aeff, With Aeg as the geomet-
ric mean of the waveband limits. Compared to detailed models like Zubko, Dwek, &
Arendt (2004), our simplified approach underestimates Q¢ at shorter wavelengths
and overestimates it at longer wavelengths for grains smaller than 1072 um, while
for larger grains, Qecx remains o< 1/1. However, these deviations stay within a
factor of ~ 2 and largely average out over the waveband range. Similarly, deviations
from Qex; ¢ €grain remain within a factor of two across four orders of magnitude
in grain size, indicating that our conclusions on grain size effects on opacity and

thermodynamics are qualitatively robust even with more detailed models.

While our study provides insights into the effects of varying initial GSDs on star
formation, the absence of these additional factors may limit the comprehensiveness
of our conclusions. All else equal, and considering the impact of these factors on
dust opacity, their incorporation would effectively lead to a re-scaling of opacities

for a given range in grain size. Consequently, we anticipate that, to leading order,
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these factors would produce similar effects on star formation as those observed in

our study.

In addition, we do not incorporate the role of PAHs, as it falls beyond the current
scope of our investigation. PAHs behave as gas-phase molecules, requiring dis-
tinct physics to accurately model their effects and behavior within this environment.
Our paper primarily focuses on elucidating the first-order effects of large versus
small grains. Consequently, we have omitted the effects of PAHs from our anal-
ysis. Nevertheless, considering PAHs would likely amplify the effects we report.
Assuming, the main finding of increased FUV radiation due to lower dust grain
opacities remains robust with the inclusion of PAHs, their presence would likely
enhance photoelectric heating for a given radiation field. This enhancement could
lead to earlier or higher temperature increases and ionization fractions in the gas.
The respective effects of PAHs and grains on radiative transfer and thermochemsitry
with GMCs, is complex. The outcomes of including another dust species that plays
an important role in these process might yield effects different from those discussed
in the current study, emphasizing the need for further investigation in subsequent

studies.

Secondly, while we systematically explore the effects of different initial GSDs, the
evolution of GSDs over time within actual star-forming regions is influenced by a
multitude of dynamic factors. Processes such as grain destruction, coagulation, and
growth exhibit variations across different environments, introducing complexities
that are not fully captured in our model. In future work, we aim to model the
evolution of GSDs within star-forming regions, following a similar approach as
demonstrated in recent work by Choban et al. (2022)). This endeavour will contribute
to a more comprehensive understanding of the interplay between dust properties and

star formation processes.

5.4 Conclusions

The dust GSD likely varies significantly across different star-forming regions, with
evidence of variability observed in diverse galaxy extinction curves. Observational
data from dust scattering in dark clouds and molecular cloud extinction curves
further suggests deviations from the canonical diffuse ISM GSD, indicating larger
grain sizes in these regions. This variability may be more pronounced in high-

redshift systems and across various star-forming environments.

In this study, we conducted a series of RDMHD GIZMO simulations focusing on
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star-forming GMCs with different GSD, specifically with e™* = 0.1, 1, 10um.
grain

Our simulations included various competing effects, such as dust collisional heat-
ing/cooling, photoelectric heating, and dust shielding, our results indicate that larger
grain sizes lead to a decrease in star formation efficiency. Our findings highlight
that the rate of star formation declines more rapidly in clouds with larger grains.
The decrease in star formation efficiency is due to enhanced radiation penetration
through the cloud, facilitated by reduced dust shielding. This results in more efficient

heating and ionization, all of which are non-linear processes.

In summary, the observed effects emphasize the necessity of a careful consideration
of grain size variations when interpreting and modeling the physical processes within

star-forming regions.
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Chapter 6

DUST BATTERY: A NOVEL MECHANISM FOR SEED
MAGNETIC FIELD GENERATION IN THE EARLY UNIVERSE

Abstract

We propose a novel dust battery mechanism for generating seed magnetic fields
in the early Universe, in which charged dust grains are radiatively accelerated,
inducing strong electric currents that subsequently generate magnetic fields.
Our analysis demonstrates that this process is effective even at very low metal-
licities (approximately ~ 107>Z;), and capable of producing seed fields with
significant amplitudes of B ~ G around luminous sources over timescales of
years to Myr and across spatial scales ranging from AU to kpc. Crucially,
we find that this mechanism is generically ~ 10® times more effective than
the radiatively-driven electron battery or Biermann battery in relatively cool
gas (< 10° K), including both neutral and ionized gas. Furthermore, our
results suggest that, to first order, dissipation effects do not appear to signif-
icantly impede this process, and that it can feasibly generate coherent seed
fields on macroscopically large ISM scales (much larger than turbulent dissi-
pation scales or electron mean-free-paths in the ISM). These seed fields could
then be amplified by subsequent dynamo actions to the observed magnetic
fields in galaxies. Additionally, we propose a sub-grid model for integration
into cosmological simulations, and the required electric-field expressions for
magnetohydrodynamic-particle-in-a-cell (MHD-PIC) simulations that explic-
itly model dust dynamics. Finally, we explore the broad applicability of this
mechanism across different scales and conditions, emphasizing its robustness

compared to other known battery mechanisms.
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6.1 Introduction

Magnetic fields with strengths in the nanogauss to milligauss range have been
observed across various scales and structures both in the present-day universe and
at higher redshifts (Athreya et al. |1998; Beck et al. 2016; Beck 2012; Beck &
Wielebinski 2013} Bernet et al. 2008; Carilli & Taylor 2002; Feretti et al. 2012;
Ferrario, Melatos, & Zrake 2015; Kronberg|1994; Kulsrud & Zweibel 2008; Ryu
et al. 2012; Vallée 2011; Widrow 2002). However, the origin of magnetic fields in
the universe remains a longstanding mystery in astrophysics. Dynamos are capable
of amplifying extremely weak seed fields (as low as ~ 1072 — 1071°G) to observed
strengths and extending these fields from localized sources to the intergalactic
medium (Pudritz & Silk [1989; Schleicher et al. 2010; Silk & Langer 2006; Sur
et al. 2010; Tan & Blackman |[2004)). Turbulent and small-scale dynamos enhance
magnetic fields within dense regions such as the interstellar medium of galaxies
(Arshakian et al. 2009; Beresnyak & Miniati 2016; Dolag, Bartelmann, & Lesch
1999; Federrath 2016a; Federrath et al.[201 1), while galactic-scale dynamos, driven
by processes like fountains and winds (Hanasz, Kosinski, & Lesch 2004; Pakmor
etal.2017; Rieder & Teyssier 2016, 2017), contribute to large-scale amplification.
Although the efficiency of these dynamo mechanisms varies, they all fundamentally
rely on the presence of an initial non-zero seed field generated by a plasma physics

process.

Theories for the generation of these seed fields generally fall into two main cat-
egories: cosmogenic fields and late-Universe battery mechanisms. Cosmogenic
fields are hypothesized to arise from early universe phenomena during inflation
(Campanelli 2013 Ratra|1992; Turner & Widrow 1988)) from Grand Unified The-
ory (GUT) scale physics (Durrer & Neronov 2013 Grasso & Rubinstein 2001
Kandus, Kunze, & Tsagas 2011; Quashnock, Loeb, & Spergel 1989; Vachas-
pati 2008). While these models offer interesting possibilities, they typically invoke
physics beyond the Standard Model introducing significant theoretical uncertain-
ties. Direct observational support for such models remains limited. However,
lower limits on intergalactic magnetic fields, as reported by Neronov & Vovk
(2010), challenge conventional astrophysical explanations, as they cannot be readily
explained by known mechanisms. Recent work by Tjemsland, Meyer, & Vazza
(2024) further demonstrates that standard scenarios struggle to reproduce these ob-
served limits, underscoring the potential role of cosmogenic processes and the need

for new physics or alternative theoretical frameworks.



129

Alternatively, several battery mechanisms have been proposed to generate seed
magnetic fields in the late Universe by inducing some charge separation. Each
has their own strengths and limitations. Among the most well-known are (i) the
Biermann battery (Biermann |1950), which generates fields through misaligned
gradients of electron pressure and number density; (ii) kinetic instabilities like the
Weibel instability (Califano, Pegoraro, & Bulanov [1997; Medvedev & Loeb
1999; Weibel |1959)), which produce and amplify fields from anisotropies in particle
velocity distributions; and (iii) radiation-driven batteries (Ando, Doi, & Susa
2010; Durrive & Langer 2015; Harrison 1973}, Langer, Puget, & Aghanim[2004),
which rely on electron opacity to background radiation. However, these mechanisms
typically produce relatively weak seed magnetic fields on small scales and on specific
conditions, such as highly ionized and high-temperature environments for the Wiebel

instability, that were not prevalent in the early Universe (Widrow [2002).

This raises significant questions about whether these mechanisms alone can account
for the widespread and strong magnetic fields observed across the Universe. Obser-
vations of high-redshift galaxies (z ~ 2.6) reveal magnetic field strengths as high
as < 500 uG (Geach et al. 2023), which would require efficient dynamo amplifica-
tion if originating from weak seed fields. While dynamo processes could plausibly
amplify these fields over cosmic timescales, they could also arise due to stronger ini-
tial seeding mechanisms capable of producing substantial magnetic fields at earlier

epochs.

Cosmological simulations have also explored the possibility of magnetic field seed-
ing by stellar or supernova sources (Bisnovatyi-Kogan, Ruzmaikin, & Syunyaev
1973} Pudritz & Silk |1989) and active galactic nuclei (AGN) (Daly & Loeb
1990; Furlanetto & Loeb 2001). However, these models still implicitly depend
on unresolved battery mechanisms, such as those described earlier, and then simply

assume some efficient battery in these environments.

In this context, we propose a new mechanism for generating seed magnetic fields in
the early universe through a dust battery process involving charged dust grains. We
demonstrate that this mechanism can be highly efficient and capable of operating in
environments where other mechanisms may fail. Observational evidence strongly
supports the presence of significant amounts of dust in the high-redshift universe,
with detections in galaxies at redshifts as high as z ~ 8 (Dayal et al. 2022; Inami
et al. [2022; Laporte et al. 2017; Tamura et al. 2019; Viero et al. 2022; Witstok

et al. 2023). These observations underscore the abundance of dust during this
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epoch, highlighting its essential role in early galaxy evolution and positioning it as

a plausible contributor to the generation of seed magnetic fields.

This paper is organized as follows: In §6.2] we present the governing equations the
multifluid dynamics, and derive the electric field induced by radiation pressure ac-
celerating charged dust grains. applies this formalism to specific astrophysical
environments, where we compute the resultant seed magnetic field and identify the
conditions under which it can be efficiently generated. In §6.1] we present a sub-grid
model aimed at capturing the unresolved small-scale physics of the battery, which
can be integrated into large-scale cosmological simulations. §6.3| presents a com-
parative analysis of this mechanism with other known battery processes. Finally, in

§6.4] we summarize the key results and implications of our study.

6.2 Formalism

We study the generation of magnetic fields from a current generated by radiative

acceleration on charged dust grains in a mostly neutral medium.

Individual continuity and momentum equations

We begin with the multifluid continuum equations for an arbitrary number of charged
dust and gas species as in Cowling (1976), Ichimaru (1978]), and Nakano & Ume-
bayashi (1986). We first derive the governing equations for the “gas” components
(all non-dust species) and express the induced electric field that drives the generation
of a magnetic field, in terms of an arbitrary dust current. In §6.2] we then introduce
additional assumptions to approximate the dust current and compute the resulting
magnetic field seeding rates. The most general solutions are not generally instructive
(involving non-closed-form expressions), but we find all of the key behaviors and
dimensional scalings of interest are captured by reducing to a four-plus-component
system of free electrons (e), positively charged ions (+), neutrals (n), and charged
duslﬂ (d, which can represent a sum over many dust sizes/species), to which we re-
duce below. Each species j is characterized by its particle mass m ;, number density
nj, mass density p; = n;m;, and signed charge ¢, = +Z;q,., where g, represents

the elementary charge and Z; is the charge number. The microscopic velocity of

IThroughout, quantities like n; implicitly refer to the number of charged dust grains. In well-
ionized environments, this will be essentially all dust grains (Nakano & Umebayashi|l1986; Nakano,
Nishi, & Umebayashi|2002; Umebayashi & Nakano|1980), but in highly neutral environments there
is sufficiently little free charge that some grains will be uncharged even if grains absorb all the free
charge. One could represent neutral grains by summing over grain sub-populations with different
charge g4 (including g4 = 0) in our expressions, but to leading order they have no effect.
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each species is denoted by v;, and the particles experience an external accelera-
tion acy, ;. The mean velocity, averaged over the distribution function, is given
by u; = (v;). Here, (x;) = f x; fjdx; denotes the average over the distribution

function f;, normalized such that f fidx; = 1.

We consider infinitesimally small volumes, yet larger than both the inter-particle
separation and the Debye length, ensuring the charge neutrality assumption holds
(Znjq; = 0). We assume the fluids are non-relativistic and undergo mass and
momentum conserving collisional/exchange reactions. Under these assumptions,

the continuity equation for species j is given by:
Opj+V - (pju;) =0, (6.1)

where changes in the equilibrium charge are assumed to occur slowly compared to the
gyro frequencies, acceleration timescales, and bulk motion of the fluid. Therefore,

these effects are neglected here and in the momentum equation.

The momentum equation for species j can be expressed as:

d(pju;)
— V(P V) = pjae (6.2)
quj[ uy ]
+ —|E+—XxB| + wii(u; —uy),
m; - ijwj (u uj)

where E, B are the electric and magnetic fields, respectively. The collisional rate w j;,
describing momentum transfer between species j and i, with momentum transfer

rate coefficient (ov);; is defined as wj; = p;{ov);i/(m; +m;).

Equations for the bulk fluid
Constructing the total momentum equation for the “gas” by summing over all non-

dust species, we obtain:

Oipe+V - (pgUg) =0, (6.3)
d(p,U
(p%g)"‘v “(pgUgUg) = =V - I,
JxB
+ Pg Aext,g + - Fg, (6.4)

where p, = ;.4 p; denotes the gas density. Similarly, the terms aex , and U, are
defined as mass-weighted averages over all gas species. The gas pressure tensor, I,
isgivenby >’ ;.4 0;(V;V;)—p;UgUg. The currentdensity J, defined as 3’ ; n;q;ou; ,
includes contributions from dust as well, ensuring that it satisfies Ampere’s law. Fy
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represents the “back-reaction” force exerted on the dust by the gas. This arises from

Lorentz forces and collisional/drag interactions, giving:

.. Ju
Fdzzq’p’ [E'+ﬂxB
ied i ¢
+ Z Z Piwij ((5llj,g — (5u,~,g). (65)
ied jeg

The sum over all dust species i, while E’ = E + (U, /c) x B, and éu;, = u; - U,
denote the electric field and the drift velocity in the co-moving mean gas frame,

respectively.

Equations for the individual species
Reformulating Eq. in the co-moving frame of the mean gas velocity, we obtain

the following for the drift velocity of each gas component:

1 q; Fq
—D,(p;u; ) =68, -G+ LE + -4 (6.6)
Py t(pjou; e j.g j m; Pe
q; J B
+ (U, — U ) + | LU, — | x =,
Zwﬂ( U —0U; ) (mj Uje pg) -
1 1
Gj=—V -,- -V,
pj p

where H;. = p;{0V;oV;) + pjou; gou; ., Here, 6a;, = Acx;,j — Aext,¢ denotes the
deviation of the external acceleration on species j from the gas-mass-weighted mean
external acceleration on the gas, and 6v; = v; — u; is the velocity dispersion. We
define a useful total derivative D, X = 9, X + U - VX.

Note that the G; term generalizes “Biermann-like” battery terms, while the da; 4
term extends to batteries driven by external acceleration often through radiation
pressure effects. We are interested in cases where radiative battery effects are much
stronger than the Biermann battery, i.e., when |V - p;6vjovj| ~ [V - p;du; gou; 4| ~
|G| < |da; 4|, so will make this approximation below and justify it subsequently
(see Tassis & Mouschovias 2005, 2007; Wardle & Ng 1999, for additional
conditions where the pressure tensor terms are typically regarded as negligible).
Considering radiation pressure as the principal driver of external acceleration forces
already suggests that we should prioritize the contributions from species with high

cross-sections for radiation, such as dust, which we will demonstrate below.
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Figure 6.1: Cartoon representation of the dust radiative battery mechanism for mag-
netic field generation. In the leftmost panel, with no external radiation, the system
consists of neutral gas, electrons, ions, and charged dust grains in a homogenous
distribution, resulting in no induced electric field. Upon introducing a radiation
source, the charged dust grains experience acceleration, generating a dust current
and producing an electric field due to charge separation. In regions with spatial
fluctuations in the dust distribution, a non-zero curl of the electric field develops,
leading to the generation of a seed magnetic field through the dust battery mecha-
nism.

Solution for arbitrary dust current

Even with Amperes law to specify J = (¢/47)V X B, local charge neutrality, the
definitions of U, above, and known values of p;, wj;, etc., Eq. (6.4) and the other
expressions above do not close, requiring some closure for the microscopic pressure
tensors plus expressions for 6u; ¢ and E’. The usual magnetohydrodynamic (MHD)
approximation resolves this by assuming a scale hierarchy, where the electromotive
and gyro frequencies (terms proportional to the charge-to-mass ratio g;/m;) in
Eq. (6.6) are much faster than other terms, and so the charged-species drifts come into
equilibrium much faster than the timescales for evolution of U, on macroscopically
large scales (e.g., the macroscopic gradient length scales on large ISM scales;
Nakano & Umebayashi 1986; Tassis & Mouschovias 2005, 2007; Wardle & Ng
1999).

Dust grains, having orders-of-magnitude lower charge-to-mass ratio compared to
ions and electrons, have much slower gyro frequencies and would reach equilibrium
on much longer time (and spatial) scales, potentially extending to macroscopic scales
(depending on the grain properties). So first, we can calculate E’ by making the
standard MHD assumption for the free electrons and ions (the electrons come into
equilibrium first, having the largest charge-to-mass ratio), but still allowing for an
arbitrary dust distribution function. The solution for E’ can then be combined with

the induction equation, 9;B = —cV X E’, to compute the evolution of the magnetic
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field. Specifically, the non-zero curl of the electric field, as derived from the system

dynamics, serves as the source term for magnetic field generation.

Completely general expressions here are again not particularly instructive or helpful,
but we show below that the limit where we expect the dust battery to be important
is when the gas is mostly neutral. So it is helpful to take the limit of large neutral
density, specifically assuming that p, ~ p, > p; for all charged j, and that the
collision rates between electrons/ions and neutrals dominate over electron-electron
or ion-ion collisions or charge exchange reactionsﬂ This is well-justified for the
regimes of interest (Nakano & Umebayashi|1986; Wardle & Ng|1999). As noted
above we are also interested by definition in the cases where the Biermann-like
battery term G is small, so will neglect it as well. Then Eq. (6.6) for the charged

gas species (electrons, ions) becomes:
687, ~ LB + Q06U X B - wn(6u).0 — Suy), 6.7)
mj

with Q; = g;B/mc being the signed cyclotron frequency. We will assume that the
radiative acceleration term, da;, is small compared to the terms on the right-hand
side for ions and electrons—a simplification that will be justified later when deriving
the electric field induced by the battery effect.

The total current J can be expressed as the sum of the currents from individual

species:

J-Ja= Z njqiou; ¢ = Nyqi0Us g +NeqeOU, g, (6.8)
Jeg
where the latter expression takes our four-species limit, and J; = ) ;c; nig;0u; is the

“dust current.”

In this limit, the resulting E’ is identical to the usual non-ideal MHD solution
(Cowling |1976; Ichimaru 1978, Nakano & Umebayashi |1986), but with (1) the
modified “effective current” J — J; and (2) with the modified “effective charge bal-
ance” Y e, Mjq;j = — Xieq Miqi OF NG+ +n.qe = —ngqq- If the collision coeflicients
w;;j are not strong functions of the drift speeds themselves, the equations above form
a linear system, and E" — E/, + E{)at’ 4 can be decomposed into the usual non-ideal

(Ohmic, Hall, ambipolar) terms in E’, (computed with the given species abundances

4
bat, d

nally, it is convenient to express El’)bIt 4 using the basis vectors {J 4, J4 xB,J d xB ><]§},

n; by setting J; — 0) and a dust battery term E computed by taking J — 0. Fi-

?By definition of U, 6u, ¢ = —p;, ! Yjeg PjOU) ¢ ~ 0 in this limit.



135

with coefficients analogous to the Ohmic, Hall, and ambipolar terms, a¢, @y, and

@y, AS

El, ,=—@0Ji—anJaxB-axJixBxB. (6.9)

We obtain the closed-form analytic expressions:

ao = Denoin , (6.10)
/J+(/L)gn + /'[ew'H’l
n -q2 w? i
o i _ plasma, j
(14,9 (2, + Q) + 1D (3, + Q2]
. , (6.11)
/g1
Ut = [ (Wen = Qo) + e (@in — Q)]
[ (@en + Qe) + e (Wan + Q)]
A= Mol (Qewin + Qywen)
Ui (asen + )
| 29202, (w3, + e, (6.12)

l//H (,u+wen + ,er+n)

where wplasma,j 18 the plasma frequency for species j.

In the weak magnetic field limit, @ remains unmodified, while @y and @4 scale as «
B and o« B?, respectively, similar to their Hall and ambipolar diffusion counterparts,
rendering them less significant. Consequently, the —@pJ; term constitutes the true
“battery” term acting, unlike its Ohmic analog, to generate non-zero B where there
is none, and the generated electric field is, to first order, proportional to the dust

current.

In the regime where electrons are highly depleted onto dust grains (g, — 0) —a
condition prevalent in mostly neutral gas (see Nakano et al. 2002; Nishi, Nakano,
& Umebayashi 1991 Umebayashi |1983; Umebayashi & Nakano 1980, 1990 and
Section @ for constraints on ionization fraction, density, and temperature) — we

can simplify even further to obtain:

@0 — Wi/ s (6.13)
ay = (Q/ps) [(wh, + )/ (w?, - QD]
as — 2 (Qu/us) [(WenQe) [ (w2, — QD] .

Physically, while it is obvious that the dust battery E;  , should scale with the dust

current J 4, the scaling of the coefficient @ is less intuitive. The key is that a battery
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effect relies on generating charge separation, which is captured by ap ~ wj,/p; o
(mjwj,)/n; q?. This is just the inverse of the usual “mobility”” parameter in mostly-
neutral systems (Ichimaru [1978; Nakano & Umebayashi 1986)): if the charged gas
species are infinitely mobile (e.g., massless and collisionless) they would be dragged
perfectly with the dust (@9 — 0), preventing any battery. Collisions and finite mass
reduce the dust mobility, enabling greater charge separation and hence a stronger
battery.

With these expressions, we can validate that our earlier assumption that the acceler-

ation terms for ions and electrons are negligible—holds when
|5ai,g| < |5ae,g| < |ndZd<O-V>en5ud,g| Ny /ne.

This condition is easily met in high neutral density environments and when elec-
trons are mostly depleted onto dust grains (Nakano et al. [2002; Nishi et al. 1991}
Umebayashi |1983; Umebayashi & Nakano 1980, 1990).

Additionally, we find that the dust battery term will be non-negligible compared
to standard Ohmic resistivity if |J;| = m./m|J|, a condition easily satisfied for
the weak magnetic-fields regimes of interest. Estimates for the magnetic field
strength and scales at which Ohmic resistivity becomes comparable to the battery
are discussed in §6.1]

Another key limiting case is the fully ionized regime. Solving Eq. (6.6) in the limit
n, — 0 and considering collisions exclusively between charged species, the Ohmic,

Hall, and ambipolar diffusion terms simplify to the following forms:

Me(Myny +Mmen,)(NgqaWes — NiqiWed)

Ningqaneqe(Miqe — Meq)

, (6.14)

Using the definition of w;; and considering the limits m, < my, ng < n, ~ Z,n,,

qa ~ £Z4q., and g4+ ~ —Z,q., we can simplify the Ohmic term as follows: ap ~
’;’—; (% + %) This matches the intuition from the mostly neutral case. In

the fully ionized regime, ions dominate the fluid inertia due to their mass hierarchy,
similar to how neutrals dominated in earlier limits. The much shorter response
time of electrons compared to protons makes it more efficient to balance the dust

current with an electron counter-current rather than a proton one. Consequently,
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charge separation is controlled by electron-ion and electron-dust collisional rates,
or equivalently, by electron mobility. As we will later demonstrate in §6.1] using
assuming reasonable parameters, this mechanism can generate an electric field in
fully ionized environments comparable in magnitude to that found in the mostly

neutral limit.

Eq. (6.9) plus the induction equation 9,B = —¢V X E allows one to compute the dust
battery given knowledge of an arbitrary J;. As such, it can be directly implemented
into any particle-in-cell (PIC) or MHD-PIC code which already follows the dust
grains (computing J; as specified above locally as a sum over dust particles/species).
Examples include Hopkins, Squire, & Seligman (2019) and Seligman, Hopkins, &
Squire (2019).

A cartoon illustrating this mechanism and the generation of the magnetic field from
anon-zero 9B/t = —c (VX E{ ) is presented in Figure

Derivation of the dust current in the terminal velocity limit

To make further analytic progress toward estimating the battery strength, we require
an analytic expression for J,;. First consider a simple heuristic scaling for intuition
using the usual approximation for aerodynamic grains in a mostly-neutral gas with
just Epstein drag (Nakagawa, Sekiya, & Hayashi 1986)). Grains experiencing some
acceleration a, g, for example, from radiation are slowed by collisions/drag with

neutrals agne ~ —w4d,0Ug,. This gives a “terminal velocity” dug, ~ a4¢/Wan

’

bat,d —
expression validated below via a more complete calculation.

hence the battery E —aoJa ~ —@ongaqaage/wa,. We will see this simple

More rigorously, we revisit Egs. (6.1)-(6.6) and apply the same assumptions to derive
Eq. (6.7), while retaining all “cross-collision” terms for completeness. Following
our approach in § [6.2] we now specify to our four-component system, but instead
of just solving Eq.(6.15)) for electrons and ions in terms of an arbitrary dust current
ouy, we assume that the dust species also reach their local terminal velocities. We
obtain that the gas and dust components obey:
qJ ’ D
—5aj,g = m—E + Qjéllj,g xB - Z wji(éuj,g - 6u,~,g). (615)
J i
Once again this is a linear problem, so long as the collision rates w;; are weakly
dependent on the du;, and we can decompose E’ into the standard non-ideal plus
P .

dust current terms with E{  , written as Eq. (]@])ﬂ

3Note that we can re-derive everything defining the relative velocities ou; and accelerations 6a;
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A complete matrix formulation including perpendicular components is provided in
Appendix (A]), but since we are interested in the “true battery” terms here we can

focus on the parallel component (equivalently, the limit |B| — 0). This gives

memy Wy
Efaq ® —@0Ja = —mydag g [ . ,
gamemy ¥y + ¥
V| = —NeqeWenwiq — N1G4+Weawyn

+ 1494 (we+w+n + WepWie + wena)+n) s
Y, = niqs (Q+l//ed - Qe'70+d)

—Nnd4qa [Qel/;d+ +qimemy (WesWan — wd+wen)] >

Gij = mim; | @+ 0 ) Wik (6.16)
=y

This is still somewhat opaque, but in the mostly-neutral limit—specifically, when
electron-neutral collisions become more frequent than electron-ion collisions—simplifies

greatly to:

mgybag,g HdWenWin

qd4 HdWenWin + LeWinWan + Ut WenWdn

Ej 0~ (6.17)

Taking the same limits as our heuristic derivation above and Eq. (6.13), the right-
hand side of Eq. (6.16) simplifies to

~ _mdad,g,udwenwwz/(]d,u+wenwdn ~ _(w+n/,u+) ndCId(ad,g/wdn) = _a'OJd9
corresponding to our simple heuristic expectation.
Another limit of interest is of a fully-ionized system, for which Eq. (6.16) becomes{’|

, N Pe(N1q1Weq — N4qaWes) 6ad,g
batd " b 1y e + Pe(feWar + HaWer)

(6.18)

The symmetry of the problem means that we can immediately obtain the radiation-

battery effect due to electrons or ions from Eq. (6.16]) by exchange of indices e < d

with respect to the total fluid, where 6a; represents the deviation from the total external acceleration
Aoyp = Zj acy,j, and ou; represents the velocity relative to the system’s bulk velocity U = 3} juj,
inclusive of all species (i.e., a single fluid including dust). But this gives identical expressions in
what follows, since we are always interested in the limit where the dust mass is a small fraction of
the total fluid system mass.

#One can re-derive Eq. (6.18) from scratch, or take limits of Eq. (6.16), but the latter must be
done with care to avoid spurious divergences (e.g., adding the neutral inertia to ions via w,, — ©o
while simultaneously taking n,, — 0).
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or + < d. If we further simplify to a fully-ionized, dust-free fluid with infinitely
mobile electrons (n,, — 0, ng — 0, m./m; — 0), we obtain the simple electron
battery expressions in, e.g., Ando et al. (2010), Gopal & Sethi (2005), Harrison
(1973)), and Matarrese et al. (2005)).

Radiation-driven dust acceleration

Per § (6.2), Eq. (6.16) simplifies to Eq. in the mostly neutral limit. Let us
further consider an external acceleration driven by radiation pressureE] an extremely

common astrophysical situation (Elitzur & Ivezi¢ 2001; Hopkins et al. 2022;
Krumholz & Thompson 2013 Soliman & Hopkins [2023; Steinwandel et al.
2021; Zhang & Davis 2017). In this case, dag, = 04,Frd/mac in terms of
the incident radiation flux Fy,g and effective cross-section for radiation absorption
plus scattering. ﬂ Recall that 6a; , is the acceleration of species j relative to the
mean acceleration acting directly on the gas species, so generally da;, ~ aq,,
but 6a., will be smaller in magnitude than a, . With this, plus the definitions
(ov)ij = 0j jv?jﬂr where vfjﬁ can be approximated for our simple purposes by the
thermal velocity of the lighter species, we can compare the characteristic strengths

of the dust and electron radiation batteries:

Ebaal  [naqawendag| (6.19)
El .l Imegewandacgl’ '

N OdrFrad|| mec [md<0'V>ennd|CId| ]

T mac || Frad| | malovyannelgel |

Ten [Menglqal g nalqdl
or N myne |q.| nelqel

~

In the latter we have used o 4 ~ or (Thompson), o4, ~ 04, ~ 04 (of order the
geometric cross-section), and o, ~ x10~15¢m? (Pinto & Galli 2008 Spitzer &
Harm|(1953).

Note that this ratio depends solely on the charge density ratio between dust grains
and free electrons, and is not explicitly dependent on specific grain properties such

as size or composition. However, the charging of the grains and their number density

5The acceleration 6ay ¢ does not have to come from radiation, necessarily, and other mechanisms
to introduce an effective day ¢ (€.g., drift of dust in a hydrostatically pressure-supported gas system)
can be important in some regimes (reviewed in Hopkins & Squire (2018a))). But the cases of greatest
interest, where day . is large, often owe to radiation driving, and it is convenient to compare to the
more well-studied radiation-electron battery.

6Since we are interested in general scalings, we ignore the subtleties of e.g., non-ionizing
absorption versus scattering and anisotropic scattering.
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may still be influenced by their size. In predominantly neutral environments, where
nglqal > nelqe| due to the depletion of electrons onto the grains (see § (6.1))
(Nishi et al. [1991; Umebayashi [1983; Umebayashi & Nakano 1980, [1990), the
fields generated by the dust are many orders of magnitude greater than those from

electrons.

Returning to the battery strength Egat’ 4 n Eq. (6.17), the three terms in the denom-
inator dominate in three different limits. If free electrons are not strongly depleted
onto dust (the lowest densities/higher ionization fractions, though truly well-ionized
cases are discussed in § (6.1))), the . term dominates If free electrons are de-
pleted onto dust but the positive charge density remains primarily in ions/gas, the
w4+ term dominates (the intermediate regime). If the ions are also depleted onto dust
(the highest densities/lowest ionization fractions; see Desch & Mouschovias 2001}
Nakano et al. 2002 Umebayashi & Nakano 1980), the u, term dominates. In the
latter limit, we obtain the extremely simple expression |E{)at’ gl = madaqg/qa ~
Fra0a,r/qac ~ 2 x 10715 statV crn‘l(Rgrain/nm)2 (Fraq/ergem™2s71), where we
assume |g4| ~ |g.| which holds for typical dust grain sizes under conditions of low

temperature and/or low ionization fractions.

More generally we can estimate

’ - Fraaon ndqad
bat.d g+c  nyqi(1+'%3)

Froq0 F
~ 21T 9 % 10715 statV em ™! —rlad 5
qeC ergs— cm-

Ne Oy [My ng 04
Yy~ — —+ — .
Ny Oep Y Me Ny Odn

In the numerical expression we assume W3 is small, corresponding to electrons

(6.20)

8

being depleted onto grains (implying |nzq4| = |n+q+|), though this term captures
the corrections for the different regimes above.

’

bat,d
cussed, the electric field induced by the dust battery is independent of the specific

As one would expect, E oc F,q. However, in this regime, as previously dis-

characteristics or quantity of the dust, owing to the condition n, <« nyZ,. Instead,

the electric field is primarily influenced by the ion-neutral collision cross-section.

"Caution is needed in this lower-density, higher ionization limit, however, since at relatively low
temperatures T < 10° K, the Spitzer collision rate w,, can then be larger than the neutral collision
rates, and the full Eq. (6.16) is needed. But in the limit where w.+ becomes the largest frequency
while neutrals still dominate the total density, Ei)at’ 4 > ~Madagg/qa, identical to the case at the
lowest ionization fractions when both electrons and ions are depleted onto dust. In the fully ionized
case, this solution remains valid as long as w.4+ continues to dominate the collision frequencies.
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This occurs because a larger collision cross-section implies stronger coupling be-
tween ions and neutrals, leading to a greater lag of ions relative to the dust within

the acceleration field.

To estimate the magnetic field seeding rate, we apply the induction equation to
the radiation field of a source with luminosity L at a distance R, where the flux
is |Fraq| ~ L/47R?. Assuming an electric field gradient scale, or equivalently a
radiation field gradient of V ~ 1/¢, reflecting fluctuations in dust density or the
source itself on a scale £. These fluctuations have been shown to be significant
across scales ranging from < au to > kpc (Abergel et al. 2002; Boogert et al. 2013;
Flagey et al. 2009; Gordon et al. 2003; Miville-Deschénes et al. 2002; Ohashi &
Kataoka 2019 Pan et al. [2011; Paradis et al. 2009; Yoshimoto & Goto 2007
Youdin & Chiang[2004; Ysard et al. 2015)). Consequently, we obtain:

OB ,
-5 =~V xEq (6.21)

02mG ( L\ [AU\® (R

%) ()

N@( L )(&)2(&)
yr \102L,/\R) | ¢

corresponding to the seeding rates predicted around a sun-like star or a bright AGN

in the second and third lines, respectively. These are enormous rates, and there is
nothing in principle that restricts this mechanism to plasma “micro-scales”; it can
operate efficiently even for astrophysically large ¢, although seeding rates will be
correspondingly lower due to the large £. Again, any other source of differential dust-
gas forces 6a , of similar magnitude will act in the same manner (e.g., drift/settling
in disks or dusty atmospheres). This implies generation of non-linearly interesting
magnetic fields on coherence scales ¢ well within the inertial range of ISM turbulence
or other classical dynamo effects (§[6.1]), on timescales short compared to the local

dynamical time.

Potential Role of Instabilities

It is worth noting that even if one could contrive a homogeneous, spherically-

’

bat, d
vanishes, this situation is unstable to the the super-family of resonant drag instabil-

symmetric medium and radiation source pushing on dust, such that V x E

ities (RDIs; Squire, Moroianu, & Hopkins [2022). These instabilities will amplify

fluctuations with a growing curl of J; (and therefore E see, e.g., Moseley,

bat,d
Squire, & Hopkins 2019). They manifest across all wavelength/scales ¢ larger than
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the 1on gyro radii up to galactic scales or larger(Hopkins & Squire 2018b) with
growth rates that depend only weakly on the dust mass (Squire et al. 2022)). These
instabilities arise in both dust consisting of a single grain size and in a spectrum of
grain sizes (Squire et al. 2022). Thus, they persumably always generate non-zero
battery terms on scales comparable to the inertial range of turbulence and other
dynamo effects. They may even act as such directly, filling an analogous role to the
Weibel instability in weakly-collisional plasmas (see § [6.1)), though more detailed
modeling of this regime would clearly require the sort of MHD-PIC simulations
discussed in §[6.2

Dissipative Effects

Our calculation indicates that the dust battery mechanism could very efficiently gen-
erate strong seed magnetic fields around stars and bright sources in the early Uni-
verse. However, it is crucial to consider when this field generation mechanism would
saturate due to dissipative effects like Ohmic resistivity, especially considering that
we have invoked mostly-neutral environments (where resistive effects become impor-
tant; see Ichimaru|1978; Nakano & Umebayashi|1986; Nakano 1984 Umebayashi
1983)). To estimate this, we can compare (in the mostly neutral limit) the growth rate
~ cV X E{)at’d to the Ohmic dissipation rate ~ ¢V X Egp ~ =V X [9(V X B)] with
N0 ~ 2wen/(47p,) (Blaes & Balbus|1994). Equating the two implies saturation

at field strenths

|Bsat| 2

47€q | Fradl (0'+n) (E) (6.22)

C2 \/mekBT Oen Ny
L\ [AU\ (¢ (n./n,\ (10K\'?
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Lo)\ R )J\R) {105/ T

where ¢ is the gradient scale-length and we have inserted the same expressions

for Fiuq from above. The momentum transfer cross-sections are given by o, ~
1.17 x 10%cm’s™1/|v,|, and oy, ~ 1.97 X 10~cm?s ™! /|v,| (Pinto & Galli 2008).

Note that invoking some turbulent resistivity 0,B ~ —TurbB /€% With D (€) ~
Evirb (€) also does not strongly limit |B|: comparing with Eq. (6.21) gives

Batl ~ 3 4G(L/Lo) (R/AU) ™ (v [€]/300 kms™") ",

Here, we assume that the turbulent velocity vy, 1S comparable to the dust drift
velocity in a gas with a number density of n, ~ 10°cm™. Figure illustrates

these arguments showing the expected saturation magnetic fields set by turbulence
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and Ohmic resistivity. Note that the saturation amplitude is extrapolated into the
nonlinear regime, which we define as the mean magnetic field strength at which the
nonlinear terms in Eq. (6.16)—specifically, the Hall-like and ambipolar-like terms,
reach 10 % of the Ohmic-like term.

Therefore, we find that even in environments with very low electron fractions,
the dust battery mechanism saturates at fairly high magnetic field strengths on all
scales larger than the smallest micro-scales. And if anything this only limits the
smallest wavelength modes, which are least interesting from a cosmological point
of view. Consequently, the generation of seed fields, which only need to be orders
of magnitude smaller than the computed values, can proceed without substantial
dissipation from Ohmic resistivity. While ambipolar diffusion and the Hall effect
will affect plasma dynamics and interact with the dust battery mechanism, they
will only be important at larger field strengths. Consequently, their effects are not

considered in this analysis.

The predicted strength of the seed field and its high expected saturation strength
raise important questions regarding the role of dynamos in amplifying fields seeded
by dust batteries. Traditionally, seed magnetic fields are considered weak, necessi-
tating amplification via magnetohydrodynamic (MHD) dynamos to reach observed
field strengths. However, simulations indicate that when the seed field is suf-
ficiently strong to be dynamically relevant, dynamo amplification saturates early
(Marinacci & Vogelsberger 2015). In such cases, the magnetic field intensity is
primarily determined by flux conservation rather than turbulent motions. Moreover,
despite variations in the initial seed field strength, the final magnetic field strength
in simulated galaxy halos is generally observed to become relatively uniform, as
demonstrated by Garaldi, Pakmor, & Springel (2021)) and Marinacci et al. (2015).
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Figure 6.2: This analysis compares the dust battery seeding rate with both turbulent
and Ohmic resistivity rates. The intersection points suggest a saturation field strength
of (B) ~ mG, assuming the seeding rate is counteracted by turbulence or resistive
dissipation. These values are derived using the typical parameters outlined in section
However, as shown in the figure, the saturation point falls within the non-linear
magnetohydrodynamics regime, highlighting the need for simulations to accurately
constrain the mean saturation field strength.

Solution in the fully ionized limit

Now consider the opposite regime of a fully-ionized plasma. In this case, Eq. (6.18)
simplifies to:

|E{)at,d| 102l In1qiweq — naqawes| 623
|E{3at,e| B |0ac | [n4+qiwa— — neqeways] :
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In the last expression we consider the case for |g 0.+ /q+0eq| > 1 and scale the dust-
to-gas ratio with the metallicity ps/p ~ 0.01 Z/Zs (Bendo et al. 2010b; Draine et al.
2007; Issa, MacLaren, & Wolfendale|1990; James et al. 2002; Magrini et al.[2011).

3

Additionally, we scale |g4| to some “‘expected” charge qg ~ —qe(Rgrain/nm)z,
since grains in well-ionized environments can be multiply-charged by collisions or
photo-electric effectﬂ (Draine & Sutin (1987; Draine 2010; Tielens [2005). Here
fq = 0ealoar ~ exp (=) /(1 + ) is the Coloumb correction factor, accounting
repulsion of electrons and focusing for protons assuming mostly negatively dust
grains, as detailed by Weingartner & Draine (1999). The collisional charging

factor ¥ = qug/kBTRgrain ~ 3.3 gives f, ~ 0.008 (Draine & Sutin|1987).

InEq. (6.23)), the term |40+ / g+ 0q| can be large at temperatures T < 10° K. This is
partly because of grain multiple-charging (for larger grains), but mostly because the
Spitzer collision rate o ~ 10712cm™2 (7/10* K)~2 is large (Pinto & Galli 2008},
Spitzer & Hirm [1953). Physically, this means electrons are coupled strongly to
ions, which — like neutral collisions in the mostly-neutral limit (§ — makes them
behave (relative to grains) more like a single electron-ion fluid which is much less
mobile and has a much lower effective charge-to-mass ratio. Therefore, this enables

easier charge separation, explaining the strong inverse temperature dependence.

To estimate the electric field in the intermediate temperature regime (7 < 10° K),
we return to the full expression in Eq. (6.18)f] In this limit, the o term dominates

the numerator, while the o, term, dominates the denominator, simplifying the

8Eq. (6.23) scales to the field-emission-limited charge, appropriate for these grain sizes and
temperatures, gq/e ~ —(Rgrain/ nm)2. But if we used the maximum electrostatic positive charge
~ +5 (Rgrain/nm), or the intermediate collisional gg/e ~ —1.4 (Rgpin /nm)(T/10* K), or photo-
electric charging for HII regions, it gives the same order-of-magnitude in Eq. (6.23).

At low dust abundance or intermediate temperatures, the full Eq. (6.18) is needed. At high
temperatures 7 > 10° K (if dust can survive at all), where the w,., term becomes negligible in
both numerator and denominator of Eq. (6.18)), the predicted battery strength drops rapidly to
~ 1072 statVem™! (Rgmin/nm)‘1 (Z/Zy).
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expression for the electric field to:

N4qqWe+0aq,g

Bld == = o (6.24)
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This solution is identical to that derived for the arbitrary dust velocity in Eq.

and parallels the mostly neutral limit, with J; — ngqs6u4, — nqqqdauq/wax,

~ 107 statVem™!

i.e., the dust dynamics are primarily governed by the collision or stopping time,

-1
tg W,

However when w,., dominates in the numerator and the denominator, which occurs
when 0. /0 4y > \Vmy/m, (ne/nde{), we obtain:

mgoa F..q0
E|, - ———f Ty (6.25)
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2
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In this limit, electrons and protons are strongly coupled and move together, and
charge neutrality forces them to drag along the dust grains, thus modifying the drift
speed. Achieving this regime is challenging, however, as it requires extremely low
temperatures, specifically 7 < 1 K Z, (Z/Z@)l/ 2(Rgrain /nm) /2.

As in §[6.1] we can use the expression in Eq. (6.24) to obtain a dimensional estimate

of the magnetic field growth rate around a star or AGN in this limit,

OB ,
o =V x By, (6.26)
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As a result, while the strength of the dust battery in the well-ionized limit does
depend on the dust-to-gas ratio and grain properties (unlike the neutral limit), we
anticipate it could be the dominant battery effect at low temperatures 7 < 10° K
down to metallicities below those of the most metal-poor stars known, Z ~ 1072 Zo
(Beers & Christlieb 2005; Bonifacio et al. 2015} Caffau et al. 2016; Frebel et al.
2015; Hansen et al. 2014; Keller et al. 2014; Norris et al. 2007; Yong et al. 2012).

’

bat, d
strength. The usual Biermann expression is obtained by replacing da, ¢ appropri-

ately in Eq. with the G, term in Eq. (6.6), assuming a thermal equilibrium
distribution function, that the electrons carry a vanishingly small fraction of the

Note that we can also compare E to the maximum possible Biermann battery

inertia, and that the pressure gradient length scales also vary on scales ~ £. To
quantify the misalignment required in the Biermann mechanism between the elec-
tron temperature and density gradients—necessary for producing a non-vanishing
0;B-we define |sinf| = |Vn, X VT,|/|Vn,||VT,|. With these limits, the ratio of
the Biermann strength to the radiative electron battery, scaled to the same values of
incident flux as in, e.g., Eq. (6.21)), is

B o pieel/[Epge| ~ 107 sin 6] (R/pc) (R/€) (L/10" Le) (T/10K).

bat, Bier bat,e

This becomes completely negligible for > pc-scale coherent B. Even this ignores
various corrections that should appear to suppress the Biermann term (and | sin 6])
in the strongly-collisional limit, but still shows that it is at most comparable to the
radiation electron battery, and therefore many orders of magnitude weaker than the
dust battery unless we consider both very small-scale modes < AU in much hotter
gas T > 10* K.

Favorable Conditions and Minimum Dust Masses

In practice, ISM chemistry and grain charging is quite complex, and large multi-
species chemical networks like those in Glover et al. (2010), Wurster (2016), and Xu
etal. (2019) are often used to calculate the abundances of various species. These also
account explicitly for a size spectrum of grains (with multiple positive or negative
grain charge values), ionization by cosmic rays and radioactive decay (collisions
can also be important at higher temperatures, and photo-ionization in the strong
radiation environments of interest). The values and scalings in this paper can be
calculated for such arbitrarily long list of species using the approach in Appendix[A]

if desired. If we do so for the representative equations in the text, taking the values
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Figure 6.3: Approximate illustration of the dominant battery mechanisms across
temperature and density regimes. Shaded regions represent typical environments
where each mechanism is most effective. For the electron and dust radiative batter-
ies, we consider a radiation field corresponding to one solar luminosity at 1 AU. We
find that for metallicities Z ~ 10™>Z, the dust battery dominates in star-forming re-
gions and cool molecular gas (cold neutral medium (CNM) and molecular medium
(MM)) at T < 10°K and n, > 10*cm™, typical of the outer regions of massive
galaxies, shocks and the intergalactic medium (IGM), Biermann and Weibel insta-
bilities prevail, with Weibel generally dominating in higher-energy, higher-density
environments. The top right corner represents high temperature and high den-
sity environments, characteristic of stellar photospheres, alongside more extreme
conditions akin to those found inside neutron stars, where plasma behavior differs
significantly. However, these conditions are expected to be extremely rare.

of different abundances from Wurster (2016), we obtain similar quantitative results
(at the order-of-magnitude level) in all cases. The reason is simply that despite
the complexity of these networks, charge balance and currents are usually given to
leading order by a combination of free electrons, a dominant ion species, and the

dust smallest grains.

We can also motivate some of our implicit assumptions from these chemical net-
work codes. For example, in § we derived expressions generically valid in
the mostly-neutral regime (applicable when w,, > w.+), but often further simpli-
fied these by assuming free electrons were depleted onto grains, where the grain

properties factor out entirely. The networks above can predict when this occurs,
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but it clearly requires a sufficient number of grains to “hold” the charge (it cannot
be true if there is no dust). Taking a simple ionization rate £ ~ {_j7 = 10717 57!
(scaled to the local Solar neighborhood value), dust-to-gas ratio scaled with metal-
licity Z, and toy three-species ionization-recombination-dust attachment balance
model from Keith & Wardle (2014), electron depletion on dust grains requires
Z 2 1075 Zo(Rggain/nm) 2 2(T/10*K)™1/* (1,/10'° cm=3)~1/2, similar to the val-
ues obtained in the more detailed chemical networks above. But even without com-
plete electron depletion, we showed in Eq. that the dust battery is stronger
than the electron battery for |ngq4| = 1078|n.q.|, which the same calculation above
shows is easily satisfied even at Z ~ 107>Z, for any plausible ionization rate and
grain size, at any gas density where the system could plausibly be mostly-neutral
(e.g.,n > 0.1 cm™). And we noted that in most of the well-ionized regime, the dust
battery could be important at Z > 107 Z as long as T < 10* K. These conditions
are broadly expected to be realized in star-forming, ISM gas almost immediately
after the very first generation of Pop III star formation (i.e., before second-generation
star formation; see Chiaki & Wise 2019; Wise et al. 2011). Further, it is widely-
believed that dust is required for the formation of observed hyper-metal-poor stars
(Hopkins & Conroy 2017; Ji, Frebel, & Bromm [2014; Klessen, Glover, & Clark
2012; Nozawa, Kozasa, & Nomoto 2012).

We provide a summary of the dominant battery mechanisms across various tem-
perature and density regimes, as shown in Figure [6.3] comparing the dust battery
with the radiative electron battery, Biermann battery, and Weibel instabilities. We
find that the figure is largely insensitive to variations in the radiation flux Fi,q , as
the relative strengths of the dust and electron batteries remain independent of its
absolute value. In high-temperature and strongly ionized environments, where dust
sublimates, only the Biermann and Weibel instabilities are relevant for comparison
with the electron battery. Since these instabilities dominate in the ionized regime
under most conditions, changes in radiation flux do not significantly affect the re-
sults. Additionally, the figure is mostly independent of metallicity, provided that the
metallicity exceeds 107 in the ionized case, and is largely unaffected by metallicity
in the neutral case. For clarity, however, we illustrate the seeding rate as a function

of metallicity for both the ionized and neutral cases in Figure [6.4]

For a given ionization rate, lower neutral densities result in higher ionization frac-
tions, leading to a greater abundance of free electrons relative to charged dust. But

at low temperatures, electron-ion coupling ensures the dust battery remains effective
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Figure 6.4: Seeding rates for the dust battery as a function of metallicity for both
neutral and ionized environments. In the ionized case, we present seeding rates
for two temperatures, T = 1000K and T = 10000K, to illustrate the temperature
dependence of the dust battery mechanism. These rates are calculated for a radiation
field corresponding to solar luminosity at a 1 AU radius, assuming 1 nm grains and
AU-scale gradients.

(§16.1] So there is a narrow “wedge” at high ionization (low densities) and interme-
diate temperatures where the radiative electron battery could dominate. At higher
temperatures and lower densities (n < 0.01 — 1 cm~> and 7 > 10* K), dust abun-
dances are low (especially because this often refers to the circum-and-intergalactic
medium, where the abundance of dust even at low redshifts may be low, though
see Holwerda et al. 2009; Ménard & Fukugita 2012; Ménard et al. 2010; Peek,
Menard, & Corrales 2015; Wendt et al. |2021), the plasma is well ionized, and it
is increasingly weakly collisional (e.g., Spitzer collision rates drop rapidly). In this
regime, we expect the Biermann and Weibel mechanisms to dominate (see refer-
ences in §[6.I), with the latter more important (on macroscopic astrophysical scales)

in even more weakly-collisional (higher-7', lower-n environments).
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A sub-grid model for magnetic field seeding in cosmological simulations

As argued in § the battery scenario here can be studied in future MHD-PIC
simulations that resolve ISM dynamics. This includes turbulence, and the associated
gradients in dust distributions and radiation fields, which would in turn inform the
non-linear efficacy of the dust battery and its saturation amplitudes and structure
on different scales. This is especially important for understanding the efficiency of
small-scale fields growing into larger-scale magnetic fields relevant for cosmological

and galactic (let alone circum/inter-galactic) magnetization.

However, in the absence of such studies, it is worth considering a (speculative)
sub-grid model for “seeding” magnetic fields in cosmological simulations via the
radiation-dust battery, given that in the typical cosmological simulation the temporal,
spatial, and density scales of interest here (e.g., scales surrounding individual stars,
dusty “torii” around AGN, multi-phase structure and resolved turbulence in the
ISM) are largely unresolved. We are heuristically motivated by analogy to ad-hoc
“stellar seed” (or “supernova seed” or “AGN seed’”) models, where in a cosmological
simulation seed fields are simply injected in some set of macroscopic resolution
elements surrounding “star” or “black hole” particles (see, e.g. Beck et al. 2013;
Butsky et al. 2017; Garaldi et al. 2021; Ntormousi et al. 2022).

One option is to simply add a source term El’)at, 4 10 0:B, i.e., implement Egs.
& (6.26)), in terms of some simply on-the-fly estimate of the incident flux F in a cell,
and an assumed minimum resolvable mode scale £ ~ Ax, above some minimum
threshold metallicity per § [6.1] Because the growth is so rapid, however, this
would naively give unphysically large B integrated to resolved timescales (often
> Myr). This suggests injecting some saturation estimate of B on scales Ax. If we
assume the gas of interest is highly neutral, this can come from Eq. (6.22)), or |B| ~
5mG (L/10'° Lo) (kpe/Ax) {n./10"5n,)(T/10* K)~1/2, but outside of the most
poorly-ionized environments this will again give very large values. But assuming
the turbulent resistivity expressions therein gives a more reasonable scaling, the
implied saturation |B| ~ 10™° G (Fraq/ergs™! cm™2) (kms™ /v [Ax]) on scales
Ax. So this would effectively set a “floor” to |B| in regions of finite Fi,q and p,; (and
Fiaq can be estimated from whatever local sources, i.e., star particles or black holes,

are in the simulation).

A broadly similar seed strength is obtained if we integrate over a population of stars
with an observed Kroupa (2001)) initial mass function, assuming they are a zero-

age population (each star following the luminosity-mass relation) for some effective
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mean lifetime 7 ~ 10 Myr, each rapidly amplifying the fields on some smaller micro
scales ¢ ~ AU around the source (where F},q is locally large). This then isotropically
expands (along with stellar winds, supernovae, and other “feedback”) to fill some

numerical injection radius rjy; ~ Ax. This gives:

R 2
B*,mjzf(— [ ém Bty am 627)

Tinj

2
100G T Am, AU\ (Tkpe
10Myr /) \1000Ms | \ ¢ Tinj

ZAMS 2
400G T L ﬂ 1 kpc ,
10Myr/ \ 100Lg 4 Finj

in terms of either the total stellar mass formed Am or the zero-age main sequence

LZAMS

luminosity of the population. The latter allows one to easily rescale this to

AGN or other sources, assuming some duration.

6.3 Comparison to other battery mechanisms

The dust radiative battery can generate relatively strong magnetic fields, B ~ mG,
around stars and active galactic nuclei (AGN) over scales as large as > au-pc. In
this section, we compare some aspects of this mechanism with those of traditional,

more widely-studied battery mechanisms.

The Biermann battery operates in environments characterized by misaligned gra-
dients of temperature and electron number density, such as ionization fronts and
oblique shocks. It can produce magnetic fields with strengths around B ~ 107! —
107! G over parsec to kiloparsec scales (Kulsrud et al. 1997). However, it remains
uncertain whether these small seed fields can be amplified to match the observed
present-day magnetic field strengths (Kulsrud & Zweibel 2008)). Additionally,
as noted in § 6.1 & [6.1] the Biermann battery predominantly functions in ionized,
warm/hot, and relatively low-density regions, which might not have been abundant
in the early Universe. Itis also prone to self-quenching (Gnedin, Ferrara, & Zweibel
2000; Ryu, Kang, & Biermann 1998)).

Kinetic instabilities, such as the Weibel instability, offer another pathway for mag-
netic field generation and amplification by exploiting anisotropies in the velocity
distribution of particles (Quataert, Heinemann, & Spitkovsky 2015; Schoefller et al.
2016; Sironi, Comisso, & Golant 2023}, Zhou et al. 2023). Although this mech-

anism can generate strong fields (nG), they are correlated on small scales, on the
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order of the ion-skin depth (~ 1078 pc). As a result, these fields average out to weak
seed fields over the larger scales relevant to galactic dynamos (Chang, Spitkovsky,
& Arons [2008; Kato & Takabe 2008). Additionally, kinetic instabilities are effec-
tive in extreme, collisionless environments (the hottest, lowest-density astrophysical
plasmas), corresponding to the virialized, shocked gas around the most massive
halos at the lowest redshifts (Califano et al.|1997; Medvedev & Loeb|1999; Silva et
al. 2003); however, their efficacy diminishes in cooler, less energetic environments,
potentially limiting their applicability in the early Universe (Califano, Del Sarto, &
Pegoraro 2006; Medvedeyv, Silva, & Kamionkowski [2006; Silva, Afeyan, & Silva
2021). Indeed, gas in a typical halo (defined as halos of mass M (z), the virial
mass corresponding to a +10 cosmological fluctuation at redshift z) will not enter
the “Weibel” parameter space in Fig. [6.3|until redshifts z < 0.5, and even the most
massive collapsing regions cannot reach this parameter space until z < 3 (Birnboim
& Dekel 2003 Keres et al. 2005)[61

As shown above, radiation batteries on electrons, driven by Thompson scattering
from starlight (or, as originally imagined, the CMB; Ando et al. [2010; Harrison
1973) are almost always much weaker, by many order of magnitude than dust
radiation batteries. As a result, the radiative-electron battery typically produces
quite weak fields (e.g., |B| ~ 1073 - 1079 ¢G; Gopal & Sethi 2005; Matarrese
et al.[2005), and even this only in well-ionized, relatively warm gas (§[6.1). It has
been suggested that the efficacy of the electron radiation battery could be boosted
by ionization effects, specifically accounting for the large opacity of neutral gas
suddenly exposed to ionizing radiation (Durrive & Langer 2015 Durrive et al.
2017). But this process is restricted to extremely thin skin depths in ionization
layers, limiting its effectiveness (Garaldi et al. 2021). Further, this mechanism is
theoretically ambiguous even within those environments owing to the fact that it
does not depend on continuous acceleration term like G or a in Eq. (6.6)), but on

injection of “new” free electrons (a number density source term).

All the aforementioned mechanisms function within restricted environments that
are scarce in the early Universe. Consequently, it remains unclear whether they
can account for the observed ubiquity of magnetic fields. In comparison, the
dust radiative battery has several interesting properties. It can operate in a range of

astrophysical environments, including regions with high densities, strong collisional

190ne can also see this by noting that the electron-ion mean free path in virial-shocked gas scales
as Ay o T?/ne o« (M}, [21)*3/(1 + z), which declines as ~ (1 +z)~” until redshift ~ 3 and then
exponentially, decreasing by a factor > 10" from z = 0 to z ~ 10.
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coupling/fluid limits, predominantly neutral gas, significant dust content, and low
temperatures, where other mechanisms might be ineffective. We argue that the dust
radiative battery could generate seed fields that are several orders of magnitude
stronger than those produced by other mechanisms in these regimes, and does not
saturate due to Ohmic or turbulent resistivity until large magnetic field strengths
(potentially > uG) are reached on macroscopic scales. It can also in principle act
coherently on much longer length scales than the mechanisms above, depending on

the properties of the radiation source.

One intuitive (albeit over-simplified) way to think of the efficacy of the dust battery,
compared to the other batteries discussed above, is in terms of the mean-free-paths
of the different particle types. Mechanisms like the Biermann, Weibel, and radiative
electron battery are limited in their ability to generate appreciable charge separation
on scales much larger than the electron deflection length/mean free path, which is
often astrophysically very small. But (in addition to having a large cross section to ra-
diation for acceleration) dust grains have vastly larger deflection/stopping/collisional
mean free paths and so it is comparatively easy to induce large dust drift velocities,
and hence charge separation.

6.4 Conclusions

In this work, we have introduced and analyzed a novel mechanism for generating
small seed magnetic fields in the early universe through a “dust battery” process.
This mechanism operates by radiatively accelerating charged grains, leading to
charge separation and the subsequent generation of a magnetic field. This work

highlights several key findings:

* Efficiency in Diverse Conditions: The dust battery can operate effectively
in predominantly neutral environments near bright sources such as stars,
supernovae, and active galactic nuclei, similar to conditions found around
second-generation stars in the early universe. This mechanism can generate
magnetic fields in the range of nG to u G on scales from AU to kpc over
timescales of years to Myr.

* Robustness Against Dissipation: The dust battery mechanism appears re-
silient against dissipation effects, such as Ohmic dissipation. Simple estimates
suggest that saturation could occur at field strengths up to mG for a radiation

field corresponding to one solar luminosity at 1 AU, with T = 10 K in a
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predominantly neutral gas. However, as shown in Figure [6.4] the seeding rate
decreases significantly when the gas is ionized, leading to lower saturation
field strengths. Moreover, since saturation occurs in the nonlinear regime,
which is yet to be explored through simulations, this estimate should be in-
terpreted with caution. Nonetheless, this relatively large saturation amplitude
suggests that Nonetheless, the relatively large saturation amplitude suggests
that the dust battery mechanism can likely sustain the growth of small-scale
magnetic field fluctuations, making it a compelling candidate for the origin of

seed magnetic fields.

Comparison to other mechanisms: Compared to mechanisms like the Bier-
mann battery, Weibel instability, and radiation-driven electron batteries, the
dust battery has distinct properties. Those mechanisms typically require
specific conditions—such as shocks, high ionization fractions, and high-
energy/temperature and low-density (weakly-collisional) environments—that
were likely confined to rare regions with small filling factors in the early Uni-
verse, and may not be able to generate coherent seed fields on scales larger
than astrophysical “microscales.” In contrast, the dust battery is most effective
in predominantly neutral gas, even at low metallicities (Z ~ 107 Z), and can
likely seed magnetic fields efficiently in the vicinities of stars or AGN with
coherence lengths in principle extending up to ~ pc scales. This is well into
the scales where more traditional dynamo mechanisms and turbulence could
further amplify said fields. To summarize the distinctions between various

battery mechanisms:

1. Dust Battery: Can plausibly generate ~ mG fields, with spatial scales
determined by dust density fluctuations and radiation field gradients,
without a strict upper limit. Most efficient in neutral gas but also operates

in ionized regions.

2. Biermann Battery: Generates B ~ 107! — 107'° G on parsec to kilo-

parsec scales, efficient in ionization fronts and oblique shocks.

3. Weibel Instability: Produces B ~ nG on ion skin depth scales (~

1078 pc), relevant in collisionless shocks and anisotropic plasmas.

4. Electron Battery — Generates B ~ 1072 — 107! G in well-ionized

environments on parsec to kiloparsec scales.
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Overall, the dust battery mechanism appears to be an interesting candidate for
generating seed magnetic fields in the early Universe, at least in some environments.
And we stress that nothing here argues that other battery mechanisms do not occur
— but given the very different conditions under which they operate efficiently, it
may well be that multiple battery mechanisms operate at different times and places.
Further investigation is needed to fully understand the implications and integration
with other processes of the dust battery in cosmic magnetic field evolution. We
present the equations needed to implement a magnetohydrodynamic-particle-in-cell
method (MHD-PIC) and sub-grid model for cosmological simulations, allowing
for the study of the efficacy, non-linear behavior/saturation, and evolution of this
mechanism on both the salient plasma scales as well as macroscopic cosmological
scales (where the sub-grid models for the latter can be informed by the former).
Future work should focus on exploring these aspects in greater detail to assess the

role of the dust battery mechanism more comprehensively.
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Appendix A
GENERAL SOLUTION FOR AN N-SPECIES FLUID

In the main text, we derived the governing equations for a four-species fluid in the
limit of B = O (or for the velocity components parallel to B). Here, we generalize
this derivation to account for all velocity components in a fluid with an arbitrary
number of species, N. We start from Eq. (6.15)) in the main text, which describes

the momentum exchange between species j and the surrounding fluid:

—(5aj’g = Q_j.E, + .Q.jéllj,g X ﬁ + Z wﬁ(éui,g — (5llj,g). (Al)
mj ;

As emphasized in the main text, the terminal velocity approximation does not apply
to neutral particles. Therefore, we use the definitions for the bulk velocity U, and the
drift velocity dispersion 6u; ., combined with the quasi-charge neutrality condition.

This leads to the following constraint:

D piduj =D niq;ou;, =0. (A2)
J J

These constraints, together with Eq. (A.T)), close the system of equations for the drift

velocities ou; , and the electric field E’. When the coefficients w ;; and g ; are weakly

dependent on the drift velocities, this system is linear, enabling us to decompose

the solution for E” into two components: E' = E} + E{ . Here, E'J corresponds

to the electric field component driven by the current, while E’bat represents the

battery-driven component (with no current, J = 0).

To solve for the electric field E’bat and the drift velocities duj, g for an arbitrary
number of species N, we recast the system into a matrix equation. Specifically, we

rewrite the equations of motion as

M-V =A, (A.3)

’
bat’

terms, A = {0,...,-06a;,,...}. The matrix M, which is generally invertible, is a

where V contains the unknowns, 6u)j, g and E; , and A represents the acceleration

3(N +1) x3(N + 1) matrix that encapsulates the system’s dynamics, allowing us to
solve for V=M""-A.



bat,x’> ~bat,y’> "~ bat,
equations for each species j can then be expressed as follows:

Let us denote B = (B, By, B;) and Epy g = (E’ E' E!

ajx = qj El,)atx + Qj,zéuj,y - Qj’yéuj,z + Zi wji(dul-,x - 5I/tj’x),

) ajy = q] El,)aty Q]"Zduj,x + Qj,xduj,z + Zi a)ji(éul-,y - (5uj,y),
ajz = q] El;atz + Qj,yéuj,x - Qj,xduj,y + Zi wji(éu,-,z - 5uj,z),
Zj njqioujq, = ijjéuj,a =0, Vae€{x,vy,z}.
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) The system of

(A4)

We can group the above system into vector form. For each acceleration component,

we define:

alyx at,y alz

an azy az,;;
ax = 9 ay = . > aZ = )

an x an,y ay,z

with corresponding drift velocity vectors:

6u1,x 5u1’y (5u1,z

Ouy x 6u2,y Sua,;
ou, = ) , u, = ] , ou;=

5”N,x 5uN’y 5”N,z

We now introduce the key matrices relevant to the system:

The matrix representing the charge-to-mass ratios is given by

q= dlag(ﬂ 2 QN)

mi m2 my

The cyclotron frequency matrices are given by:

Qx = diag (Ql,m .Q.z,y, ey QN,x) s
Qy = diag (Ql,ya Qz,y, ey Q.N’y) .
Qz = diag (Ql,, Qz,z, ceey QN,z) .

(A.5)

(A.6)

(A.7)

(A.8)
(A.9)
(A.10)
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The interaction matrix, representing collisional interaction terms between species j

and 7, 1s:
izl Wi W12t WIN
Y w.21 Z#Z. wy -+ WiN A1)
WN1 WN2 ot LigN WNi
The density and charge density vectors are:
p= (,01 p2 - PN), n= (mql nagqy - nNQN)- (A.12)

Thus, the full matrix equation becomes:

a, q 00 o Q -Q

a, 0 q 0 -Q o Q B

a, 0 0q Q -9 o bat.x
Ebat

ol [o0o0o n o o |

0l=|0 00 0o n o | bz

ol l[ooo o o al™

ol l[ooo p o o™

ol looo o , o |\

o/ \ooo o o p

Note that while this matrix may seem to have more equations than necessary for
solving the system, the last three rows are required to determine the velocities of the

neutral species, which are not explicitly present in the other terms.
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